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Abstract
In rats, opioids produce analgesia in large part by their effects on two cell populations in the
medullary raphe magnus (RM). To extend our mechanistic understanding of opioid analgesia to
the genetically tractable mouse, we characterized behavioral reactions and RM neural responses to
opioid administration. DAMGO, a mu-opioid receptor agonist, microinjected into the murine RM
produced cardiorespiratory depression and reduced slow wave EEG activity as well as increased
the noxious heat-evoked withdrawal latencies. As in rat, RM cell types that were excited and
inhibited by noxious stimuli, termed ON and OFF cells respectively, were observed in mice. However,
in contrast to findings in rat, opioid doses that suppressed withdrawals did not alter the
background discharge rate of murine ON and OFF cells, suggesting that the cellular mechanisms by
which the murine RM generates opioid analgesia are substantially different from those in rats.
Murine ON cell discharge did not predict the latency or magnitude of an ensuing withdrawal but did
correlate to the magnitude and latency of concurrent withdrawals. Although opioids failed to alter
the background discharge of ON and OFF cells, they reduced the responses of RM neurons to noxious
stimulation, further evidence that RM modulates on-going withdrawals. In characterizing the role
of RM in respiratory modulation, we found that ON cells burst and OFF cells paused during
tachypneic events. The effects of opioids in the murine RM on homeostasis and the association of
ON and OFF cell discharge with tachypnea corroborate roles for opioid signaling in RM beyond
analgesia.

Introduction
Morphine analgesia, the mainstay of clinical pain management, depends upon the medullary
raphe magnus (RM) (Azami et al. 1982; Gilbert and Franklin 2002; Mitchell et al. 1998;
Young et al. 1984). Morphine acts on two physiological classes of RM neurons that were
originally defined by their physiological responses to noxious stimulation and morphine. ON

cells in RM are excited by noxious cutaneous stimulation and inhibited by opioids
administered either centrally or peripherally (Barbaro et al. 1986; Fields et al. 1983a). In
contrast, RM OFF cells are inhibited by noxious cutaneous stimulation and excited by
analgesic doses of central or peripheral opioids (Barbaro et al. 1986; Fields et al. 1983a, b).
Because the background firing rates of ON and OFF cells correlate, inversely and
proportionately, respectively, with the level of analgesia across a wide range of conditions,
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ON cells are thought to facilitate nociception and OFF cells to suppress nociception (Fields et al.
1991). This physiological model has proved of great heuristic value, spawning a multitude
of experiments whence new insights into the mechanisms of both analgesia and persistent
pain have emerged (Hurley and Hammond 2000; 2001; Meng et al. 1998; Porreca et al.
2002). Yet, this model of medullary pain modulation is founded entirely on
electrophysiological and microinjection studies in rats. To enable the use of mouse genetics
to further our understanding of RM’s role in pain modulation, we have tested whether three
fundamental findings observed in rats also occur in mice: 1) opioid microinjection into RM
produces antinociception (Fang et al. 1989; Hurley and Hammond 2000; Jones and Gebhart
1988); 2) the response of RM cells to noxious stimulation predicts the response to opioid
analgesic administration; and 3) the discharge of murine RM cells predicts nociceptive
responsiveness (Foo and Mason 2003b; Heinricher et al. 1989; Jinks et al. 2004).

In addition to participating in pain modulation, studies in rat demonstrate that RM
contributes to normal physiological functioning (for review see Mason 2001; Nakamura et
al. 2005; Richerson 2004). In the rat, RM neurons project oligosynaptically to all
sympathetic and parasympathetic targets tested to date as well as to somatic targets involved
in micturition, breathing, and escape (Cao et al. 2006; Kerman et al. 2003; Mason 2001;
Nadelhaft and Vera 1996, 2001). While some have argued that RM cells mediate specific
physiological functions such as cold defense or fever (Blessing and Nalivaiko 2000;
Morrison et al. 1999; Nakamura et al. 2004; Rathner et al. 2001; Tanaka et al. 2006), the
multitude of pathways from RM neurons to widespread targets as well as pathways from
some individual RM neurons to multiple targets (Jansen et al. 1995; Nadelhaft and Vera
2001) make unlikely that RM is involved in only a single, specific physiological function
(for review see Mason 2005). Consistent with the idea that RM modulates many
physiological functions, opioid microinjections into the rat RM alter cold defense,
micturition and locomotion as well as nociceptive behavior (da Silva and Menescal-de-
Oliveira 2007; Morgan and Whitney 2000; Nason and Mason 2006; York et al. 2005).
Further, RM lesions in the rat block intestinal paralysis evoked by opioid administration into
the midbrain periaqueductal gray (Parolaro et al. 1985) as well as cardiovascular responses
evoked by systemic morphine (Randich et al. 1992). To examine the role of the murine RM
in physiological homeostasis (Craig 2003), we tested: 1) whether opioid microinjection into
the murine RM alters cardiorespiratory activity; and 2) whether the discharge of murine RM
cells predicts spontaneous changes in cardiorespiratory function. Finally, complementary
experiments in the rat permitted a direct comparison of RM function and physiology in rat
and mouse.

