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Abstract
Despite similar behavioral hypersensitivity, acute and chronic pain have distinct neural bases.
Here we used intraplantar injection of Complete Freund’s Adjuvant (CFA) to directly compare
activity of pain-modulating neurons in the rostral ventromedial medulla (RVM) in acute versus
chronic inflammation.

Heat- and von Frey-evoked withdrawal reflexes and corresponding RVM neuronal activity were
recorded in lightly anesthetized animals either during the first hour after CFA injection (acute) or
3–10 days later (chronic). Thermal and modest mechanical hyperalgesia during acute
inflammation were associated with increases in the spontaneous activity of pain-facilitating ON-
cells and suppression of pain-inhibiting OFF-cells. Acute hyperalgesia was reversed by RVM
block, showing that the increased activity of RVM ON-cells is necessary for acute behavioral
hypersensitivity. In chronic inflammation, thermal hyperalgesia had resolved, but mechanical
hyperalgesia had become pronounced. The spontaneous discharges of ON- and OFF-cells were not
different from controls, but the mechanical response thresholds for both cell classes were reduced
into the innocuous range. RVM block in the chronic condition worsened mechanical hyperalgesia.

These studies identify distinct contributions of RVM ON- and OFF-cells to acute and chronic
inflammatory hyperalgesia. During early immune-mediated inflammation, ON-cell spontaneous
activity promotes hyperalgesia. After inflammation is established, the anti-nociceptive influence
of OFF-cells is dominant, yet the lowered threshold for the OFF-cell pause allows behavioral
responses to stimuli that would normally be considered innocuous. The efficacy of OFF-cells in
counteracting sensitization of ascending transmission pathways could therefore be an important
determining factor in development of chronic inflammatory pain.

Introduction
Chronic pain is not merely prolonged activation of normal pain pathways, but instead
reflects plasticity in both peripheral and central neuronal circuits. The rostral ventromedial
medulla (RVM) is the final output relay from a well-studied pain-modulating system [14].

© 2013 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

Corresponding author: Daniel R. Cleary, 1-503-494-1171 (p), 1-503-494-2264 (f), MC L-472, 3181 SW Sam Jackson Park Rd.,
Portland, OR 97239, clearyd@ohsu.edu.

The authors report no conflict of interest related to this work.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Pain. Author manuscript; available in PMC 2014 June 01.

Published in final edited form as:
Pain. 2013 June ; 154(6): 845–855. doi:10.1016/j.pain.2013.02.019.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



This circuit modulates nociceptive transmission pathways during acute injury, but is also
thought to maintain sensitization during chronic pain [26,39,45].

The transition from acute to chronic pain is accompanied by physiological and molecular
changes in the RVM. For example, the effectiveness of electrical stimulation in inhibiting
nociceptive behaviors fluctuates over the first 24 hours following injection of an
inflammatory agent in the hindpaw [17–18,51]. In the days after induction, inflammation
also produces changes in NMDA, AMPA, trkB, opioid, and neurokinin-1 receptor
expression and function [16–19,28,31,45,49], as well as changes in local glial activation
[47]. However, the functional significance of many of these molecular and cellular changes
remains unclear. Because the RVM can independently facilitate and inhibit nociception
[13,26], enhanced behavioral sensitivity could reflect increased descending facilitation,
reduced descending inhibition, or a combination of both.

The RVM inhibits and facilitates nociceptive transmission pathways through the actions of
two classes of neurons, “OFF-cells” and “ON-cells”, respectively [14,26], but the specific
contributions of the ON- and OFF-cell classes to different chronic pain states are not well
understood. In acute neurogenic inflammation, the spontaneous firing of both cell classes is
altered, with ON-cell discharge significantly increased and OFF-cell firing depressed. The
increase in ON-cell activity is necessary for hyperalgesia [4,30]. By extension, if chronic
inflammation were simply a continuation of the acute condition, then the increased
spontaneous firing of the ON-cells should be maintained. However, in another model of
chronic pain, nerve injury, RVM ON-cells do not display abnormal spontaneous activity
[5,38]. Instead, both ON- and OFF-cells become sensitized and display abnormal
responsiveness to innocuous tactile stimulation [5]. The dissimilar pattern of RVM activity
in acute neurogenic inflammation compared to chronic nerve injury indicates that, despite
clear evidence implicating the RVM in behavioral hypersensitivity in both conditions, the
underlying RVM processes mediating hyperalgesia are not the same. This difference could
relate to the type of injury (inflammatory vs. neuropathic) or to its time-course (acute vs.
chronic).

The goal of the present experiments was to record the activity of identified ON- and OFF-
cells at acute (1 hour) and chronic (3–10 days) time points during localized inflammation
induced by injection of complete Freund’s adjuvant (CFA) in the plantar hindpaw. These
time points were chosen based on reports that the RVM contribution to behavioral
sensitivity fluctuates over the first 24 hours after injection, but is then generally stable for up
to two weeks [20,43,45]. This approach allowed us to compare directly the activity of pain-
facilitating and pain-inhibiting RVM neurons under standard conditions during acute and
chronic immune-mediated inflammation, and to test the net RVM contribution to thermal
and mechanical hypersensitivity at both time points.

Materials and Methods
All experimental procedures followed the guidelines of the National Institutes of Health and
of the Committee for Research and Ethical Issues of the International Association for the
Study of Pain. Methods used here were approved by the Institutional Animal Care and Use
Committee at the Oregon Health & Science University.

