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Abstract

Activation of neurokinin-1 (NK-1) receptors in the rostral ventromedial medulla (RVM) can
facilitate pain transmission in conditions such as inflammation, and thereby contribute to
hyperalgesia. Since blockade of NK-1 receptors in the RVM can attenuate hyperalgesia produced
by prolonged inflammation, we examined the role of NK-1 receptors in changes of response
properties of RVM neurons following 4 days of hind paw inflammation with complete Freund’s
adjuvant (CFA). Recording were made from functionally identified ON, OFF and NEUTRAL
cells in the RVM. Spontaneous activity and responses evoked by a series of mechanical (10, 15,
26, 60, 100, and 180 g) and heat (34-50°C) stimuli applied to the inflamed and non-inflamed hind
paws were determined before and at 15 and 60 min after injection of the NKZ1-antagonist
L-733,060 or vehicle into the RVM. Prolonged inflammation did not alter the proportions of
functionally-identified ON, OFF and NEUTRAL cells. ON cells exhibited enhanced responses to
mechanical (60-100 g) and heat (48°-50°C) stimuli applied to the inflamed paw, which were
attenuated by L-733,060 but not by vehicle. Inhibitory responses of OFF cells evoked by
mechanical stimuli applied to the inflamed paw were also inhibited by L-733,060, but responses
evoked by stimulation of the contralateral paw were increased. Heat-evoked responses of OFF
cells were not altered by L-733,060. Also, neither L-733,060 nor vehicle altered spontaneous
ongoing discharge rate of RVM neurons. These data indicate that NK-1 receptors modulate
excitability of ON cells which contribute to both mechanical and heat hyperalgesia, whereas NK-1
modulation of OFF cells contributes to mechanical hyperalgesia during prolonged inflammation.

1. INTRODUCTION

Processing of nociceptive transmission in the spinal cord is modulated by descending
projections from the brain stem, including the rostral ventromedial medulla (RVM) (Tracey,
1995; Duggan and Morton, 1988; Jones and Gebhart, 1987; Aimone and Gebhart, 1986;
McCreery et al., 1979; Pubols et al., 1991). Descending pathways were initially shown to
decrease pain transmission and produce antinociception (Aimone and Gebhart, 1986;
Criswell, 1976; Dostrovsky et al., 1983; Basbaum and Fields, 1984; Basbaum and Fields,
1978; Behbehani, 1995). However, it is now accepted that descending systems can also
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facilitate nociceptive transmission and contribute to hyperalgesia (see reviews by Porreca et
al., 2002; Vanegas, 2004; Suzuki et al., 2004).

The rostral ventromedial medulla (RVM), which includes the Nucleus Raphe Magnus, the
Nucleus Reticularis Gigantocellularis, the Nucleus Gigantocellularis pars alpha, and the
Nucleus Paragigantocellularis lateralis, plays an important role in spinal nociceptive
processing as a relay structure of descending modulation (Basbaum and Fields, 1984; Fields
etal., 1991; Watkins et al., 1998; Urban et al., 1999; Urban et al., 1999; Urban and Gebhart,
1999; Urban and Gebhart, 1999; Millan, 2002), including facilitation of nociceptive
transmission and the development of hyperalgesia. Studies have shown that the RVM
contributes to hyperalgesia produced by inflammation (Montagne-Clavel and Oliveras,
1994; Hamity et al., 2010; Hurley et al., 2003; Pacharinsak et al., 2008; Wiertelak et al.,
1994; Watkins et al., 1994; Hurley and Hammond, 2000; Hurley and Hammond, 2000),
nerve injury (Burgess et al., 2002; Pertovaara et al., 1996), chronic opioid administration
(Kaplan and Fields, 1991; Meng and Harasawa, 2007), cancer (Donovan-Rodriguez et al.,
2006), and visceral pain (Coutinho et al., 1998; Zhuo and Gebhart, 2002; Zhuo et al., 2002).

Neurons in the RVM are classified physiologically as ON, OFF, NEUTRAL, and
serotonergic cells. ON cells are thought to facilitate nociceptive transmission because they
demonstrate bursting discharge in response to noxious stimuli just prior to nociceptive reflex
and are inhibited by morphine. In contrast, OFF cells are thought to inhibit nociceptive
transmission since their spontaneous discharge is transiently inhibited by noxious stimuli
just prior to a nociceptive reflex and are excited by morphine (Fields et al., 1983; Fields and
Heinricher, 1985; Fields, 2004; Heinricher et al., 1994; Heinricher et al., 2009; Heinricher et
al., 1989). NEUTRAL cells are unresponsive to noxious cutaneous stimuli and their role in
pain modulation is unclear. It was suggested that during hyperalgesia NEUTRAL cells
might convert to ON- or OFF-like cells and thereby contribute to descending modulation of
nociceptive transmission (Miki et al., 2002). Also, involvement of NEUTRAL cells in the
modulation of nociceptive visceral inputs has been suggested (Brink et al., 2006; Brink and
Mason, 2003). Serotonergic neurons appear to be a separate group of RVM cells that exhibit
steady slow discharge rates, do not have immediate response to noxious stimuli, and exhibit
distinct neurochemistry (Gao et al., 1997; Mason, 1997; Potrebic et al., 1994). These
neurons may be involved in tonic, rather than phasic, modulation of different spinal
processes (for detailed review see Mason, 1999; Mason, 2012).

