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Abstract

The rostral ventromedial medulla (RVM) has a well-documented role in pain modulation, and 

exerts anti-nociceptive and pro-nociceptive influences mediated by two distinct classes of neurons, 

OFF-cells and ON-cells. OFF-cells are defined by a sudden pause in firing in response to 

nociceptive inputs, whereas ON-cells are characterized by a “burst” of activity. Although these 

reflex-related changes in ON- and OFF-cell firing are critical to their pain-modulating function, 

the pathways mediating these responses have not been identified. The present experiments were 

designed to test the hypothesis that nociceptive input to the RVM is relayed through the 

parabrachial complex (PB). In electrophysiological studies, ON- and OFF-cells were recorded in 

the RVM of lightly anesthetized male rats before and after an infusion of lidocaine or muscimol 

into PB. The ON-cell burst and OFF-cell pause evoked by noxious heat or mechanical probing 

were substantially attenuated by inactivation of the lateral, but not medial, parabrachial area. 

Retrograde tracing studies showed that neurons projecting to the RVM were scattered throughout 

PB. Few of these neurons expressed calcitonin gene-related peptide (CGRP), suggesting that the 

RVM projection from PB is distinct from that to the amygdala.

These data show that a substantial component of “bottom-up” nociceptive drive to RVM pain-

modulating neurons is relayed through the parabrachial complex. While the parabrachial complex 

is well-known as an important relay for ascending nociceptive information, its functional 

connection with the RVM allows the spinoparabrachial pathway to access descending control 

systems as part of a recurrent circuit.

1. Introduction

An important factor in both acute and chronic pain is an intrinsic pain-modulating system 

that regulates nociceptive processing via descending projections from the brainstem to the 

dorsal horn. This system contributes to abnormal pain in animal models; in patients, 
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impaired descending control has been documented in many chronic pain 

syndromes.15,20,31,35,48,59,60,69,72,77 The output of this modulating system, via the rostral 

ventromedial medulla (RVM), can facilitate or suppress nociception via two physiologically-

defined cell classes, “ON-cells” and “OFF-cells,” that respectively facilitate and inhibit 

dorsal horn nociceptive transmission.31,32,35 However, these modulatory neurons also 

receive noxious input: ON-cells are activated by noxious stimulation, giving a “burst” of 

activity, whilst OFF-cell firing is suppressed, producing a “pause” in any ongoing activity. 

This acute activation of pain-facilitating ON-cells and suppression of pain-inhibiting OFF-

cells can function as a positive feedback loop, promoting responses to subsequent afferent 

inputs.38,42 Pain transmission and modulating systems thus constitute a recurrent circuit, 

with noxious stimulation as the primary “bottom-up” influence on pain-modulating outputs. 

Surprisingly, the pathway through which noxious inputs drive changes in RVM activity has 

not been defined. Not knowing how pain transmission is linked to pain modulation has 

severely limited our ability to define the function and plasticity of the RVM at the level of 

the synapse, cell membrane, and circuit.

One candidate with the potential to relay noxious information to the RVM is the parabrachial 

complex (PB). The PB comprises a functionally and anatomically diverse region involved in 

a range of homeostatic functions.4,24,25,43,55 It is a major supraspinal target of nociceptive 

transmission neurons with cell bodies in the contralateral superficial dorsal horn (with sparse 

ipsilateral input). It also receives projections from deep dorsal horn.6,8,22,58 Nociceptive 

neurons have been identified in the PB, primarily in lateral PB (lPB) and the Kölliker-Fuse 

nucleus (KF).5,7,9,37 There is evidence that spinal neurokinin-1 (NK1)-positive neurons, 

presumed to relay through PB, engage both descending inhibition and descending 

facilitation.47,68,74

A direct, but relatively sparse projection from the PB to the RVM region has been identified 

anatomically.3,36,75 In addition, PB projects directly to the central nucleus of the amygdala 

and through a thalamic relay to the insula, implicating the PB in emotional and autonomic 

aspects of pain.9,25,40,78 It also projects to the midbrain periaqueductal gray.26 Each of these 

parabrachial targets has outputs that converge, directly or indirectly, at the RVM.41,51,52,65 

Despite these wide-reaching anatomical links, the functional influence of PB on RVM pain-

modulating neurons has not been investigated.

The present experiments were designed to test the hypothesis that nociceptive input to pain-

modulating neurons of the RVM is relayed through the PB. We also used 

immunohistochemical methods to determine whether the projection from PB to RVM 

includes CGRP neurons, since CGRP-expressing neurons comprise a significant proportion 

of the nociception-related projection from PB to the amygdala.18,27,66 We found that 

blocking the lateral PB complex, but not the medial PB are, significantly attenuated 

nociceptive responses of RVM pain-modulating neurons, indicating that a substantial 

component of pain-related drive to RVM pain-modulating neurons is relayed through the 

lateral PB.
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2. Materials and Methods

All experimental procedures were approved by the Institutional Animal Care and Use 

Committee at Oregon Health & Science University and followed the guidelines of the 

Committee for Research and Ethical Issues of the International Association for the Study of 

Pain.

2.1. Electrophysiological experiments

2.1.1. Animal preparation—Male Sprague-Dawley rats were purchased from Charles 

River (240–340 g) and acclimated for at least one week in the vivarium with a 12-h light/

dark cycle and food and water available ad libitum. Experiments were performed during the 

light phase.