Inflammation
For studies of acute inflammation, male Sprague-Dawley rats weighing between 250 and
350 g were anesthetized and stabilized in a lightly anesthetized state (described below).
Saline (0.1 ml) or Complete Freund’s Adjuvant (CFA, heat-killed Mycobacterium
tuberculosis in mineral oil, 1 mg/ml, 0.1 ml, Sigma-Aldrich) was injected subcutaneously
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into the plantar surface of the left hindpaw. In a subset of animals, paw thickness and
surface temperature were measured at the base of the ankle before and 15 minutes after
hindpaw injection.

To induce chronic inflammation, rats weighing less than 250 g were briefly anesthetized
with isoflurane (4%, 4–5 minutes). Saline (0.1 ml) or CFA (0.1 ml) was injected
subcutaneously into the plantar surface of the left hindpaw. Animals were anesthetized 3–10
days later (mean ± SEM: 6.2 ± 0.5 days) for electrophysiological and behavioral studies, at
which point they weighed between 250 and 350 g. This range of days was chosen based on
pilot data and as consistent with the known duration of behavioral hypersensitivity following
plantar CFA administration, which typically peaks at one day (24 h), but is maintained for
two weeks or more [28,43,45].

Experimental animals
A total of 112 animals was used in this work. For electrophysiological studies of RVM
neurons in acute inflammation, we used a within-subject design comparing pre- and post-
injection neuronal activity and thermal and mechanical nociception. Seventeen animals were
treated with saline and 24 with CFA. We recorded 6 NEUTRAL-cells, 5 OFF-cells, and 6
ON-cells in the saline group and 10 NEUTRAL-cells, 7 OFF-cells, and 11 ON-cells in the
CFA-treated group. To determine the contribution of the RVM to behavioral
hypersensitivity in these animals, RVM neurons were inactivated by lidocaine
microinjection in additional animals following plantar saline (n = 8) or CFA (n = 6)
injection.

For electrophysiological studies of RVM neurons during chronic inflammation, we used a
between-subject design, comparing neuronal activity and mechanical and thermal
nociception in CFA-treated animals against that in saline-treated and naïve control groups.
Since data from saline-treated and naïve animals were not significantly different, those
groups were combined for subsequent analyses. Twenty-three control animals and 22 CFA-
injected animals were studied. We recorded 8 NEUTRAL-cells, 10 OFF-cells, and 12 ON-
cells in control animals, and 8 NEUTRAL-cells, 11 OFF-cells, and 13 ON-cells in CFA-
treated animals. To determine the contribution of the RVM to behavioral hypersensitivity in
animals with chronic inflammation, RVM neurons were inactivated by lidocaine
microinjection in an additional five controls and seven CFA-treated animals.

Lightly Anesthetized Preparation
Electrophysiological recordings and RVM drug injections in lightly anesthetized animals
were performed as described previously [5,30,32]. Animals were initially deeply
anesthetized with either sodium pentobarbital (60 mg/kg, i.p.) or isoflurane (4% in oxygen).
A catheter was placed in an external jugular vein for subsequent infusion of methohexital
and the animal placed in a stereotaxic frame. While the animal was still deeply anesthetized,
a craniotomy was drilled for access to the RVM.

After the surgical preparation was completed, the methohexital infusion was adjusted so that
animals displayed no spontaneous movement or vocalization, but withdrew briskly from
noxious heat or mechanical stimulation applied to an untreated hindpaw (15–30 mg/kg/hr).
In animals initially induced using pentobarbital, we waited at least 2.5 hours before starting
electrophysiological recording, since even minimal levels of pentobarbital mask mechanical
hyperalgesia in lightly anesthetized rats [5]. Room temperature was kept around 25 °C, and
body temperature maintained between 36 and 37 °C using a heating pad. Heart rate was
monitored using EKG, and respiratory rate was monitored by recording changes in air
pressure at the nares, as described in detail elsewhere [7]. The experimental protocol was
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started once heart rate, core temperature, and respiratory rate were stable and methohexital
flow rate not adjusted for a minimum of 45 min.

Electrophysiological Recording
Stainless-steel microelectrodes (Microprobe, Gaithersburg, MD) with gold- and platinum-
plated tips were used for all recordings. Signals were amplified 10,000-fold, sampled at 20
kHz, bandpass filtered (150 Hz to 15 kHz), and displayed on an oscilloscope. The signal was
simultaneously digitized and stored for off-line analysis.

RVM neurons were isolated and characterized as ON-cells, OFF-cells, or NEUTRAL-cells.
This mutually exclusive and exhaustive classification is based on firing patterns relative to
nocifensor withdrawals [15]. At the withdrawal, “ON-cells” become active (if not already
active), “OFF-cells” stop firing (if active), and NEUTRAL-cells do not change firing rate.
Both OFF-cells and ON-cells can fire steadily or cycle between periods of activity and
inactivity. Because an ON-cell with high basal firing can be easily misclassified as a
NEUTRAL-cell [2], possible NEUTRAL-cells with continuous spontaneous activity were
verified as such prior to starting the protocol by giving a brief bolus of anesthetic to the
point that the withdrawal reflex was abolished. Firing of spontaneously active ON-cells
slows or stops with this manipulation, which unmasks reflex-related responses.

Behavioral Testing
For thermal nociceptive testing, a Peltier device (Yale Instrumentation, New Haven, CT)
was lightly applied to the plantar surface of the hindpaw, heated at a constant rate of 1.5 °C/s
from 35 °C to a maximum of 53 °C. To avoid damage to the paw, the Peltier device was
removed when the animal withdrew. Trials were initiated at 4–5 min intervals, with an
attempt to capture a period when the cell under study was active (OFF-cells) or inactive
(ON-cells), which allowed us to measure the withdrawal-related pause and burst that
characterize these neurons. NEUTRAL-cells were tested at 4–5 min intervals irrespective of
cell activity.