Importantly, pronociceptive and antinociceptive activity of ON and OFF cells are altered in
various models of hyperalgesia (Kaplan and Fields, 1991; Meng and Harasawa, 2007;
Bederson et al., 1990; Carlson et al., 2007; Goncalves et al., 2007; Budai et al., 2007; Sanoja
et al., 2010). Several lines of evidence indicate that substance P (SP) via neurokinin-1
(NK-1) receptors in the RVM engages ON cell activity and drives descending facilitation of
nociceptive transmission. NK-1 receptors are found on neurons in the RVM (Budai et al.,
2007; Ljungdahl et al., 1978; Marson and Loewy, 1985; Nakaya et al., 1994; Saffroy et al.,
2003; Saffroy et al., 1988). ON cells were excited by iontophoretic application of SP or
intraplantar injection of capsaicin through activation of NK-1 receptors (Budai et al., 2007).
In behavioral studies, NK-1 receptor antagonists attenuated hyperalgesia produced by
capsaicin (Pacharinsak et al., 2008) and inflammation (Hamity et al., 2010; Lagraize et al.,
2010), and administration of SP into the RVM produced hyperalgesia (Hamity et al., 2010;
Lagraize et al., 2010). Moreover, SP facilitates glutamate excitatory transmission in the
RVM during prolonged inflammation (Zhang and Hammond, 2009).

We recently showed that excitatory responses of ON and inhibitory responses of OFF cells
became transiently sensitized to mechanical and heat stimuli after an intraplantar injection of
capsaicin, and this was, at least in part, dependent on NK-1 receptors (Brink et al., 2012).
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Since blockade of NK-1 receptors in the RVM attenuated hyperalgesia produced during
prolonged inflammation (Hamity et al., 2010), we investigated changes in response
properties of identified RVM neurons following four days of inflammation and the
contribution of NK-1 receptors.

2. EXPERIMENTAL PROCEDURES

2.1. Animals

Adult, male Sprague-Dawley rats (250-375g) (Harlan Industries, Indianapolis, IN) were
housed and maintained in a climate-controlled room on a 12-h dark/light cycle with food
and water available ad libitum. All procedures were approved by the Institutional Animal
Care and Use Committee at the University of Minnesota and were performed in accordance
with the guidelines recommended by the International Association for the Study of Pain.

2.2. Inflammatory hyperalgesia

Inflammation was produced by a single intraplantar injection of undiluted Complete
Freund’s Adjuvant (CFA, 0.1 ml) into the left hind paw four days prior to electrophysiology
experiments. To determine the development of mechanical hyperalgesia, a von Frey
monofilament with a calibrated bending force of 26 g was applied to the plantar surface of
each hind paw 10 times (2-3 sec each). This monofilament produces withdrawal response
frequencies of ~10-30% in naive rats. Hyperalgesia was defined as a withdrawal response
frequency = 60%. Only rats that exhibited hyperalgesia on the inflamed paw were used.
From among 129 rats pretreated with CFA, 7 animals (5.4%) did not meet this criterion and
were excluded from the study

2.3. Surgical preparation

Rats were initially anesthetized by an intraperitoneal injection of Xylazine (10 mg/kg,) and
Ketamine HCL (75 mg/kg,). The trachea was cannulated to maintain a clear airway and the
jugular vein was catheterized for supplemental anesthesia with Brevital (1.0-1.5 ml/hr). A
catheter was inserted into a carotid artery for continuous monitoring of blood pressure. Rats
were placed in a stereotaxic apparatus and a craniotomy ~2 mm in diameter was made 11.5
mm caudal to bregma for access to the RVM. Body temperature was maintained at ~37°C
using a feedback-controlled heating pad (Harvard Apparatus, Holliston, MA). Needle
electrodes were inserted into the biceps femoris to record electromyographic (EMG)
activity, which was used to identify withdrawal responses. Following surgery, rats were
stabilized and monitored for one hour before recordings. The level of anesthesia was
adjusted so that EMG responses were present during noxious stimulation of the hind paws.

2.4. Electrophysiological recording from RVM neurons

Recordings from single RVM neurons were made extracellularly using a stainless steel
microelectrodes (10 MQ, Frederick Haer and Co., Brunswick, ME) alone or attached to a
single glass micropipette (outer tip diameter 50 — 80 um) for combined recording and drug
infusion (Heinricher and Neubert, 2004). The tip of the microelectrode extended ~300 pum
beyond the tip of pipette. The infusion micropipette was connected to a 1-p.l Hamilton
syringe (Reno, NV) by PE-50 tubing for either drug or vehicle injection. The microelectrode
(alone or with the pipette) was lowered into the RVM in 5-pum steps using an electronic
microdrive (David Kopf Instruments, Tujunga, CA). The ranges of stereotaxic coordinates
for all cells studied were: AP = —9.9 to —11.8 mm from bregma; DV = +9.4 to +10.6 mm
from the cranial surface; L = -1.1 to +1.1 mm from midline (Paxinos and Watson, 1998).
Neurons were initially isolated by ongoing discharge, and action potentials were amplified,
displayed on a storage oscilloscope, audio-monitored, and discriminated according to
amplitude and waveform. Only neurons whose action potentials were easily discriminated
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according to amplitude and shape were studied. Neurons in the RVM were classified
functionally as ON, OFF, or NEUTRAL cells according to their responses evoked by
noxious pinch or heat (50°C for 5 sec) applied to the non-inflamed paw. Cells were
classified as ON cells if they exhibited an abrupt increase in discharge rate, as OFF cells if
there was an abrupt decrease in discharge rate, and as NEUTRAL cells if discharge rates
were unaltered during noxious stimulation. It is likely that our sample of NEUTRAL cells
included serotonergeic cells since this cell types were not classified beyond the absence of
an evoked response to noxious stimulation. Evoked responses of RVM neurons were
typically accompanied by a withdrawal response (EMG activity). Action potentials, EMG
activity, stimulus temperature, and time of mechanical stimulation were collected using a
customized data acquisition program (Spike2, Cambridge Electronic Design, Cambridge,
UK) and stored on a computer for off-line analyses.