On the day of the experiment, animals were deeply anesthetized (isoflurane) and a catheter 

inserted in the external jugular vein for subsequent infusion of the short-acting barbiturate 

methohexital. They were then transferred to a stereotactic frame. Small craniotomies were 

made to gain access to the RVM and PB, and the meninges were opened. Heart rate was 

monitored using EKG, and respiratory rate using a ventilation pressure transducer.16 Body 

temperature was monitored and maintained at 36–37 °C with a heating pad. When 

preparatory surgeries were complete, rats were placed on a continuous methohexital 

infusion. The anesthetic plane was set at a depth that allowed a stable heat-evoked hindpaw 

withdrawal reflex, while preventing spontaneous movement. Animals were stabilized for at 

least 45 minutes at an anesthetic flow rate before beginning data collection.

2.1.2. Microinjections—Drugs were delivered to the PB using a glass microinjector (70 

µm outer diameter) attached to a 1 µl Hamilton syringe using PE50 tubing. Lidocaine (4%), 

the GABAA receptor agonist muscimol (8 pmol), or artificial cerebrospinal fluid (aCSF, 

comprised of NaCl 128 mM, KCl 2.6 mM, CaCl2 dihydrate 1.3 mM, MgCl2 hexhydrate 0.9 

mM, NaHCO3 20 mM, Na2HPO4 1.3 mM, with pH of 7.4) was injected in 200 nl over a 

period of 3 to 4 min. Fluorescent beads (FluoSpheres, Invitrogen, Eugene, OR) were 

included in the drug solutions in a 1:100 concentration to verify the injection site, and 

injectors were rinsed before being lowered into the brain. Injections were generally made 

into the right lateral PB (contralateral to stimulation of the left hindpaw), but in some 

experiments, injections were made bilaterally. Stereotactic coordinates (relative to interaural 

zero, head level) were as follows: lateral PB (AP −1.2 mm with the injector directed 

caudally at 14°, ML ± 2.3 mm, DV +3; right medial parabrachial area (mPB) (off-target 

placement controls; AP −1.2 mm with the injector directed caudally at 14°, ML −1.4 mm, 

DV +3).

2.1.3. Extracellular recording—Extracellular single-unit recordings were made with 

stainless-steel microelectrodes (Microprobes, Gaithersburg, MD) with gold- and platinum-

plated tips. Signals were amplified (10k) and bandpass filtered (400 Hz to 15 kHz) before 

analog-to-digital conversion at 32k samples/s.

An RVM neuron was isolated and classified as an ON-, OFF-, or NEUTRAL-cell using 

methods described previously.1,15 Both ON- and OFF-cells have whole body receptive 
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fields, but inverse responses during nocifensive behaviors. That is, ON-cells exhibit a burst 

of action potentials beginning immediately before a nocifensive withdrawal or continue 

firing if already active. OFF-cells cease firing (if active), or remain silent (if inactive). 

NEUTRAL-cells show no response associated with nocifensive reflexes, as described 

previously.1,15 To further confirm cell classification, a 10 s noxious pinch was delivered to 

the hindpaw using a toothed forceps: ON-cells fire and OFF-cells cease firing throughout the 

stimulus. Activity of only one neuron was recorded in a typical experiment, but that of more 

than one neurons was recorded simultaneously in seven cases (of 94 total).

2.1.4. Experimental protocol—An ON-, OFF-, or NEUTRAL-cell was isolated. 

Lidocaine or muscimol was used to block PB and effects on spontaneous firing and changes 

in cell activity associated with nociceptive withdrawal reflexes were then determined.

Both noxious heat and von Frey fiber stimulation of the hindpaw were used. For heat-evoked 

withdrawal, the left hindpaw was placed on a platform overlying a feedback-controlled 

halogen bulb, with trials at approximately 5 min intervals. The paw surface temperature was 

increased at a rate of 1.2 °C/s from 35 °C to a maximum of 53 °C. The withdrawal 

temperature and latency were determined using a transducer attached to the paw. 

Withdrawals evoked by mechanical stimuli (von Frey filaments) were also tested in a 

separate set of experiments. Filaments (26, 60, and 100 g) were applied, in ascending order, 

to the interdigital webbing of the plantar surface of the left hindpaw for 8 s, with three trials 

of each force. A minimum of two testing sites was used in rotation. Individual trials were 

initiated at intervals of at least 30 s, with longer interstimulus intervals (up to 2 min) used 

when necessary to capture a period when the cell under study was inactive (ON-cell) or 

active (OFF-cell) so that a “burst” or “pause” could be quantified. Withdrawals were 

recorded as calf muscle electromyography (EMG), with the first positive inflection of the 

rectified EMG used as the onset of the response. If there was no withdrawal within the 

stimulus period (15 s for heat, 8 s for mechanical stimuli), this cut-off latency (i.e., 15 or 8 s) 

was assigned for assessment of response latencies.

For heat stimulation, lidocaine, muscimol, or aCSF was infused into the right lateral PB 

complex (contralateral to the stimulated paw), right medial parabrachial area, or both the left 

and right lateral PB following a baseline period with four trials. Additional trials were 

performed after the infusion was complete, for a total time of up to one hour. Trials were 

initiated at approximately 5 min intervals throughout, as noted above. For mechanical 

stimulation, lidocaine was infused into the right lateral PB nucleus (contralateral to the 

stimulated paw) following a baseline consisting two sets of the von Frey stimulus series. 