For mechanical testing, von Frey Fibers (4, 8, 15, 26, 60, and 100 g) were applied in
ascending order to the interdigital webbing for a period of either 8 s or until a withdrawal
was elicited, with three trials at each tested force. Three testing sites were rotated.
Withdrawals were recorded via electromyograph (EMG) electrodes placed 1 cm apart in the
muscles of the calf. Individual trials were initiated at intervals of at least 1 min, with longer
interstimulus intervals used when necessary to capture a period when OFF-cells were active
or ON-cells inactive.

Experimental Protocols
In electrophysiological studies of acute inflammation, the experimental protocol was
initiated after isolation and characterization of one (or occasionally, two) well distinguished
neuron (or neurons) as an ON-, OFF- or NEUTRAL-cell. The first 10–15 minutes of
neuronal activity was recorded without any nociceptive testing; this period was used to
measure baseline spontaneous activity in the absence of stimulation. Three thermal trials
with the Peltier device were then performed on the experimental (left) hindpaw. To
minimize the potential confound of secondary hyperalgesia from the recent noxious thermal
trials, mechanical testing using von Frey fibers was initiated at least 5 min after the last
thermal trial. Saline or CFA was then injected into the plantar surface of the left hindpaw.
Spontaneous firing rate was determined (10-minute sample beginning 1–2 min after
completing the hindpaw injection), followed by three thermal trials and a second round of
mechanical testing of the treated paw. One hour after hindpaw injection, this was repeated,
with a third 10-minute sample of spontaneous firing, followed by three additional thermal
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trials and repeated mechanical testing. For all experiments, only one protocol was performed
in each animal.

In behavioral studies of the role of the RVM in acute CFA-evoked hypersensitivity, we used
a within-subject design. Baseline thermal and mechanical sensitivity were determined, and
CFA or saline injected into the left hindpaw. Thermal and mechanical testing were repeated
5 – 10 min after injection for the experimental paw, followed by lidocaine (4%, 200 nl)
injection into the RVM to block all neuronal activity. Thermal and mechanical testing were
again repeated in the 10 – 30 min after lidocaine injection.

In electrophysiological studies of chronic inflammation, activity of RVM neurons in
controls was compared with that in animals injected with CFA 3–10 d previously. Following
isolation and characterization of an RVM neuron or neurons, spontaneous firing rate was
determined as above. Three thermal trials were then initiated for each hindpaw in alternating
succession. Following a 5–10 min recovery period, mechanical threshold testing was
performed for the two hindpaws. In some cases, the von Frey fiber thresholds had been
determined prior to the initiation of the protocol, and mechanical testing then commenced at
one level below that threshold. Otherwise, von Frey fibers between 4 and 100 g were
applied.

In behavioral studies of the role of the RVM in chronic CFA-evoked hypersensitivity,
thermal and mechanical responses for the treated hindpaw were measured before and after
injection of lidocaine in the RVM (4%, 200 nl) in controls or animals injected 3–10 d
previously with CFA in the left hindpaw.

Histology
At the conclusion of the protocol, recording sites were marked with an electrolytic lesion.
RVM microinjection sites were marked by green fluorescent beads (Invitrogen, Eugene,
OR), either mixed in with the lidocaine or injected separately at the completion of the
experiment. Animals were overdosed with methohexital and perfused transcardially with
saline followed by 10% formalin. The brainstem was blocked, cut into 60 μm thick sections,
and the recording or injection site visualized on a BX51 Olympus microscope. Sites were
mapped in accordance with the atlas of Paxinos and Watson [37]. The RVM was defined as
the area of the raphe magnus and adjacent reticular formation at the level of the facial
nucleus (−1.04 to −2.6 mm relative to interaural line, ± 0.6 mm lateral, and 9–10 mm ventral
to the brain surface). Locations of neurons recorded in CFA-treated and control groups are
plotted in Fig. 1. Neurons outside of the RVM boundaries were excluded from analysis.

Data Analysis
Neuronal and EMG activity, heart rate, respiratory rate, paw heat-stimulus temperature, and
von Frey application timing were recorded using Spike2 (Cambridge Electronic Design,
Cambridge, England). Action potentials were sorted using template matching on waveforms,
and discriminated on an individual spike basis.

The behavioral threshold was defined as the lowest von Frey fiber force at which the animal
withdrew its paw from stimulation in at least two of three trials. Latency to withdraw was
the time difference between the onset of the heat or von Frey stimulus and the first point of
positive inflection on the EMG. EMG magnitude was quantified by subtracting the baseline
and then smoothing, rectifying, and integrating the resultant signal [5]. These data are
therefore expressed as arbitrary units.

Reflex-related changes in activity for both ON- and OFF-cells were quantified by comparing
firing rates at the time of the withdrawal (3 s interval beginning 0.5 s prior to the
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withdrawal) to that in the 10 s before stimulus onset. With mechanical stimulation, where
withdrawal was not always evident, mean firing rate was measured over the entire 8 s period
after the onset of the stimulus, regardless of when the stimulus was withdrawn, and
compared to the 10 s period prior to stimulus onset.

Statistics
Data are presented as mean ± SEM, with p values of less than 0.05 considered statistically
significant.