2.5. Drug solutions

A stock solution (10 mM) of the non-peptide NK-1 receptor antagonist, L-733,060 (Tocris,
Ellisville, MO) was prepared in distilled water and dissolved in PBS to its final
concentration (1.5 pmol) on the day of the experiment. This concentration of L-733,060 was
chosen because it reduced hyperalgesia (Pacharinsak et al., 2008) and sensitization of RVM
neurons produced by capsaicin (Brink et al., 2012). Injections of L-733,060 or vehicle were
given into the RVM in a volume of 0.5 pl (Pacharinsak et al., 2008; Lagraize et al., 2010;
Brink et al., 2012) administered over a period of 3-5 minutes.

2.6. Experimental design

In the first set of experiments we determined whether hind paw inflammation altered the
proportion of ON, OFF and NEUTRAL cells and their ongoing spontaneous activity.
Following functional classification, spontaneous activity was sampled continuously for 5
min. Since multiple cells were often characterized in a single electrode track, stereotaxic
coordinates were recorded for each cell for histological identification of recording sites.

In separate experiments, we determined the effects of injecting the NK-1 receptor
antagonist, L-733,060, or vehicle into the RVM on evoked responses of RVM neurons.
Once a neuron was classified, controlled mechanical and heat stimuli were applied to the
plantar surface of each hind paw beginning with the non-inflamed paw. von Frey
monofilaments with bending forces of 10, 15, 26, 60, 100, and 180 g were applied in
ascending order, each for a duration of 5 sec and a 20 sec interstimulus interval. Next, heat
stimuli of 34-50°C, each of 5 sec duration, were delivered in ascending order of 2°C
increments from a base temperature of 30°C using a computer-controlled Peltier thermode
with a 1 cm? contact area (Yale Instrumentation Facility). Each heat stimulus was separated
by 60 sec. All stimuli were first applied to the non-inflamed hind paw followed by the paw
injected with CFA. Spontaneous activity (collected during 120 s period) and responses
evoked by mechanical and heat stimuli were determined before and at 15 and 60 min after
injection of the NK-1 receptor antagonist, L-733,060, or vehicle injection into the RVM.
Only one neuron was studied in each animal. Since it was not always possible to complete
all tests from each paw we occasionally had incomplete data sets for individual neurons.
Incomplete data were used in our analyses with a few restrictions: 1) comparisons of side
differences in responses to each modality of stimuli (mechanical or heat) were conducted
only with neurons tested by the full series of stimuli of the same modality on both paws
before any injection into the RVM; 2) for the analysis of effects of RVM injections on
responses to stimuli of different modalities, only neurons that were fully tested by
mechanical or heat stimuli from each paw before and at 15 and 60 minutes following
injection were used.
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2.7. Histological verification of recording sites

At the end of each experiment, a microlesion was made at the recording site by passing
positive current (20 pA for 20 s) through the recording electrode. Animals were euthanized
with an overdose of Brevital and perfused intracardially with physiological saline followed
by 10% formalin containing 1% potassium ferrocyanide to cause a Prussion blue reaction.
Recording sites were identified histologically in 50 wm sections. Locations of Prussion blue
marks, microlesions, and stereotaxic coordinates were reconstructed using a stereotaxic atlas
(Paxinos and Watson, 1998).

2.8. Data analysis

Changes in the mean ongoing and stimulus evoked activities of ON, OFF, and NEUTRAL
cells following injection of vehicle or L-733,060 were determined using two-way ANOVA
with repeated measures. Responses evoked by mechanical stimuli were determined by
subtracting the number of spontaneous impulses that occurred for 5 s prior to each stimulus
from the number of impulses evoked during the stimulus (5 sec). Similarly, responses to
heat stimuli were determined by subtracting the number of impulses that occurred during 20
sec preceding each stimulus temperature from the number of impulses evoked for 20 sec
from the beginning of the stimulus. Since OFF cells exhibit ongoing activity that is
decreased by noxious stimuli, their evoked responses are described as a negative number of
impulses. The effects of L-733,060 and vehicle on responses evoked by mechanical and heat
stimuli applied to each hind paw were determined using one- or two-way ANOVAs with
repeated measures followed by Student Neuman-Keuls comparisons, Chi-square tests and
unpaired t-tests where appropriate since data were normally distributed. A pvalue of < 0.05
was considered significant in all cases. Mean (xSEM) values are reported throughout the
results unless otherwise stated.

3. RESULTS

A total of 149 rats were used for these experiments. For comparisons between control and
inflamed rats in proportions of ON OFF and NEUTRAL cells and spontaneous activity, 20
naive and 22 animals with hind paw inflammation were used. For studding the effects of
inflammation on evoked responses of RVM neurons and modulation of RVM neurons by
L-733,060 or vehicle into the RVM, 107 CFA-treated rats were used.