Two additional von Frey stimulus series were then delivered over the 10 to 15 min period 

after completing the microinjection. As noted above, individual trials were initiated at 

intervals of at least 30 s, with longer interstimulus intervals (up to 2 min) used when needed 

in an attempt capture a period when the cell under study was inactive (ON-cell) or active 

(OFF-cell) so that a “burst” or “pause” could be quantified. If the ON-cell remained active or 

OFF-cell silent beyond those limits, no “burst” or “pause” data were obtained for that trial.

2.1.5. Data analysis—The extracellular recording signal, EMG, EKG, and respiratory 

transducer output were digitized and collected using Spike 2 software (Cambridge 
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Electronics Design Ltd, Cambridge, UK). Each waveform was sorted using Spike2 template 

matching and cluster analysis, and verified on an individual spike basis.

A number of cell parameters, defined as previously described,1,11,50 were used to 

characterize reflex-related changes in RVM cell activity. In experiments testing heat-evoked 

withdrawals, we analyzed the number of spikes per ON-cell burst, the latency from burst 

onset to hindpaw withdrawal, and the peak firing rate during the burst. For OFF-cells, we 

analyzed the duration of the OFF-cell pause and the latency from the pause to hindpaw 

withdrawal. In experiments testing mechanically-evoked withdrawals, we analyzed 

spontaneous activity (firing rate in the 30 s period before stimulus sets), number of spikes 

per ON-cell burst, and the duration of the OFF-cell pause.

Data were compared between average baseline and post-drug times appropriate for each 

agent. For lidocaine, the testing protocol was completed within 15 min of the injection. For 

muscimol, which has a longer duration of action than lidocaine, the mean of heat trials at 10, 

15 and 20 min post-injection was used as the post-drug response.

Latencies were analyzed using a paired t-test or Wilcoxon’s signed ranks test to compare 

post-block responses to baseline (the latter when the distribution of responses was truncated 

because some responses were at the cut-off value. Because cell parameters for RVM neurons 

are typically highly skewed, some were analyzed using paired t-test of log-transformed data, 

again comparing post-block responses to baseline. For all tests, p < 0.05 was considered 

significant. Data are reported as mean and SEM or, for log-transformed data, geometric 

mean with 95% confidence limits.

2.1.6. Injection and recording sites—At the completion of the recording, an 

electrolytic lesion was made in the RVM to localize the recording site. Rats were overdosed 

with methohexital and transcardially perfused. The brains were removed and sectioned on a 

Leica CM3050 S cryostat (60 µm sections). The RVM lesion and fluorescent beads marking 

the injection site in the PB region were photographed with an Optronics Microfire camera 

attached to an Olympus BX51 microscope. If beads or lesion were not found, the data were 

not analyzed further. Injection sites were plotted on hand-drawn sections in Adobe Illustrator 

using landmarks defined by Paxinos and Watson.57 For “on-target” injections, if injection 

sites were not located within the lateral parabrachial complex, the data were not analyzed 

further. The RVM was defined as the nucleus raphe magnus and adjacent reticular formation 

medial to the lateral boundary of the pyramids at the level of the facial nucleus.

2.2. Anatomical study of projections from PB to RVM and overlap with CGRP expression

2.2.1. Animal preparation—Two adult male Wistar rats, anesthetized with 3% isoflurane 

in 100% O2, were injected with fluorogold (FG, 4%, 30nl, Fluorochrome, LLC) into RVM 

(stereotactic coordinates: AP −3.0 mm, ML 0 mm, DV −9.2 mm relative to lambda with 

incisor bar at −4 mm). Rats were treated with antibiotic (40,000 units/kg penicillin G, s.c.), 

analgesic (0.05 mg/kg buprenorphine, s.c.) and saline (3 ml, s.c.). After 7 days, the rats were 

deeply anesthetized with pentobarbital (80 mg/kg, i.p.) and transcardially perfused with 200 

ml isotonic saline followed by 200 ml paraformaldehyde (4% in PBS). The brains were post-

fixed in 4% paraformaldehyde for 1 h and equilibrated overnight in PBS with 30% sucrose 
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and 0.01% sodium azide. Serial coronal sections (30 µm) were cut with a freezing-stage 

microtome, collected sequentially in 6 sets and stored in PBS with 0.01% sodium azide at 

4 °C.

2.2.2. Immunohistochemical procedures—Sections containing PB were pre-

incubated in an antibody dilution solution (ADS: 500 ml PBS, 0.3% Triton-X 100, 1.25 g 

carrageenan, 100 mg NaN3, 5 ml normal donkey serum) for 3 h and incubated overnight at 

room temperature with the primary antibodies for CGRP (1:2000, Mouse-anti-CGRP, 

Ab81887, Abcam) and FG (1:70,000, Rabbit-anti-Fluoro-Gold, 52–9600, Fluorochrome, 

LLC). After two washes in PBS containing 0.3% Triton-X 100 (TPBS, 20mM), the tissue 

was incubated for 1 h in ADS containing the secondary antibody for CGRP (1:500, Alexa 

Fluor594-donkey-anti-Mouse, Invitrogen). After two washes in TPBS, the tissue was 

incubated for 1 h in ADS containing the secondary antibody for FG (1:500, AlexaFluor488-

donkey-anti-Rabbit, Invitrogen). After fluorescent labeling, the tissue was washed in PBS 

and mounted onto coated slides, air dried and coverslipped with anti-fade mounting medium 

(Pro-Long Gold, Invitrogen).