Acute effects of CFA administration on thermal withdrawal threshold and EMG magnitude
were analyzed with ANOVA followed by Dunnett’s test for comparison with baseline.
Changes in mechanical withdrawal threshold from baseline were determined using either a
Wilcoxon’s signed-rank test or a Friedman’s test with Dunn’s post-hoc test. Effects of acute
CFA treatment or RVM lidocaine injection on withdrawal magnitude and latency of
response from mechanical stimuli were determined using a two-way ANOVA and
Bonferroni post-hoc tests, with time (before/after hindpaw injection) as a repeated measure.
Spontaneous activity after acute CFA injection was compared with baseline using a
Friedman’s test with Dunn’s post hoc test. Changes in evoked activity (ON-cell increase and
OFF-cell inhibition) were analyzed with a Wilcoxon’s signed-rank test. Effects of lidocaine
on thermal withdrawal thresholds were determined using two-way ANOVA, with time and
treatment as factors, followed by Bonferroni post-hoc tests.

For the chronic CFA-treated and control groups, anesthetic requirements and heart rate were
compared using t-tests for independent means. The thresholds for responses to von Frey
probes were compared using a Kruskal-Wallis ANOVA followed by Dunn’s post-hoc test.
Thermal withdrawal thresholds for ON- and OFF-cell responses, areas under the curve for
stimulus-responses, withdrawal latencies, and EMG magnitudes were compared using one-
way ANOVA followed by Tukey’s post-hoc tests. Spontaneous firing rates of the different
groups were compared for each cell class using a Mann-Whitney U. For lidocaine injection
experiments, magnitude and latency of response were compared using a two-way mixed-
design ANOVA and Bonferroni post-hoc test, with force as one factor and pre- vs. post-
lidocaine injection as the repeated factor. Correlations were calculated using Spearman’s
rho.

Results
Acute CFA injection produces thermal hyperalgesia and slight but measurable mechanical
hypersensitivity in lightly anesthetized animals

In lightly anesthetized animals, plantar injections of CFA produced localized erythema,
edema, and small spontaneous twitches of the injected hindpaw. Paw thickness was
increased from 5.42 ± 0.06 mm to 6.26 ± 0.11 mm by 10 min after CFA injection (p <
0.0001). Paw temperature was increased from 29.5 ± 0.6 to 33.8 ± 0.3 °C (p < 0.0001),
comparable to previous reports in awake behaving animals after CFA hindpaw injection
[28]. Control injections of saline produced a smaller but statistically significant increase in
paw thickness (from 5.36 ± 0.12 to 5.71 ± 0.08 mm, p = 0.02). Paw temperature was not
altered following saline injection (from 30.0 ± 0.7 to 30.6 ± 0.7 °C, p = 0.2). Heart rate and
breathing frequency were both significantly increased following plantar injection of CFA
(heart rate: 361.7 ± 4.5 to 369.8 ± 5.1 beats/min, p = 0.007; breathing rate: 1.61 ± 0.05
breaths/s to 1.65 ± 0.05 breaths/s, p = 0.023) but not saline (heart rate: 369.4 ± 7.2 to 366.1
± 7.4 beats/min, p = 0.29; breathing rate: 1.67 ± 0.05 breaths/s to post-injection: 1.63 ± 0.05
breaths/s, p = 0.41).
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Within 15 min of CFA injection, there was significant heat hyperalgesia, with the
withdrawal threshold decreased by approximately 5 °C. This hyperalgesia was maintained
for the entire 60-minute observation period (Fig. 2A). Control injections of saline produced
a slight (< 1 °C), but statistically significant, reduction in thermal withdrawal threshold (Fig.
2A). Withdrawal magnitude was not significantly increased in either group (Fig. 2B).

Mechanical sensitivity was modestly enhanced in both CFA- and saline-treated animals. The
threshold for withdrawal from von Frey fibers was lowered (Fig. 2C), and the magnitude of
withdrawals evoked by 60 and 100 g fibers was increased (Fig. 2D). The latency to
withdraw to the 60 g fiber was also slightly reduced for both groups (Fig. 2E).

Lightly anesthetized animals thus develop potent thermal hyperalgesia within the first hour
following injection of CFA. There is also a modest but measurable mechanical
hypersensitivity in both CFA-treated and control animals.

Spontaneous and reflex-related activity of RVM neurons in acute inflammation
The behavioral hypersensitivity seen in the first hour following CFA treatment was
associated with changes in the activity of RVM ON- and OFF-cells, but not NEUTRAL-
cells. As shown in the examples in Fig. 3A, the spontaneous firing of ON-cells was
increased within minutes of the injection, while that of OFF-cells was reduced, although not
completely inhibited. These changes were not maintained however, and activity was no
longer significantly different from baseline at 60 min post-injection (Fig. 3B). The reflex-
related activation of ON-cells was unchanged following CFA, as was activity evoked by von
Frey stimulation (Fig. 3C). Thus, the characteristic activation at the time of withdrawal was
unaffected by acute inflammation, although the heat-evoked withdrawal occurred at a lower
temperature. The OFF-cell pause was modestly enhanced following CFA, but only for heat-
evoked withdrawal; suppression of firing during von Frey probing was not different from
baseline (Fig. 3C). Saline injection had no effect on the spontaneous or reflex-related firing
of ON-cells or OFF-cells.

Some NEUTRAL-cells have been reported to change firing properties to be more like ON-
or OFF-cells during the development of inflammation following local administration of CFA
[34]. We therefore examined NEUTRAL-cells in the present experiments. NEUTRAL cells
characterized using our protocol showed no change in spontaneous activity following CFA
injection (Fig. 3B). Further, none developed ON- or OFF-like changes in firing.