3.1. Proportions and spontaneous activity of functionally-identified neurons in the RVM

We examined whether long lasting inflammation altered the proportions and spontaneous
activity of functionally-classified neurons in the RVM. In 80 neurons identified in naive
animals, 28 (35%) were classed as ON, 15 (19%) as OFF, and 37 (46%) as NEUTRAL cells.
Of the 71 neurons studied in CFA-treated rats, 25 (35%) were classified as ON, 13 (18%) as
OFF, and 33 (47%) as NEUTRAL cells. These data indicate that long lasting inflammation
did not alter the distribution of functional subtypes of neurons in the RVM (Chi-square test,
p = 0.998). The observation that the proportion of functionally-identified NEUTRAL cells
was not changed by prolonged inflammation suggests that these cells did not develop
excitatory (ON-like) or inhibitory (OFF-like) responses to mechanical or heat stimuli.

Prolonged inflammation increased spontaneous activity of ON cells. The mean discharge
rate of ON cells was 7.8 + 1.6 imp/sec, and this was greater than the discharge rate of ON
cells in naive rats (3.9 + 0.7 imp/sec; unpaired t-test, p< 0.05). Discharge rates of OFF cells
were not altered by inflammation and were 8.7 £1.7 imps/sec in naive rats and 10.8 £1.7
imps/sec in inflamed rats (unpaired t-test, p=0.39). Similarly, the mean spontaneous activity
of NEUTRAL cells in naive rats was 17.4 + 2.6 imp/sec and did not differ from the mean
rate of spontaneous activity in inflamed rats (20.2 £+ 2.6 imp/sec; unpaired t-test, p= 0.45).
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In separate experiments, we determined the effects of hind paw inflammation on responses
of RVM neurons evoked by noxious stimuli applied to the inflamed and non-inflamed hind
paw, and the effects of the NK-1 antagonist, L-733,060, on evoked responses of RVM
neurons.

3.2.1. Changes in evoked responses of RVM neurons during prolonged
inflammation

Responses to mechanical stimuli: Following 4 days of unilateral hind paw inflammation,
ON cells exhibited increased responses to suprathreshold mechanical stimuli following
stimulation of the inflamed hind paw. Examples of responses evoked by mechanical
stimulation of the inflamed and contralateral paws are shown for a single ON cell in Figure
1A. As shown in Figure 1B, mean responses evoked by the strongest mechanical stimuli, 60,
100, and 180 g, were significantly greater for the inflamed hind paw as compared to the
contralateral paw. For example, the mean numbers of impulses evoked by the 60, 100 and
180 g stimuli applied to the inflamed paw were 19.3 £ 4.2,38.6 +5.1,and 70.5+ 11.4
impulses, respectively whereas application of these stimuli to the contralateral paw evoked
smaller responses (9.3 £ 3.7, 24.9 + 4.8, and 34.9 + 6.4 impulses, respectively) (two-way
repeated measures ANOVA, p < 0.001, n=32).

Unlike ON cells, differences in responses of OFF cells evoked by stimulation of the
inflamed and contralateral paws did not differ (Figure 2; two-way repeated measures
ANOVA, p =0.056, n=17). The mean number of impulses evoked by stimuli of 60, 100 and
180 g applied to the inflamed hind paw were —8.0 £ 3.7, -24.4 + 6.0, and —-28.9 £ 6.1
impulses, respectively, for OFF cells. These responses did not differ from those evoked by
mechanical stimuli applied to the contralateral paw (-3.6 + 1.6, —16.0 £ 3.3, and -24.9 + 4.3
impulses, respectively).

Responsesto heat stimuli: Differences were observed in responses of ON cells to heat
applied to the inflamed and contralateral paws (Figure 3A). Responses of ON cells evoked
by heat stimuli applied to the inflamed hind paw were significantly greater than those
evoked by heat stimuli applied to the contralateral, non-inflamed paw (two-way repeated
measures ANOVA, p < 0.001, n=27). Although there were no differences in responses of
ON cells evoked by low stimulus temperatures applied to each paw, stimuli of 48 and 50°C
applied on the inflamed hind paw evoked greater mean responses (98.9 £ 22.3 and 128.7 +
25.0 impulses, respectively) as compared to the non-inflamed paw (51.6 £ 11.4 and 77.0 =
13.6 impulses, respectively) (Figure 3B).

As for responses evoked by mechanical stimuli, OFF cells did not exhibit any differences in
their inhibitory responses to heat stimuli between the inflamed and non-inflamed hind paws
(two way repeated measures ANOVA, p = 0.21, n=16) (Figure 4A). For example, the mean
number of impulses evoked by application of 50°C to the inflamed and contralateral hind
paws was —47.5 + 10.0 and —59.8 * 26.4 impulses, respectively (Figure 4B). Collectively,
these data suggest that ON cells, but not OFF cells, play a major role in the facilitation of
mechanical and heat hyperalgesia produced by prolonged inflammation.

3.2.2. Effects L-733,060 on spontaneous activity of RVM neurons—The
discharge rate of spontaneous activity of ON cells was not altered following injection of
L-733,060 or vehicle into the RVM. The mean discharge rate of spontaneous activity for ON
cells (n=20) before injection of L-733,060 was 6.0 + 1.0 imps/sec, and the rate was similar
at 15 (6.2 + 0.9 imps/sec) and 60 min (6.7 + 1.0 imps/sec) after injection. In 6 ON cells
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tested following injection of vehicle into the RVM, mean discharge rates before and at 15
and 60 min after injection were 5.1 + 1.7 imps/sec, 5.4 + 1.8 imps/sec and 5.3 £ 1.7 imps/
sec, respectively. There were no differences between groups (one-way ANOVA, p = 0.942).