2.2.3. Tissue analysis—The neuroanatomical designations of the injection sites in RVM 

and those of FG- and CGRP-labeled neurons in the PB are based on the stereotaxic rat brain 

atlas of Paxinos and Watson.57 Photomicrographs of brain sections and labeled neurons were 

taken with a camera attached to an Olympus BX51 fluorescence microscope. The 

photomicrographs were assembled into a plate using Adobe Photoshop to adjust contrast and 

brightness without altering the original colors.

3. Results

3.1. Effect of blocking lateral PB on ON- and OFF-cell firing and withdrawal evoked by 
noxious heat and von Frey hindpaw stimulation

Activity of RVM ON-, OFF-, and NEUTRAL-cells was recorded before and during 

blockade of the contralateral lateral PB complex. We successfully completed the entire 

protocol for a total of 39 ON-cells, 40 OFF-cells, and 7 NEUTRAL-cells in 79 animals 

before and after block of the lateral PB. We also recorded 8 ON-cells and 7 OFF-cells before 

and after block of the medial PB area (15 animals). PB injection sites are plotted in Fig 1.

Blocking the lateral PB substantially attenuated the ON-cell burst and OFF-cell pause 

evoked by either thermal or mechanical noxious stimulation. Fig. 2 shows representative 

examples of an OFF-cell and ON-cell response during heat-evoked withdrawal before and 

after lateral PB block. The duration of the OFF-cell pause was substantially reduced, as was 

the magnitude of the ON-cell burst.

Group effects are summarized in Fig. 3 for thermally evoked responses. As shown in Fig. 

3A, blocking the lateral PB contralateral to a noxious heat-evoked paw withdrawal using 

either lidocaine or muscimol significantly attenuated the associated ON-cell burst (lidocaine: 

t9 = 2.48, p = 0.035, n = 11 with one cell active at stimulus onset, precluding quantification 

of the burst; muscimol: t8 = 2.76, p = 0.025, n = 10, with one cell active). Infusion of aCSF 

into lateral PB had no effect on the ON-cell response (t4 = 0.25, p = 0.81, n = 10, with five 
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cells active at stimulus onset). The OFF-cell pause was also significantly reduced during 

block of lateral PB using either lidocaine or muscimol (Fig. 3B, lidocaine: t10 = 2.52, p = 

0.03, n = 11; muscimol: t7 = 3.16, p = 0.016, n = 8). Again, vehicle infusion was without 

effect (aCSF: t6 = 1.37, p = 0.22, n = 8 with one cell silent at stimulus onset, precluding 

quantification of pause duration). The fact that both lidocaine and muscimol were effective 

suggests that the effect of the block was on lateral PB neurons, and not simply fibers of 

passage.

As figures 2 and 3 illustrate, the RVM response during heat-evoked withdrawal was not 

eliminated following PB block. For ON-cells, although the evoked response was reduced 

substantially, it was not eliminated completely (i.e., to 0 spikes associated with withdrawal). 

Moreover, although the OFF-cell pause was substantially reduced with lateral PB block, it 

remained significantly longer than the mean interspike interval in the 5 s period immediately 

prior to onset of the noxious stimulus. Thus, for example, although the reflex-related pause 

was reduced from 6.75 s [95%CI: 2.69, 16.75] in baseline to 2.2 s [95% CI: 1.21, 4.01] 

during muscimol block of PB, the pause remained significantly longer than the interspike 

interval immediately prior to heat onset for those trials (0.19 s [95% CI: 0.08, 0.43] t7 = 6.9, 

p = 0.0002, t-test for correlated means, n = 8). This confirms that the OFF-cell pause was not 

entirely eliminated with lateral PB block.

Similar effects of blocking lateral PB were seen when ON- and OFF-cell responses 

associated with mechanically evoked withdrawals were examined. Fig. 4 shows 

representative examples of an OFF-cell and ON-cell response during withdrawal evoked by 

von Frey probes before and after lateral PB block. The duration of the OFF-cell pause was 

substantially reduced. The ON-cell burst was eliminated in this case. These effects are 

quantified in Figure 5, which shows group data for ON- and OFF-cell responses during 

withdrawal evoked by 26, 60, or 100 g von Frey filaments in baseline and during block of 

the lateral PB contralateral to the stimulus using lidocaine. Both the ON-cell burst (Fig. 5A) 

and OFF-cell pause (Fig. 5B) were significantly attenuated, but again generally not 

completely eliminated, during lateral PB block.

In addition to the significant reduction in response magnitude, the latency of the residual 

response during peripheral stimulation was increased. Thus, both the pause and burst 

associated with heat-evoked withdrawal occurred at a longer latency during lidocaine block 

of PB (Fig. 6A). Vehicle (aCSF) injection had no effect on the latency of either the pause (t6 

= 1.21, p = 0.34, n = 8 with one silent cell) or burst (t7 = 0.88, p = 0.40, n = 10 with two 

active cells). Responses during intense mechanical stimuli (60 and 100 g) also occurred at a 

longer latency (Fig. 6B and C).