RVM blockade reverses both thermal and mechanical hyperalgesia during acute
inflammation

To determine whether RVM activity contributes to the behavioral hypersensitivity during
acute inflammation in lightly anesthetized animals, we blocked RVM activity by
microinjecting lidocaine into the RVM in a subset of animals without cell recording. After
baseline testing, an injection was made into the hindpaw and thresholds determined.
Lidocaine was then microinjected into the RVM. Blockade of RVM activity by lidocaine
reversed CFA-induced thermal hyperalgesia, but had no effect in saline-injected controls
(Fig. 4A).

Lidocaine also reversed CFA-induced decreases in mechanical withdrawal threshold (Fig.
4B), increases in response magnitude (Fig. 4C), and decreases in response latency (Fig. 4D).
These data show that facilitatory output from the RVM is necessary for both thermal and
mechanical hypersensitivity during acute localized inflammation induced by CFA.
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Chronic inflammation following CFA injection produces mechanical hypersensitivity but
not thermal hyperalgesia in lightly anesthetized animals

The second set of experiments used animals treated with CFA or saline 3 to 10 days prior to
the recording session. Anesthetic requirements in the CFA-treated and control groups were
similar (21.3 ± 1.2 mg/hr vs. 21.0 ± 1.3 mg/hr, respectively, p = 0.95). Heart rates were also
comparable in the two groups (413.8 ± 10.3 vs. 393.3 ± 8.2 beats per min in CFA-treated
and controls respectively, p = 0.12). Respiratory rates were not measured in these
experiments.

CFA-treated animals did not show long-lasting thermal hypersensitivity. In the chronic
condition, heat-evoked withdrawal thresholds of the CFA-treated paw were not different
from those on the contralateral side or from the saline-treated control group (Fig. 5A). There
was also no difference between sides or groups in response magnitude (EMG, data not
shown).

In contrast with the absence of thermal hypersensitivity, mechanical hypersensitivity in the
CFA-treated paw was substantial. The threshold for withdrawal to von Frey fiber probing of
the treated paw was significantly reduced (Fig. 5B) in the chronic group, and response
magnitude was increased across the range of tested fibers (Fig. 5C), and response latency
was shorter (Fig. 5D) compared to the contralateral side and controls.

Animals subjected to prolonged localized inflammation thus display profound mechanical
hypersensitivity in the lightly anesthetized state, with thresholds significantly lower than that
seen in the acute condition. Notably, only 8% of the animals that had been tested in the first
hour following CFA administration showed thresholds in the innocuous range (< 26 g). By
contrast, 85% of animals tested in the chronic condition exhibited thresholds below 26 g (χ2

= 26.1, p < 0.0001). No saline-treated animal, in the acute or chronic condition, responded to
fibers in the innocuous range. The increased sensitivity in the chronic condition can also be
seen in comparisons of response magnitude. The response to probing with the 100 g fiber
was significantly enhanced in the chronic compared to the acute condition (compare Figs.
2D and 5C, p = 0.035).

Activity of RVM neurons during chronic inflammation
The pattern of activity of RVM neurons in animals subjected to chronic inflammation was
distinct from that seen in the first hour after CFA treatment. Unlike RVM neurons recorded
during acute inflammation, ON- and OFF-cells showed comparable rates of spontaneous
firing in the chronic/CFA-treated and chronic/control groups (Fig. 6A).

In contrast to spontaneous firing, the mechanically evoked ON- and OFF-cell changes in
activity were enhanced in the CFA-treated animals, and paralleled the shift in behavioral
sensitivity. First, the threshold for evoking a change in cell activity was reduced (ipsilateral
hindpaw: 14.2 ± 3.8 g; contralateral hindpaw: 74.1 ± 7.1 g, p < 0.0001). Not surprisingly,
since the responses of these neurons are associated with behavior rather than with noxious
stimulation per se, a high correlation existed between behavioral and neural thresholds
(Spearman’s rho = 0.84). Both cell classes also exhibited a leftward shift in the stimulus
response curve (Fig. 6B,C). Finally, the response-related activation of ON-cells (Fig. 6B)
was correlated with withdrawal magnitude (magnitude shown in Fig. 5C; rho = 0.24, p <
0.0001).

For thermal stimulation, there was no effect of CFA treatment on the response-related
changes in activity for either ON- or OFF-cells (Fig. 6B and C; for ON-cells: p = 0.25, for
OFF-cells: p = 0.75).
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Firing of NEUTRAL-cells was comparable in chronic CFA-treated and control groups, with
no difference in spontaneous firing rates (Fig. 6A). NEUTRAL-cells also did not respond to
von Frey probing of any force, whether applied to inflamed or non-inflamed hindpaws (Fig.
6D), and no difference was observed among groups during thermal stimulation (Fig. 6D, p =
0.45).

RVM blockade potentiates mechanical hypersensitivity in animals subjected to chronic
inflammation

We next blocked activity of the RVM in order to determine whether this region contributes
to mechanical hypersensitivity after chronic inflammation, as it does to thermal hyperalgesia
in acute inflammation. The threshold for heat-evoked withdrawal was not changed by
lidocaine injection into the RVM in either chronic/CFA-treated or control groups (Fig. 7A).
However, the response magnitude was significantly reduced after RVM block in both groups
(Fig. 7B).