Similarly, the rate of spontaneous activity for OFF cells (n=10) was not altered following
injection of L-733,060 or vehicle into the RVM. The mean discharge rate of spontaneous
activity before injection of L-733,060 was 10.7 £ 3.5 imps/sec and was not altered at 15 (9.5
+ 3.6 imps/sec) or 60 (11.0 £ 2.8 imps/sec) min after injection. These discharge rates of
spontaneous activity were similar to those before and at 15 and 60 min following injection
of vehicle (n=6) (11.7 £ 5.7 imps/sec, 9.1 = 5.3 imps/sec, and 10.3 + 4.6 imps/sec,
respectively; one-way ANOVA between groups, p = 0.998).

Injection of L-733,060 or vehicle into the RVM also did not alter the ongoing spontaneous
activity of NEUTRAL cells. The mean rate of spontaneous activity for NEUTRAL cells
(n=10) before and at 15 and 60 min after injection of L-733,060 into the RVM was 21.9 +
4.9 imps/sec, 21.6 £ 2.7 imps/sec, and 23.9 + 4.3 imps/sec, respectively. These rates of
spontaneous activity of NEUTRAL cells (n=6) obtained before and at 15 and 60 min after
injection of vehicle into the RVM were 18.5 + 4.5 imps/sec, 18 + 3.8 imps/sec and 21.1 +
3.9, respectively (one-way ANOVA, p = 0.835). Since spontaneous activity of NEUTRAL
cells were not altered following injection of L-733,060 or vehicle into the RVM, and they
did not exhibit responses to mechanical or heat stimuli at any time, these cells were not
further analyzed.

3.2.3. Effects of L-733,060 on responses of RVM neurons evoked by
mechanical stimuli—As shown in Figure 5A, injection of the NK-1 receptor antagonist,
L-733,060 into the RVM decreased responses of ON cells (n=20) evoked by suprathreshold
mechanical stimuli at 15 and 60 min after the injection, compared to baseline (two-way
repeated measures ANOVA, p < 0.05 at 15 and 60 min). Moreover, the decrease in
mechanically-evoked responses of ON cells was observed only when stimuli were applied to
the ipsilateral, inflamed hind paw. For example, the mean number of impulses evoked by
application of the strongest stimulus, 180 g, to the inflamed hind paw before injection was
59.5 + 11.0 impulses and this decreased to 30.7 + 4.5 and 35.6 + 12.0 impulses at 15 and 60
min after injection, respectively. In contrast, the mean number of impulses evoked by the
same stimulus applied to the contralateral paw was 26.4 £ 5.2 impulses before injection and
27.2 + 4.7 and 33.5 = 8.3 impulses at 15 and 60 min after injection, respectively (Figure
5B). Importantly, following injection of L-733,060 responses evoked by mechanical stimuli
applied to the inflamed hind paw did not differ from responses evoked on the contralateral
paw at anytime after injection (two-way repeated measures ANOVA, p = 0.366 at 15 min
and p = 0.154 at 60 min). Injection of the vehicle into the RVM did not alter responses of
ON cells (n=6) evoked by mechanical stimuli applied to either the inflamed or contralateral
hind paw (Figure 5C and 5D). These results demonstrate that the enhanced responses of ON
cells to mechanical stimuli following prolonged inflammation were dependent on NK-1
receptor activation and abolished by injection of L-733,060 into the RVM.

Injection of L-733,060 into the RVM also decreased responses of OFF cells (n=10) evoked
by suprathreshold mechanical stimuli applied to the inflamed hind paw, but only at 60 min
following injection (two-way repeated measures ANOVA, p= 0.271 at 15 min, and p <0.05
at 60 min). Mean responses of OFF cells evoked by stimuli 100 and 180 g before and at 60
min after injection were -25.7 £ 6.3 and —27.8 + 6.6 before injection and —11.8 + 3.4 and
-13.8 + 3.1 at 60 min after injection, respectively (Figure 6A).

Interestingly, although inhibitory responses of OFF cells evoked by mechanical stimuli
applied to the contralateral paw were unchanged at 15 min after injection of L-733,060 (two-
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way repeated measures ANOVA, p = 0.969), inhibitory responses evoked by 60 and 100g
were enhanced at 60 min after injection (p < 0.001) (Figure 6B).

Injection of vehicle into the RVM did not alter responses of 6 OFF cells evoked by
mechanical stimuli applied to either the inflamed or non-inflamed paw (Figures 6C and 6D).
These data indicate that with prolonged inflammation, there may be NK-1 receptor
dependent modulation of OFF cells that could contribute to hyperalgesia on the inflamed
hind paw as well as to potential changes in sensitivity of the contralateral hind paw.