The relationship between the neuronal response and the behavioral withdrawal was not 

altered, with no overall change in the latency from the onset of the residual neuronal 

response to withdrawal during lateral PB block. For example, the latency from withdrawal-

related pause to the withdrawal itself was 0.70 ± 0.12 s in baseline, and 1.22 ± 0.70 s during 

block (t10 = 0.71, p = 0.49, n = 11). The latency from the withdrawal-related burst to the 

withdrawal itself was 0.77 ± 0.20 s in baseline, and 2.15 ± 0.89 s during block (t9 = 1.69, p = 

0.12, n = 11 with one cell showing no burst during block).. Therefore, given the increase in 

Roeder et al. Page 7

Pain. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



neuronal response latency during inactivation of lateral PB, it should not be surprising that 

behavioral response latency was also increased. Fig. 7A shows that latencies of heat-evoked 

responses were increased during lidocaine block of PB, but not following injection of aCSF. 

For mechanical stimuli (Fig. 7B), the change in latency of the behavioral response was 

significant only in the noxious range (60 and 100 g), which parallels the change in neuronal 

response latency described above (Fig. 6). The lack of change in both neuronal and 

behavioral responses with the 26 g stimulus is probably related to the fact that the proportion 

of cut-off values was relatively high with this filament. (Even in baseline, half of the 22 

animals tested showed no response within the 8 s cut-off time at this stimulus intensity, Fig. 

7B).

In addition to the attenuation of withdrawal-related changes in firing, PB block altered the 

spontaneous discharges of both ON- and OFF-cells. As shown in Fig. 8, lidocaine block of 

lateral PB resulted in a significant increase in the spontaneous firing of OFF-cells and a 

decrease in the ongoing firing of ON-cells. NEUTRAL-cell firing was unaffected by 

parabrachial blockade.

3.2. Bilateral lateral PB block does not completely eliminate ON- and OFF-cell reflex-related 
activity

As described above, the ON-cell burst and OFF-cell pause were largely attenuated by 

unilateral blockade of the lateral PB contralateral to the noxious stimulus, but they were 

rarely fully abolished. To determine whether the burst and pause could be eliminated 

completely with block of lateral PB bilaterally, we recorded from 4 ON-cells and 5 OFF-

cells before and after bilateral lidocaine or muscimol injections (ipsilateral and contralateral 

to the noxious stimulus). In neither case was the response entirely abolished with the ON-

cells showing at least one reflex-related spike in all cases, and the OFF-cells similarly 

exhibiting a pause that was at least three times the mean interspike interval in the 5-s period 

immediately before the stimulus onset. Thus, the average number of evoked spikes in the 

ON-cell burst was 16.8 [range: 3.8 – 50.0] in baseline and 6.3 [range: 0.67 – 16] during 

bilateral PB block. The duration of the OFF-cell pause was reduced from 55.4 s [range: 11.0 

to 136.1] in baseline to 13.9 s [range: 3.4 – 34.1] during PB block.

3.3. Off-target placement control injections

Anatomical studies show a direct projection from the dorsal horn to the lateral PB, and Fos 

expression evoked by noxious hindpaw stimulation is mainly restricted to lateral PB.37 The 

medial PB area therefore provided a reasonable off-target placement control site. We tested 

the effect of blocking the medial PB and adjacent tegmentum on the responses of ON-cells 

and OFF-cells during heat-evoked withdrawal. Neither the ON-cell burst nor the OFF-cell 

pause were significantly reduced following infusion of muscimol in medial controls sites 

(Fig. 9). Paw withdrawal latency was also unaffected (baseline: 2.6 ± 0.4s, block: 2.7 ± 0.5s; 

t14 = 0.29, p = 0.77, n = 15).

3.4. CGRP-expressing neurons in PB do not project to RVM

The neuropeptide CGRP has been proposed to have important roles in a number of pain 

syndromes. CGRP-immunoreactive (ir) neurons in PB are thought to contribute to the 
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affective component of a nociceptive experience through a projection to the central nucleus 

of amygdala.18,66 However, it is unclear whether CGRP-positive neurons also project 

directly to the RVM. To address this question, we injected the retrograde tracer FG in RVM 

(Fig. 10). The tracer injection extended about 1 mm rostral and caudal from the focus of the 

injection, covering a large portion of the raphe magnus and dorsal parapyramidal area. FG-ir 

neurons in PB demonstrate projections to RVM arising from the Kölliker-Fuse nucleus, the 

lateral PB, including the dorsal, crescent, and central lateral nuclei, and more sparsely, from 

medial PB (Fig. 10).

Immunostaining for CGRP revealed a population of neurons extending from 0.24 anterior to 

0.36 posterior to the interaural line (Fig. 10), confirming previous observations.46,66,78 

However, only oneCGRP-ir neuron in PB was found to be double-labeled for FG (Fig. 10). 

Indeed, the population of neurons projecting to RVM seemed to be segregated from the 

CGRP-ir neurons in PB. The dense plexus of CGRP-ir fibers in PB prevented an accurate 

analysis of the number of CGRP-ir neurons in the region. Nevertheless, the distribution of 

FG-ir neurons did not overlap with that of CGRP in PB, as shown in the example in Fig. 10.