Mechanical hypersensitivity in the treated paw was potentiated by RVM block. Mechanical
threshold, already lower than controls in baseline, was further reduced following RVM
lidocaine in animals subjected to chronic hindpaw inflammation. RVM block had no effect
on withdrawal threshold in control animals (Fig. 7C). There was a small, but statistically
significant increase in the magnitude of the EMG evoked by innocuous stimuli at the lowest
levels of stimulation (Fig. 7D), and the responses to innocuous stimulation occurred with a
shorter latency (Fig. 7E). Therefore, the net influence of the RVM on mechanical sensitivity
in the chronic inflammation group was not facilitatory, but rather inhibitory.

Discussion
Molecular, pharmacological, and behavioral evidence demonstrate that plasticity in the
central nervous system maintains and reinforces chronic pain. The present experiments
considered the physiology of individual RVM neurons as another area of potential plasticity
in the transition from acute to chronic pain. Single-unit recording from identified RVM ON-,
OFF-, and NEUTRAL-cells was combined with behavioral measures of thermal and
mechanical sensitivity to test the role of RVM neurons in acute, compared to chronic,
immune-mediated inflammation. Firing of RVM neurons in the first hour of inflammation
following administration of CFA strongly resembled that seen in other acute inflammatory
conditions [4,30,48,58]. However, cell activity recorded 3–10 days later was similar to that
seen in a different persistent pain state, chronic nerve injury [5]. Thus, while acute and
chronic pain conditions appear similar at the behavioral level, the underlying mechanisms of
descending control are distinct, and differentiate acute from chronic hypersensitivity.

Activity of physiologically identified RVM ON- and OFF-cells in acute vs. chronic immune-
mediated inflammation

In the first hour following local administration of CFA, RVM ON- and OFF-cells exhibited
clear changes in spontaneous activity: overall firing of ON-cells was increased, while that of
OFF-cells was suppressed. This pattern of altered spontaneous firing of ON- and OFF-cells
is similar to what has been reported previously during acute neurogenic inflammation
[4,30,48,58]. These changes were relatively short-lived however, with recovery towards
baseline by the end of the first hour after CFA injection. The restoration of spontaneous
activity of the ON- and OFF-cells may represent a compensatory process, and is consistent
with the report of Miki et al. [34], who found little alteration in the spontaneous firing of
ON- and OFF-cells sampled at various intervals over the first day following CFA injection.
Reflex-related changes in the activity of these two classes were not markedly altered from
baseline.
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Recordings at later time points (3–10 days post-treatment) revealed a different pattern of cell
activity. For both cell classes, the spontaneous discharges in the CFA-treated and control
groups were similar. However, in the CFA group, both ON- and OFF-cells were more
sensitive to mechanical stimulation of the treated paw, exhibiting both lowered thresholds
and increased response magnitudes. This finding is similar to the observations of Montagne-
Clavel [35], who recorded activity of RVM neurons in awake, behaving animals several
weeks after induction of polyarthritis produced by injecting large doses of CFA in the tail.
As in the present studies, they reported little change in the spontaneous discharges of the
recorded neurons, but increased sensitivity to light touch.

These data show that changes in ON- and OFF-cell firing seen in the first hour following
CFA injection are not maintained in later stages of inflammation. Instead, ON- and OFF-cell
activity in chronic inflammation closely resembles that seen following nerve injury [5].
Spontaneous firing rates return to control levels, but both cell classes become responsive to
innocuous tactile stimulation of the affected limb. The similar adaptation of the RVM output
in two chronic pain states, one neuropathic and the other inflammatory, suggests that time-
course, and not mode of injury, is the important factor underlying altered activity of RVM
pain-modulating neurons in persistent pain states. The parallel changes with the two
different types of insult also argue that the RVM is not simply mirroring ongoing or
abnormal peripheral input.

NEUTRAL-cells in acute and chronic inflammation
All RVM neurons that do not exhibit the reflex-related changes in firing that define ON- and
OFF-cells are classified as NEUTRAL-cells, a separation that is confirmed by
pharmacological differences among cell classes [21,23–25,40]. The role of NEUTRAL-cells
in the genesis and modulation of acute and chronic pain remains controversial. Miki et al.
[34] reported that some NEUTRAL-cells developed ON- or OFF-cell properties in the early
phases of CFA-induced inflammation. However, these authors did not have pre-
inflammation baseline data for the recorded neurons, which makes direct comparison with
our findings difficult. In the present studies, NEUTRAL-cell firing was unchanged during
the acute phase of CFA-induced inflammation, and we found no evidence of NEUTRAL-
cells developing ON- or OFF-like properties. Similar stability of NEUTRAL-cell properties
has also been reported in acute neurogenic inflammation [4,30].

Contribution of the RVM to behavioral hypersensitivity in acute vs. chronic immune-
mediated inflammation

Descending control from the RVM is generally agreed to be altered in chronic inflammation,
but there has been considerably less consensus as to when and whether descending
inhibition and/or descending facilitation are recruited [45,51,53]. Hypersensitivity measured
behaviorally could reflect increased descending facilitation, decreased or insufficient
inhibition, or both. In our paradigm, changes in behavioral sensitivity were monitored in
parallel with RVM cell activity, which allowed us to pinpoint the contributions of the pain-
facilitating and pain-inhibiting outputs from this region at different time points.