3.2.4. Effects of L-733,060 on responses of RVM neurons evoked by heat
stimuli—As shown in Figure 7A, responses of ON cells (n=20) evoked by suprathreshold
heat stimuli applied to the inflamed hind paw were significantly decreased at 15 and 60 min
after injection of L-733,060 into the RVM (two way repeated measures ANOVA, p <0.01 at
15 min and p < 0.05 at 60 min after injection). The number of impulses evoked by the
strongest stimuli, 48 and 50°C, were reduced after L-733,060. For example, the mean
number of impulses evoked by 48°C applied to the inflamed hind paw was 102.3 + 21.9
impulses before injection and 63.3 + 15.0 and 61.6 + 17.2 impulses at 15 and 60 min
following injection, respectively. After injection of L-733,060, responses to heat applied to
the inflamed hind paw were comparable to those evoked from the contralateral hind paw
before or at anytime after injection (two-way repeated measures ANOVA, p = 0.251 at 15
min and p = 0.214 at 60 min). Responses to heat stimuli applied to the contralateral hind
paw were not altered at any time following injection of L-733,060 into the RVM (Figure
7B). Also, injection of vehicle into the RVM did not alter responses of ON cells (n=6)
evoked by heat stimuli applied to the inflamed (Figure 7C) or contralateral (Figure 7D) hind
paw. Figures 8A and 8B show that injection of L-733,060 into the RVM did not alter the
inhibitory responses of OFF cells (n=10) evoked by heat stimuli applied to either hind paw.
In addition, responses of 6 OFF cells to heat stimuli applied to either hind paw were not
altered following injection of vehicle into the RVM (Figures 8C and 8D).

4. DISCUSSION

We examined the contribution of NK-1 receptors in the RVM to changes in response
properties of RVM neurons during persistent inflammation of the hind paw. Following 4
days of inflammation, it was found that 1) responses of ON cells evoked by mechanical and
heat stimuli applied to the inflamed hind paw were increased as compared to the
contralateral, non-inflamed hind paw, 2) inhibitory responses of OFF cells evoked by
mechanical and heat stimuli applied to each hind paw were similar; 3) injection of the NK-1
receptor antagonist, L-733,060, into the RVM attenuated the enhanced responses of ON
cells to mechanical and heat stimuli; and 4) inhibitory responses of OFF cells evoked by
mechanical stimuli applied to the inflamed hind paw were attenuated whereas mechanically-
evoked responses applied to the non-inflamed hind paw were increased following injection
of L-733,060 into the RVM. We did not conduct studies using an enantiomer of L-733,060
and we did not examine the effects of L-733,060 injected outside the RVM because these
had no effects in behavioral studies (Pacharinsak et al., 2008). Our results suggest that
changes in NK-1 signaling in the RVM alter response properties of RVM neurons during
prolonged inflammation that may contribute to persistent hyperalgesia.

One concern is the potential effect of anesthesia on response characteristics of RVM
neurons. We (Brink et al., 2012) and others (Jinks et al., 2004) have shown that increasing
the depth of anesthesia decreases the responsiveness of ON and OFF cells without changing
their functional properties. Considering that barbiturates, including Brevital that was used in
our experiments, produce stronger inhibition of spinal motor neurons than interneurons and
ascending projection neurons in the dorsal horn (Paik et al., 1989; Soja et al., 2002;
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Namjoshi et al., 2009), and the usual presence of a stimulus-evoked withdrawal response
(EMG activity), suggests that anesthesia did not greatly influence responses of RVM
neurons.

4.1. Functional alterations of RVM neurons that contribute to descending facilitation of
pain during prolonged inflammation

Prolonged inflammation of the hind paw is accompanied by robust mechanical and heat
hyperalgesia of the inflamed paw (Ren and Dubner, 1999; Simone et al., 2008; Potenzieri et
al., 2008), activation of descending facilitatory pathways (Ren and Dubner, 1996), and
sensitization of nociceptive spinal neurons (Ren et al., 1992). During inflammation, the
RVM undergoes pronounced neurochemical (Miki et al., 2002; Guan et al., 2003; Terayama
et al., 2000; Terayama et al., 2002; Guo et al., 2006; Imbe et al., 2008) and physiological
plasticity (Terayama et al., 2002). Cellular changes in the RVM may lead to changes in
function and the relative proportions of ON, OFF and NEUTRAL cells that may contribute
to descending facilitation. Indeed, greater proportions of ON and OFF cells were found
following 24 h of hind paw inflammation. (Miki et al., 2002), suggesting that NEUTRAL
cells may develop ON- or OFF-like properties. In contrast, we did not observe changes in
the proportions of functionally identified RVM neurons following 4 days of inflammation,
suggesting that changes in the relative proportions of functionally-identified RVM neurons
may be transient and contribute to descending facilitation soon after inflammation. Although
it is likely that intrinsic changes within the RVM cause sensitization of RVM neurons
(Budai et al., 2007), modification of ascending nociceptive input during inflammation, due
to sensitization of nociceptors (Andrew and Greenspan, 1999) and enhanced responses of
dorsal horn neurons (Ren et al., 1992; Hylden et al., 1989), may also contribute to the
changes in RVM output (Khasabov et al., 2005; Heinricher and Drasner, 1991).

Our data demonstrate that prolonged inflammation increased spontaneous activity of ON
cells without altering the ongoing discharge rates of OFF and NEUTRAL cells. In a
previous study (Brink et al., 2012) we examined responses of RVM neurons before and after
intradermal injection of capsaicin. The spontaneous discharge rate of ON cells under normal
conditions in those studies (before capsaicin) was also lower than that of ON cells studied in
CFA-treated rats in the present study. Since ongoing activity of OFF and NEUTRAL cells
was not altered, it appears that ongoing pain associated with prolonged inflammation is in
part mediated by a descending facilitation of nociceptive transmission without alterations in
descending inhibition. However, it should be noted that intraplantar injection of capsaicin, a
model of acute pain and hyperalgesia, increased ongoing activity of ON cells and decreased
ongoing activity of OFF cells, but the decrease in OFF cell activity was transient and peaked
soon after injection (Brink et al., 2012). This suggests that an increase in descending
facilitation together with a decrease in descending inhibition may contribute to enhanced
pain.