Methods
Mouse surgery

Male C57BL/6 (n=70, 20–28 g; Charles River, Portage, MI) and DBA (n=5, 20–25 g) mice
were anesthetized with 5% isoflurane. Anesthesia was maintained by 1.2–1.6% isoflurane
throughout the duration of the surgery. Core temperature was maintained with a water-
perfused heating pad. In experiments with i.c.v. injections, an additional craniotomy was
made over the right lateral ventricle. Needle electrodes were placed into the thorax
bilaterally to record the electrocardiogram (EKG) and into the biceps femoris to record the
electromyographic activity (EMG) of the hindlimb withdrawal muscles. In some animals,
screw electrodes were inserted into the skull over the parietal region to record
electroencephalographic activity (EEG). A 1 mm diameter craniotomy was made 1–2 mm
caudal from lambda to allow for access to RM. After surgery, animals were given one hour
to allow the animal to equilibrate to 1.0% isoflurane (Eger 1984).
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Drugs
Morphine sulfate (Malinckrodt, St. Louis MO) and d-Ala2, N-Me-Phe4-Gly5ol-enkephalin
(DAMGO; Multiple Peptide Systems, San Diego, CA) were dissolved in phosphate buffered
saline (PBS). Naloxone hydrochloride was purchased already dissolved in saline (0.4 mg in
1 ml, Abbott Laboratories) and administered i.m. in rats, but s.c. in mice because of the large
volume.

Electrophysiological methods
Tungsten metal electrodes (5 MΩ, A-M Systems, Pullman, WA) were lowered at a 0–10°
angle (2.0–3.0 mm posterior from lambda, 0.0–0.5 mm lateral, 5.0–6.0 mm ventral from
cerebellar surface) into the region of the RM. The unit waveform was acquired at 40 kHz by
a CED Micro1401 interface (CED, Cambridge, UK) and spikes were sorted offline using
template matching. Locations of all recorded neurons were marked with lesions by passing
20 µA anodal current for 4 mins.

Neuronal characterization
Cells were characterized by their responses to at least 3 trials of noxious paw heat applied
using a peltier device (Yale Instrumentation, New Haven, CT). The heat stimulus consisted
of a 1.9 s ramp from 32°C to 51°C with a 4.5 s plateau at the peak temperature. The peltier
platform then ramped back down to 32°C over the course of 1.8 s. The footpad and toes of
the hindpaw were affixed, using Velcro straps, to the peltier platform (2 cm square) so that
they were exposed to the full-duration stimulus. Between stimuli, the peltier platform was
maintained at 32°C. Although evoked withdrawals in mice and rats were similar, an inter-
stimulus interval of 500 s was necessary to prevent withdrawal fatigue in the mouse whereas
an interval of 300 s was sufficient in the rat.

Neurons that were successfully isolated and demonstrated either an excitatory or inhibitory
response to noxious stimulation were investigated further, thus biasing the sample to ON and
OFF cells. Since our initial electrophysiological experiments resulted in only 7 OFF cells, we
recorded from an additional 8 mice with the specific intention of increasing the sample of OFF

cells. In these additional experiments, we tried to reduce the surgical time and anesthetic
exposure, both of which appear to suppress OFF cell firing. To this end, we omitted putting in
an i.c.v. cannula and were thus able to record an OFF cell in each additional experiment.

Morphine administration and cell recording
After characterization of a cell, as described above, morphine was administered after which
paw heat trials continued at 500 s intervals. After at least 3 trials of paw heat were recorded
post-morphine administration, additional dosages of morphine or naloxone hydrochloride
were injected and followed by more trials of heat stimulation.

DAMGO microinjections into RM
Mice were prepared with a guide cannula (Plastics One, Roanoke, VA) into RM as well as
with EMG electrodes as above. After equilibration at 1.0% isoflurane, 3 paw heat trials were
applied at 500 s intervals. DAMGO was then injected into RM or dorsally as a placement
control. Paw heat trials continued to be applied at 500 s intervals after microinjections. After
at least 3 post-injection trials had been collected, naloxone (0.4 mg/1 ml saline, s.c.) was
administered and again paw heat trials were applied at 500 s intervals. In 4 mice, saline (500
nl) was injected prior to DAMGO injection and another 4 mice received saline followed by
naloxone. The injection cannula was left in place until the conclusion of the experiment
when it was withdrawn and filled with either India ink or Pontamine Sky blue. The dye-

Hellman et al. Page 3

J Neurophysiol. Author manuscript; available in PMC 2013 September 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



filled injector was placed back into the guide cannula and an injection of 500 nl was made to
mark the microinjection site.