In the first hour following CFA injection, the treated paw showed RVM-dependent thermal
and mechanical hypersensitivity. Thermal hyperalgesia was much more pronounced, and the
injection per se appeared to have contributed to the modest mechanical hyperalgesia. Since
CFA injection resulted in a reduction in OFF-cell firing and did not increase the evoked
responses of ON-cells, the reversal of thermal hyperalgesia by RVM block implies that
behavioral hyperalgesia was driven by the increased spontaneous firing of the ON-cells.
This has been shown previously for acute neurogenic inflammation [30,48,58].
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Three to 10 days after CFA treatment, spontaneous activity was restored to control levels,
but ON- and OFF-cells showed novel responsiveness to innocuous mechanical stimuli. In
these animals, prominent mechanical hypersensitivity was potentiated, not reversed, by
inactivation of the RVM. This finding discounts a critical role for ON-cells in mechanical
hyperalgesia after CFA, and is consistent with evidence that descending inhibition from the
RVM increases as immune-mediated inflammation develops [8,17–18,42,44,51]. It further
implies that OFF-cell output to some extent holds sensitized dorsal horn transmission in
check. However, this compensation is not complete, since the animals exhibit behavioral
hypersensitivity. Moreover, the lowered mechanical threshold for the OFF-cell pause would
permit (i.e., disinhibit) behavioral responses to innocuous tactile stimuli. Therefore,
mechanical hypersensitivity in the chronic condition reflects not an overall shift towards
ON-cell output, as seen in acute inflammation [3–4,22,30,32,41,48,57], but a lowered
response threshold or “tipping point” at which descending inhibition is removed. Although
descending inhibition is the dominant output, the lowered threshold for ON-cell activation
may still contribute to increased sensitivity, as reported for inflammation of visceral and
deep tissues [9–10,50,54].

Our finding of prolonged mechanical hypersensitivity in lightly anesthetized animals
following plantar injection of CFA accords with previous work in awake behaving rats [43].
In these experiments mechanical hyperalgesia was maintained but thermal hyperalgesia had
resolved by the later time points (three to ten days after CFA). This latter finding is
consistent with the observation that the spontaneous activity of RVM ON- and OFF-cells
had also returned to normal (since, as noted above, thermal hyperalgesia is closely tied to an
increase in the spontaneous activity of ON-cells). However, others have reported that heat
thresholds are lowered for a week or more after plantar CFA injection, although the effect is
reported to be maximal within the first 24 hours [18,28,36,46,55]. A number of differences
could account for this discrepancy. Our animals were anesthetized, which could suppress
activating inputs to ON-cells from higher centers. We also used contact, rather than radiant
heat, and a holding temperature (35 °C) that was above skin temperature of both normal and
inflamed paws. Paw temperature is not controlled in most studies, and the fact that the
inflamed paw is substantially warmer could contribute to the reduced withdrawal latencies
reported elsewhere [6,12,27]. In addition, the slow linear heat-ramp used here is thought to
activate C-fibers selectively, even in inflamed tissue. By contrast, thermal stimuli used in
studies in awake animals typically have a logarithmic rise, which would more likely activate
A-fibers [33,59]. Since increased sensitivity of dorsal horn neurons in chronic inflammatory
hyperalgesia has been tied to A-fiber afferents [1,52,56], it is possible that our thermal
stimulus did not activate inputs relevant to thermal hyperalgesia.

Although RVM inactivation during chronic inflammation did not change thermal
withdrawal thresholds, the magnitude of the heat-evoked EMG response was reduced in
both CFA-treated and control animals. This finding is consistent with the suggestion of Jinks
and colleagues [29] that the ON-cell reflex-related burst contributes to the magnitude of the
heat-evoked withdrawal, which may be more related to perception of suprathreshold stimuli
rather than threshold.