The role of ongoing spontaneous activity of RVM neurons in pain is unclear. Earlier studies
have shown that removing descending controls increased activity of nociceptive dorsal horn
neurons (Pubols et al., 1991; Khasabov et al., 2005; Li et al., 1998; Sandkuhler et al., 1987),
suggesting that the net output from the RVM under normal conditions causes tonic
inhibition of nociceptive transmission. However, morphine did not inhibit spontaneous
activity of ON cells in awake rats but still strongly reduced responses of these cells evoke by
to noxious stimuli (Martin et al., 1992). This finding raised the possibility that ongoing
spontaneous discharge of ON cells in the RVM neurons does not play a major role in
modulating spinal nociceptive transmission in awake animals (Mason, 2012). The role of
spontaneous activity in descending modulation of nociceptive transmission, and particularly
how spontaneous activity in the RVM relates to ongoing pain, is unclear and needs further
study.
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Prolonged inflammation increased responses primarily of ON cells evoked by mechanical
and heat stimuli applied to the inflamed paw and are in agreement with previous studies
(Miki et al., 2002). The effects of prolonged inflammation on evoked responses of RVM
neurons are different from those produced by intraplantar injection of capsaicin, which
clearly increased the excitatory responses of ON cells as well as the inhibitory responses of
OFF cells evoked by mechanical and heat stimuli applied to the injected paw (Brink et al.,
2012). It is difficult to determine the extent to which inhibitory responses of OFF cells were
enhanced during inflammation since responses to mechanical and heat stimuli applied to
either hind paw were not different. However, it is clear that inflammatory hyperalgesia was
associated with increased activity of ON cells.

4.2. Modulation of RVM neurons by NK-1 receptors

In the present study we found that administration of the NK-1 receptor antagonist,
L-733,060, into the RVM attenuated the enhanced responses of ON cells evoked by
mechanical and heat stimuli applied to the inflamed paw. Because responses evoked by only
the most intense mechanical and heat stimuli were decreased following L-733,060, we
conclude that during prolonged inflammation NK-1 receptors modulate activity produced by
intense stimuli only, as was shown for NK-1 receptors in the spinal cord (Cao et al., 1998).
Interestingly, blockade of NK-1 receptors in the RVM also reduced the inhibitory responses
of OFF cells to mechanical stimuli applied to the inflamed paw but enhanced the inhibitory
responses produced by mechanical stimuli applied to the contralateral paw without affecting
responses to heat. Although blockade of NK-1 receptors in the RVM reduced hyperalgesia
on the inflamed paw (Hamity et al., 2010; Pacharinsak et al., 2008; Lagraize et al., 2010),
there is evidence that under certain conditions activation of NK-1 receptors in the RVM may
produce antinociception (Hamity et al., 2010). The increased inhibitory response of OFF
cells following blockade of NK-1 receptors following prolonged inflammation may indicate
changes in OFF cell activity that are related to antinociception. However, further studies are
needed to define the functional correlates of these responses. Under normal conditions,
inhibition of NK-1 receptors had no effect on behavioral measures of nociception (Hamity et
al., 2010; Pacharinsak et al., 2008; Lagraize et al., 2010) and on evoked responses of RVM
neurons (Hamity et al., 2010; Pacharinsak et al., 2008; Budai et al., 2007; Brink et al., 2012),
indicating that there is normally no tonic release of SP in RVM and that NK-1 receptors may
not play a role in the modulation of acute pain. In the present study, we also found that
blockade of NK-1 receptors in the RVM did not alter spontaneous activity of ON, OFF, or
NEUTRAL cells, suggesting that tonic release of SP in the RVM is unlikely to occur with
prolonged inflammation. Rather, NK-1 receptors play a significant role in the sensitization
of evoked responses of RVM neurons, and thereby contribute to descending facilitation and
hyperalgesia. A similar function for NK-1 receptors occurs in nociceptive neurons in the
spinal cord (Dougherty et al., 1994; Khasabov et al., 2002). It is likely that up-regulation of
NK-1 receptors (Lagraize et al., 2010) and an increase in the number of RVM neurons that
express NK-1 receptors (Hamity and Hammond, 2011) play a significant role in descending
facilitation during prolong inflammation particularly since NK-1 receptor activation is
associated with activation and sensitization of ON cells (Budai et al., 2007)

5. Conclusions

Results of the present study confirm and extend earlier behavioral and electrophysiological
studies showing that NK-1 receptors in the RVM modulate activity of RVM neurons and
play a significant role in descending facilitation of pain. Dickenson and colleagues originally
proposed ascending-descending circuitry through which excitation of NK-1 expressing
neurons in the spinal dorsal horn leads to excitation of neurons in the RVM and descending
facilitation of nociceptive transmission (Suzuki et al., 2002). It was further shown that 5-
HT3 receptors (Suzuki et al., 2005; Suzuki et al., 2004) as well as NMDA receptors
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(Lagraize et al., 2010) in the spinal cord contribute to the facilitation of nociceptive
transmission originating from the RVM. It should be noted that SP is not the only
neurotransmitter system in the RVM involved in descending facilitation of pain. For
example, neurotensin or cholecystokinin administered into the RVM produced hyperalgesia
and excited ON cells (Heinricher and Neubert, 2004; Kovelowski et al., 2000; Neubert et al.,
2004). In addition, there is evidence that brain-derived neurotrophic factor (Guo et al., 2006)
and glial activation in the RVM (Guo et al., 2007; Wei et al., 2008; Roberts et al., 2009) also
contributes to descending facilitation. Unraveling the mechanisms in the RVM and spinal
cord that drive descending facilitation may identify new targets for treating chronic pains.
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Figure 1.