4. Discussion

The RVM is the output node of an intrinsic brain pain-modulating circuit that can facilitate 

or inhibit pain depending on stimulus history (e.g., persistent inflammation) as well as “top-

down” cognitive and emotional factors.31,32,35 The interactions between the inputs to the 

RVM and its output form a recurrent positive and negative feedback network that are 

important for acute and persistent pathological pain. Analysis of the output of the RVM 

using selective pharmacological manipulation has shown that the facilitatory and inhibitory 

outputs of the RVM are represented by ON-cells and OFF-cells.31,32,35

The inputs to the RVM are less well understood. “Top-down” inputs, e.g., from the 

amygdala, periaqueductal gray, and hypothalamus, have been implicated in modulation of 

pain during stress, fear, and immune activation,31,34,35,49,52 although the relevant circuitry is 

just beginning to be elucidated. The primary “bottom-up” input to RVM is nociceptive 

sensory information: pain-facilitating ON-cells are activated by noxious stimuli, whereas the 

pain-inhibiting OFF-cells cease firing. These changes in firing are abrupt, and time-locked to 

the behavioral withdrawal from the stimulus,23 forming a positive feedback loop. Despite 

the well-known fact that RVM ON- and OFF-cells respond to noxious somatic stimuli, the 

specific pathways through which nociception-related information reaches RVM pain-

modulating neurons in acute and chronic pain states had not previously been identified.

The present experiments provide strong evidence that a significant share of the acute 

nociceptive input to ON- and OFF-cells is relayed through PB, specifically lateral PB. 

Infusion of lidocaine into the lateral PB in normal animals substantially attenuated the ON-

cell burst and OFF-cell pause evoked by either thermal or mechanical noxious stimulation 

contralateral to the PB injection site. Similar attenuation of the burst and pause with 

muscimol indicated that the effect of lidocaine was not due to inactivation of fibers of 

passage, e.g., to nucleus cuneiformis, a known input to RVM.2,79 The reduction in the 

nociceptive responses of RVM ON- and OFF-cells was unlikely to be due to spread of 
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lidocaine or muscimol to adjacent structures, since inactivation of medially adjacent control 

sites in the medial PB area did not significantly attenuate either the burst or pause. These 

data therefore show that the lateral PB is a major relay for nociceptive inputs triggering ON- 

and OFF-cell responses to acute noxious stimulation. Inactivation of lateral PB also led to 

significant changes in the spontaneous firing of RVM ON- and OFF-cells, with an increase 

in OFF-cell discharge and a decrease in ON-cell discharge. This change implies that 

information relayed through lateral PB also contributes to the ongoing “tone” of RVM ON- 

and OFF-cell output, a conclusion consistent with the fact that blocking ascending 

transmission from the lumbar spinal cord also alters spontaneous firing of these neurons.30

The firing of RVM NEUTRAL-cells was unaffected by PB block, confirming the distinct 

properties of these neurons as a separate RVM cell class. However, the sample of 

NEUTRAL-cells here was relatively small, and we not record from raphe pallidus, a 

subregion of the RVM and known target of PB efferents, which has a well-documented role 

in thermoregulation.54

Parabrachial complex as a major relay for supraspinal nociceptive transmission

PB comprises a functionally and anatomically diverse region involved in a wide range of 

homeostatic functions.4,24,25,43,55 PB also has an important role in receiving, processing, 

and relaying nociceptive signals.26 It is a major supraspinal target of nociceptive 

transmission neurons with cell bodies in the contralateral superficial dorsal horn (with sparse 

ipsilateral input). It also receives projections from deep dorsal horn.6,8,22,58 Nociceptive 

neurons have been identified predominantly in the lateral PB.5,7,9,37 Functionally, there is 

evidence that spinal NK1-positive neurons, considered to constitute the primary nociceptive 

input to PB, leads to engagement of both descending inhibition and facilitation.47,68 

However, whether the PB itself engages RVM pain-modulating neurons had not been tested. 

The present study provides direct evidence that RVM pain-modulating neurons receive 

nociceptive input relayed through lateral PB, which could subsequently modulate 

nociceptive transmission and nocifensive behaviors.

The present experiments do not define the circuitry linking PB to the RVM. Although we 

confirmed a direct anatomical connection from the PB to the RVM,3,36,75 we cannot 

conclude that this projection conveys nociceptive information to RVM ON- and OFF-cells, 

since although RVM-projecting neurons are distributed in both medial and lateral PB, only 

inactivation of lateral PB interfered with nociceptive responses in the RVM. Moreover, these 

projections could potentially contribute to one of the other roles shared by PB and RVM 

(e.g., thermoregulation, cardiovascular regulation12,13,19,39,53,55,63,64). Further, there are a 

number of indirect connections that could mediate the PB input to RVM. Among the 

parabrachial targets that have outputs converging directly or indirectly at the RVM are the 

central nucleus of the amygdala, midbrain periaqueductal gray, and insula (through a 

thalamic relay).9,25,40,41,51,52,65,78 In either case, our finding that RVM-projecting neurons 

in the PB are scattered across nuclei of the PB complex and do not generally express CGRP 

suggests that RVM-projecting neurons in PB are distinct from the CGRP-containing 

population that constitutes a substantial proportion of the PB projection to the central 
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nucleus of the amygdala.18,28,66 Additional studies will be needed to isolate direct and 

indirect influences on the RVM from PB, and to define underlying synaptic mechanisms.