Conclusion
The RVM influences nociceptive behaviors through descending projections, but changes in
this system can be brought about by “bottom-up” processes, including tissue injury and
inflammation. During acute inflammation, the normal equilibrium between ON- and OFF-
cell outputs is disturbed. Increased ON-cell spontaneous firing acts as a multiplier of dorsal
horn activity, and contributes to substantial thermal hyperalgesia. Under chronic conditions,
although spontaneous firing has returned to normal, both cell classes show lowered response
thresholds, with novel responses to innocuous stimuli. The lowered threshold for the OFF-
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cell pause allows withdrawal responses to stimuli that would normally be considered
innocuous. Variations in how well OFF-cells counteract sensitization of ascending
transmission pathways is likely an important factor in determining whether chronic pain
develops [11].
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Fig. 1.
Locations of recordings sites within the RVM. ON-cells, OFF-cells, and NEUTRAL-cells
were distributed between sections at −1.04 mm and −2.60 mm relative to the interaural line,
with the majority of the cells recorded between −1.80 mm and −2.60 mm.
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Fig. 2. Thermal and mechanical hyperalgesia within the first hour following CFA injection
A) Threshold for heat evoked withdrawal was substantially reduced in CFA-treated animals
(F2,46 =102.0, p < 0.0001, n = 24). Reduced threshold in saline-treated animals was small
but statistically significant (F2,32 = 12.0, p < 0.0001, n = 17). The two groups had
comparable thresholds in baseline (unpaired t-test, p = 0.85).
B) Magnitude of withdrawal from thermal stimuli (given as arbitrary units, AU) was not
affected by injection of CFA or saline (saline: F2,32 = 0.96, p = 0.39; CFA: F2,46 = 1.55, p =
0.22). Baseline response magnitudes were not different (unpaired t-test, p = 0.68).
C) Mechanical withdrawal thresholds were also reduced, although only two animals, both in
the CFA-treated group, responded to fibers normally considered innocuous (Wilcoxon
signed ranks test, p = 0.003 and p = 0.048 for CFA and saline injections, respectively)
D,E) Withdrawal magnitude was increased (two-way ANOVA, F1,44 = 17.3, p < 0.0001 for
saline; F1,66 = 33.3, p < 0.0001 for CFA-injected) and response latency reduced (two-way
ANOVA, F1,44 = 13.0, p < 0.001 for saline; F1,66 = 21.0, p < 0.0001 for CFA-injected). *p <
0.05, **p < 0.01, ***p < 0.001 compared to pre-injection baseline at the same force.
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Fig. 3. Spontaneous and withdrawal-related activity of ON-, OFF-, and NEUTRAL cells during
acute inflammation
A) Ratemeters showing spontaneous and thermal withdrawal-related activity of a typical
ON-cell and OFF-cell before and after CFA injection.
B) CFA but not saline injection increased spontaneous activity of ON-cells (Wilcoxon’s
signed ranks test, CFA: p = 0.019, n = 11; Saline: p = 0.96, n = 6) and decreased that of
OFF-cells (CFA: p = 0.016, n = 7; Saline: p = 0.37, n = 5). NEUTRAL cell spontaneous
activity was unaffected by either treatment (CFA: p = 0.37, n = 10; Saline: p = 0.99, n = 6).
BL: baseline.
C) Firing associated with noxious stimulation trials was generally unaffected by CFA.
However, the reflex-related OFF-cell inhibition from thermal stimulation was significantly
enhanced after CFA injection.
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Fig. 4. RVM blockade attenuates both thermal and mechanical hyperalgesia in acute
inflammation
A) CFA injection produced immediate thermal hyperalgesia that partially recovered over the
subsequent hour. This effect was reversed by RVM lidocaine. X-axis gives time since
hindpaw injection. Two-way repeated-measures ANOVA, with significant effects of both
time (F4, 204 = 21.2, p < 0.0001) and treatment on threshold (F3,51 = 38.35, p < 0.0001). ***
p < 0.001 post-hoc Bonferroni comparison against hindpaw saline/RVM lidocaine group.
B–D) RVM lidocaine reversibly eliminated the decrease in withdrawal threshold (B),
increase in withdrawal magnitude (C), and reduction in withdrawal latency (D) produced by
CFA. Hypersensitivity returned approx. 40 min after lidocaine administration (60 min after
CFA).
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For mechanical threshold, Friedman’s test was followed by Dunn’s post hoc test (p < 0.001,
n = 6). ANOVA was used to analyze magnitude (F3,45 = 19.1, p < 0.0001) and latency (F3,45
= 14.9, p < 0.0001). *p < 0.05, **p < 0.01, ***p < 0.001 compared to pre-CFA baseline.
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Fig. 5. Mechanical but not thermal hyperalgesia in chronic inflammation
A) In lightly anesthetized animals at 3–10 days after initial CFA injection, thermal
hyperalgesia was not detectable (F3,86 = 0.84, p = 0.47).
B–D) Mechanical hyperalgesia was fully developed, with lowered threshold (B), a left and
upward shift in the stimulus-response magnitude relationship (C), and a reduction in
response latency evident throughout the stimulus range tested (D). For C and D, when an
overall ANOVA was significant, a Tukey’s post-hoc test was used to compare groups at
each fiber force. *p < 0.05, **p < 0.01, ***p < 0.001 compared to contralateral paw, which
was not different from ipsilateral or contralateral controls at any force.
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Fig. 6. Spontaneous and withdrawal-related activity of ON-, OFF-, and NEUTRAL-cells during
acute inflammation
A) Spontaneous firing rates of the different cell classes were not significantly different in
CFA-treated and control animals. (Wilcoxon’s test: ON-cells, p = 0.16; OFF-cells, p = 0.35,
NEUTRAL-cells, p = 0.54, n = 8 – 12 group).
B–D) Evoked responses of ON-cells (B), OFF-cells (C) and NEUTRAL-cells (D). Activity
during thermal and mechanical trials is plotted on the same graph for each class. Both ON-
and OFF-cells recorded in CFA-treated animals showed significant shifts in the mechanical
force vs. response relationship for stimulation of the treated paw compared to the
contralateral side or in controls. There was no effect of group or side on responses during
heat trials. NEUTRAL-cells did not respond to thermal or mechanical stimulation.
When an overall ANOVA was significant, a Tukey’s post-hoc test was used to compare
groups at each fiber force. *p < 0.05, **p < 0.01, ***p < 0.001 compared to contralateral
paw, which was not different from ipsilateral or contralateral controls at any force.
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Fig. 7. Effects of RVM lidocaine on behavioral responses to heat (A, B) and von Frey stimulation
(C, D, E) in animals subjected to chronic inflammation
A) Thermal withdrawal thresholds were not significantly altered by lidocaine in the RVM in
control (n = 5) or CFA-treated (n = 7) animals.
B) RVM blockade significantly reduced the magnitude of the heat-evoked reflex in both
groups (paired t-test, p = 0.024 for control animals, p = 0.005 for CFA-injected animals).
C) RVM block potentiated mechanical hypersensitivity in CFA-treated animals (Wilcoxon’s
test, p = 0.03, n = 7), with no effect in controls (p = 0.99, n = 5).
D) RVM block resulted in a small but statistically significant increase in the magnitude of
withdrawals evoked by innocuous stimulation of the treated paw, with no effect on the
response to noxious stimuli.
E) RVM block resulted in a significant decrease in the latency of the response evoked by
innocuous stimulation of the treated paw, with no effect on the response to noxious stimuli.
For D and E, *p < 0.05, **p < 0.01, ***p < 0.001, compared to post RVM lidocaine
injection, paired t-tests at innocuous forces.
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