Prolonged inflammation increases responses of ON cells evoked by mechanical stimulation
of the inflamed paw. A) Examples of responses of a single ON cell and location of its
recording site in the RVM. Responses to mechanical stimuli applied to the inflamed paw
were greater than those produced by stimulation of the contralateral paw. Structures of the
brain stem are indicated by dashed lines according to the atlas of the rat brain (Paxinos and
Watson, 1998), GiA — Gigantocellular Reticular nucleus, pars Alpha, RMg — Raphe Magnus
nucleus, py — pyramidal tract. The site of recording, marked by prussian blue, is indicated by
arrow. Responses are presented as frequency histograms. Mechanical stimuli of 5 sec and
bending force of applied von Frey monofilaments are indicated above histograms. B) Mean
(= sem) number of impulses evoked by different intensities of mechanical stimulation with
von Frey monofilaments (each of 5 s duration) applied to the plantar surface of the inflamed
and contralateral paws for all ON cells (n=32). * indicates a significant difference between
the inflamed and contralateral (* p < 0.05, ** p < 0.01, **** p < 0.001).
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Figure 2.

Responses of OFF cells to mechanical stimuli during prolonged inflammation. A) Examples
of mechanically-evoked responses (frequency histograms) and the recording site for a single
OFF cell. Responses to mechanical stimuli did not differ between inflamed and contralateral
paws. Structures of the brain stem are indicated as in Figure 1A. The recording site is
indicated by the arrow. Periods of mechanical stimuli and bending force of applied by the
von Frey monofilaments are indicated above the histograms. B) Mean (x sem) number of
impulses evoked by different intensities of mechanical stimulation with von Frey
monofilaments (each of 5 s duration) applied to the plantar surface of the inflamed and
contralateral paws (n=17). There were no differences in responses evoked by stimulation of
the inflamed and contralateral paws.
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Figure 3.

Responses of ON cells evoked by heat during prolonged inflammation. A) Examples of
responses (frequency histograms) of a single ON cell to heat stimuli and the location of its
recording site in the RVM. Responses were greater for stimuli applied to the inflamed paw.
Structures of the brain stem are indicated as in Figure 1A. The recording site is indicated by
arrow. Traces of stimulus temperatures (5-s duration) are indicated above the histograms. B)
Mean (£ sem) number of impulses evoked by heat stimuli applied to the inflamed and
contralateral paws, Responses evoked by 48° and 50°C were greater for stimuli applied to
the inflamed paw (n=27). **** indicates a significant difference between the inflamed and
contralateral paws (p < 0.001).
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Figure4.

Responses of OFF cells evoked by heat stimuli during prolonged inflammation. A)
Examples of responses (frequency histograms) to heat and the recording site for a single
OFF cell. Responses to heat stimuli did not differ between paws. Brain stem structures are
indicated as in Figure 1A. The recording site is indicated by arrow. Traces of stimulus
temperature (5-s duration) are provided above each histogram. B) Mean (x sem) number of
impulses evoked by different intensities of heat stimulation (each of 5 s duration) applied to
the plantar surface of the inflamed and contralateral paws (n=16). No differences in
responses evoked by heat applied to the inflamed and contralateral paws.
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L-733,060 decreased responses of ON cells to mechanical stimuli during prolonged
inflammation The mean (£ sem) number of impulses evoked by mechanical stimulation of
the inflamed (A) but not the contralateral (B) paw were reduced following injection of
L-733,060 in the RVM (n=20). Responses evoked by stimulation of the inflamed (C) or
contralateral (D) paw were not altered following injection of vehicle into the RVM (n=6). *
indicates a significant difference from baseline value at 15 min and # indicates a significant
difference from baseline at 60 min (*p < 0.05, ****p < 0.001, ####p < 0.001).
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Effects of L-733,060 injection into the RVM on responses of OFF cells to mechanical
stimuli. The inhibitory response evoked by mechanical stimulation decreased when stimuli
were applied to the inflamed paw (A) but increased when applied to the contralateral paw
(B) following injection of L-733,060 into the RVM (n=10). Responses evoked by
stimulation of the inflamed (C) or contralateral (D) paw were not altered following injection
of vehicle into the RVM (n=6). Data are expressed as the mean (x sem) number of impulses.
# indicate significant differences from baseline values (# p < 0.05, ### p < 0.005, #### p <

0.001).
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Attenuation of responses of ON cells to heat stimuli following injection of L-733,060 into
the RVM. The mean (£ sem) number of impulses evoked by heat stimuli of 44°-50°C
applied to the inflamed paw (A) but t not the contralateral paw (B) was decreased at 15 min
following injection of L-733,060 (n=20). Responses to heat stimuli following injection of
vehicle (n=6) into the RVM were not altered (C and D). * and # indicate a significant
difference from baseline at 15 and 60 min after injection, respectively (*p < 0.05, #p < 0.05,

**xp < 0,005, ****p < 0.001).
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Effects of L-733,060 injection into the RVM on responses of OFF cells to heat stimuli.
Responses of OFF cells evoked by heat stimuli applied to either paw were not altered at any
time following injection of either 733,060 (A and B, n=10) or vehicle (C and D, n=6) into

the RVM.
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