Although the reduction in both the ON-cell burst and OFF-cell pause during PB block was 

substantial, it was not complete. This could be due to a less than total elimination of lateral 

PB activity with either lidocaine or muscimol.17 In addition, the parabrachial complex is a 

large elongated structure, and RVM-projecting neurons are distributed along the entire 

rostro-caudal axis. The blocking agents are unlikely to have spread throughout the entire 

complex. However, using a larger volume to influence the entire lateral PB would have 

unavoidably suppressed activity in surrounding structures. Another possibility is that 

nociceptive information is conveyed through PB ipsilateral to the noxious stimulus.5 

However, even bilateral lateral PB block was not sufficient to eliminate the burst and pause 

completely. This raises the possibility that additional pathways, such as a direct input from 

dorsal horn,67 or other relays, such as the periaqueductal gray, also carry nociceptive 

information to the RVM.

Functional role of the PB relay to RVM pain-modulating neurons

The ongoing “tone” of ON- and OFF-cell firing shifted during PB block, with increased ON-

cell firing and decreased OFF-cell firing, and the ON-cell burst and OFF-cell pause were 

delayed, not eliminated. The withdrawal reflex latency increased in parallel with the delay in 

the burst and pause. This modest increase in withdrawal latency is consistent with the known 

subtle influence of ongoing RVM ON- and OFF-cell activity on withdrawal threshold under 

basal conditions,29,33 and with the fact that elimination of the majority of dorsal horn 

neurons projecting to PB using a toxin selective for neurons expressing the NK1 receptor 

similarly has no or limited effects on nociceptive behaviors under basal conditions.44,56,62,68

The PB input to RVM may nevertheless play an important role in hyperalgesia and persistent 

pain, in which both structures have been implicated. Hyperalgesia and sensitization of dorsal 

horn neurons in models of injury, inflammation, and neuropathy either fails to develop or is 

significantly attenuated following elimination of NK1-expressing neurons, the major 

nociceptive input to the parabrachial complex.44,56,62,68 Similarly, interfering with ON-cell 

activation in acute inflammatory states attenuates behavioral hypersensitivity.15,45,76 

Moreover, there is abundant indirect evidence that ON-cells contribute to hyperalgesia in 

neuropathy, opioid-induced hyperalgesia, and other persistent pain states.10,14,21,59,62,70,71,73 

A better understanding of the interactions between the PB and RVM in conditions of injury 

and inflammation should therefore provide critical insights into the plasticity of pain-

modulation in persistent pain.11,15,20,61

Conclusion

Despite over 30 years of research on descending control, the pathway(s) through which 

noxious inputs drive changes in brainstem pain-modulating activity had not previously been 

defined. The present experiments have identified PB as a major relay through which noxious 

stimulation, the primary “bottom-up” influence on pain-modulating circuits, reaches the 

RVM to influence activity of identified pain-modulating neurons, the ON- and OFF-cells. 

Thus the present study fills an important gap, revealing a novel functional link between an 
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ascending nociceptive transmission pathway (PB) and the primary output node (RVM) of a 

descending pain-modulating circuit. Additional research will be needed to determine 

whether the influence of PB on RVM is mediated by direct connections, and how this circuit 

is modified in persistent pain states.
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Fig. 1. 
Locations of microinjection sites in the lateral PB complex and medial PB area. Injections 

were distributed among sections at +0.24 to −0.36 relative to the interaural line. KF: 

Kölliker-Fuse, lPB: lateral parabrachial complex, mPB: medial parabrachial area, scp: 

superior cerebellar peduncle.
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Fig. 2. Examples of the effect of lateral PB block on noxious stimulus-evoked, reflex-related 
activity of ON- and OFF-cells
Representative examples show OFF- and ON-cell activity during withdrawal from noxious 

heat stimulus at baseline compared to during lidocaine block of lateral PB contralateral to 

the stimulus, as well as subsequent recovery. In both cases, reflex-related changes in firing 

were substantially reduced, although not entirely eliminated. Increased spontaneous firing of 

the OFF-cell is also evident.
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Fig. 3. Inactivation of lateral PB interfered with the ON-cell burst and OFF-cell pause in 
response to heat stimulation
A. ON-cells. Effect of lateral PB microinjection of aCSF (200 nl), lidocaine (4%, 200 nl), or 

muscimol (8 pmol in 200 nl) on the ON-cell burst (measured as total evoked spikes). B. 

OFF-cells. Effect of lateral PB microinjection of aCSF, lidocaine, or muscimol on OFF-cell 

pause (measured as pause duration). (PB injections were contralateral to the peripheral 

stimulus. Reported as geometric mean with 95% confidence limits, *p < 0.05 compared to 

baseline, t-test for correlated means, n = 8 to 11 cells per class/treatment.)
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Fig. 4. Examples of the effect of lateral PB block on mechanically evoked, reflex-related activity 
of ON- and OFF-cells
Representative examples show ON- and OFF-cell activity and associated EMG during trials 

using 26, 60, and 100 g von Frey probes both in baseline and during PB block. A baseline 

(top-trace) and block trial (lower trace) are shown for each force. Reflex-related changes in 

firing were substantially reduced in both cases, and even eliminated for the ON-cell. Period 

of von Frey fiber application (8 s) is shown below each trace, with arrowhead indicating 

behavioral responses, which occurred in response to 60 and 100 g stimuli in baseline.
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Fig. 5. Inactivation of lateral PB interfered with the ON-cell burst and OFF-cell pause in 
response to mechanical stimulation
A. ON-cells. Effect of lidocaine (4%, 200 nl) microinjected into the lateral PB on activity 

triggered during application of von Frey probes (26, 60 and 100 g, measured as total evoked 

spikes, n = 8). B. OFF-cells. Effect of lidocaine (4%, 200 nl) microinjected into the lateral 

PB on OFF-cell pause (measured as pause duration, n = 13). (PB injections were 

contralateral to the peripheral stimulus. Reported as geometric mean with 95% confidence 

limits, t-test for correlated means, *p < 0.05, **p < 0.01 compared to baseline.)
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Statistical analysis.

ON-cells (n = 8): 26 g: t7 = 3.80, p = 0.0067; 60 g: t5 = 6.99, p = 0.0009 (two cells active at 

stimulus onset; 100 g: t7 = 3.77, p = 0.0069.

OFF-cells (n = 13): 26 g: t11 = 2.67, p = 0.022 (one cell silent at stimulus onset); 60 g: t11 = 

3.17, p = 0.009 (one cell silent at stimulus onset); 100 g: t11 = 3.81, p = 0.0029 (one cell 

silent at stimulus onset).
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Fig. 6. The latencies of the residual ON-cell burst and OFF-cell pause were increased during 
inactivation of lateral PB
Effect of lateral PB block (lidocaine) on the latencies of the ON-cell burst and OFF-cell 

pause during noxious heat (A) and stimulation with VF probes (26, 60 and 100 g, B and C). 

(PB injections were contralateral to the peripheral stimulus. Mean + SEM, *p < 0.05, **p < 

0.01 compared to baseline using t-test for correlated means or Wilcoxon’s signed ranks test, 

8 to 13 cells/group)

Statistical analysis:
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Heat. Pause: t10 = 3.93, p = 0.0028, n = 11, Burst: t10 = 3.84, p = 0.0033, n = 11.

Mechanical stimulation, pause. 26 g: W = 11, p = 0.19, n = 13; 60 g: W = 78, p = 0.0005, n 

= 13 (with one cell silent); 100 g: W = 74, p = 0.0015, n = 13 (with one cell silent).

Mechanical stimulation, burst. 26 g: W = 10, p = 0.12, n = 8; 60 g: W = 21, p = 0.031, n = 8 

(two cells active); 100 g: W = 24, p = 0.047, n = 8.
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Fig. 7. Modest behavioral hypoalgesia during inactivation of lateral PB
A. Effect of lidocaine or aCSF microinjected into the lateral PB on latency to heat-evoked 

withdrawal. Latency was significantly increased during lidocaine block of PB (t25 = 2.17, p 
= 0.040, n = 26), but unaffected by injection of aCSF (t14 = 0.43, p = 0.68, n = 15). B. Effect 

of lidocaine microinjected into the lateral PB on withdrawal evoked by VF probes (26, 60 

and 100 g, n = 22, number of animals not responding within 8 s cut-off time shown within 

each bar). Latency was increased for stimuli in the noxious range (60 g: W = 243, p < 

0.0001, n = 22; 100 g: W = 203, p = 0.0004, n = 22) but not for the 26 g stimulus (W = 31, p 

Roeder et al. Page 25

Pain. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



= 0.13, n = 22). PB injections were contralateral to the peripheral stimulus. (Data shown as 

mean + SEM, *p < 0.05, **p < 0.01 compared to baseline using t-test for correlated means 

or Wilcoxon’s signed ranks test.)
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Fig. 8. Effect of lidocaine (4%, 200 nl) microinjected into the lateral PB on spontaneous firing of 
OFF-cells, ON-cells, and NEUTRAL-cells in RVM
OFF-cell firing was significantly increased (t12 = 3.77, p = 0.0027, n = 13), while ON-cell 

firing was reduced (t7 = 3.03, p = 0.0019, n = 8). NEUTRAL-cells did not respond to lateral 

PB block (t5 = 0.98, p = 0.37, n = 6). (PB injection was unilateral. Geometric mean with 

95% confidence limits, *p < 0.05, **p < 0.01 compared to pre-block baseline using t-test for 

correlated means)
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Fig. 9. Medial PB (mPB) does not contribute to the ON-cell burst and OFF-cell pause
A. Muscimol (8 pmol in 200 nl) microinjected into the mPB and adjacent tegmentum had no 

effect on heat-evoked activity of ON-cells (t7 = 1.26, p = 0.25, n = 8). B. Muscimol (8 pmol 

in 200 nl) microinjected into the mPB and adjacent tegmentum had no effect on the heat-

related OFF-cell pause (t5 = 1.34, p = 0.24, n = 7 with one neuron silent at heat onset). (PB 

injections were contralateral to the peripheral stimulus. Reported as geometric mean with 

95% confidence limits.)
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Fig. 10. CGRP-ir neurons in PB do not project to the RVM
A Schematic representation of the PB. Immunohistochemical label for FG (B, green), CGRP 

(C, red) and overlap (D) in the PB. Da. Inset showing higher magnification view of the only 

CGRP/FG double labeled neuron found in PB. Db. Inset showing higher magnification view 

illustrates segregation of CGRP-ir neurons from RVM-projecting neurons.
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