Histology
Animals were overdosed with 5% isoflurane and 10 mg pentobarbital, and perfused with a
fixative containing 4% paraformaldehyde and 7% sucrose in 0.1 M phosphate-buffered
saline. The brainstem was removed, post-fixed for 24 hrs, and then immersed in 30%
sucrose in 0.1 M PBS. Coronal sections (50 µm) were cut on a freezing microtome. Sections
were mounted on gelatin-coated slides, and then stained with cresyl violet. Microinjection
and lesion sites were identified and drawn under 50x magnification. Sites were assigned an
anterior-posterior location and then plotted on standard sections adapted from Figure 2 of
VanderHorst and Ulfhake (2005). In the mouse, RM included a region 600 µm wide
centered on the midline to a point 1000 µm dorsal to the base of the brain. The nucleus
reticularis magnocellularis (NRMC), adjacent to RM, which is termed nucleus reticularis
gigantocellularis pars alpha by some, was considered to encompass regions located 300 to
600 µm on either side of the midline and from the ventral surface to a point 1000 µm dorsal
to the base of the brain. The anterior and posterior borders of RM and NRMC were the first
section caudal to the nucleus of the trapezoid body and the first section rostral to nucleus
ambiguous, respectively. Sites superficial to RM and NRMC that were located between the
lateral edges of the pyramids were considered to be in nucleus reticularis gigantocellularis
(NRGC). Neurons outside of RM and NRMC are not included in this report. DAMGO
injections outside of RM and NRMC are considered as placement controls (see below).

Cellular analysis
Although cells with a slow and regular pattern of discharge that are highly likely to be
serotonergic (Li and Bayliss 1998; Mason 1997; Wang et al. 2001) were not studied, an
algorithm that physiologically identifies serotonergic and non-serotonergic cells was
employed to gain further confidence that studied cells were indeed non-serotonergic (Mason
1997).

A previously described statistical algorithm was used to classify cells as ON, OFF or
NEUTRAL (Leung and Mason 1998). Briefly, the standard deviation of the change in
discharge rate across sequential 10-s bins was calculated from a 500 s period without
stimulation. Evoked changes were considered significant if they exceeded a threshold
defined as two times this standard deviation. Using this criterion, responses were determined
and then cells were classified as ON or OFF if they were excited or inhibited, respectively, in a
majority of stimulation trials and as NEUTRAL if they did not respond consistently.

Mean background discharge rate for each cell was calculated from the 60 s prior to each paw
heat trial. Evoked discharge was defined as the mean discharge rate during (“stim”) or after
(“post”) each paw heat trial less the background discharge rate. Then for each cell, values
from multiple paw heat trials for each variable (background, evoked stim, evoked post) were
averaged during baseline, post-DAMGO, -saline, and -naloxone periods. Population means,
calculated for ON and OFF cells during baseline and post-drug periods, were compared between
groups using an ANOVA followed by post hoc comparisons using Newman-Keuls.

EEG analysis
EEG recordings were conducted on a subset of the mice receiving microinjections. The EEG
was analyzed with a fast Fourier transform on a 64-s window (256 Hz, 214 points). Delta
activity was the power summed within the frequency range of 1–4 Hz. In order to determine
the effect of opioids on cortical activity, artifact-free periods of 500 s before and after
DAMGO (excluding electrical artifact produced by movement of the microinjection

Hellman et al. Page 4

J Neurophysiol. Author manuscript; available in PMC 2013 September 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cannula) and naloxone, during which no stimuli were applied, were analyzed as above for
delta activity and compared between groups using an ANOVA.

Analysis of physiological reactions
Heart rate was calculated as the reciprocal of the interval between successive R waves in the
EKG. The EKG signal was then high pass filtered to eliminate the slow QRS waves. The
remaining fast EMG activity, reflective of intercostal muscle activity, was full-wave
rectified and integrated. From this processed signal, respiratory rate was calculated as the
reciprocal of the interval between successive peaks (each peak marking inspiration).

Pre-heat trial heart and respiratory rates were considered baseline variables. For each of
these variables, the mean values for the 60 s prior to each paw heat trial were calculated.
Then for each animal, the mean values before and after each drug were calculated. Finally,
population means for each experimental group were calculated and compared between
groups using an ANOVA.

The hindlimb EMG recording was full wave rectified and integrated. Evoked withdrawal
magnitude was quantified as the sum of the EMG for 8.2 s (the full duration of the heat
stimulus) after stimulus onset less the sum for 8.2 s prior to the stimulus. The onset of the
evoked withdrawal was determined by the time when the amplitude of the EMG exceeded 2
standard deviations above the mean, pre-stimulus EMG activity. For each trial and each
experimental group, mean withdrawal magnitude and latency were calculated and then
compared between groups using an ANOVA.

Correlational analyses
For each cell, the mean withdrawal latency, peak magnitude, and integrated magnitude and
the mean cellular response to each heat trial during the baseline period were calculated. All
variables were normalized by a Z-score transformation. Briefly the Z-score is equal to (R–
X)/SD where R is the variable from an individual trial, X is the mean variable from the
animal (for withdrawal variables) or cell (for cell discharge), and SD is the standard
deviation of that variable for all trials in the animal or cell. This transformation compensates
for variability between animals and neurons. A correlation analysis was then conducted
between cellular discharge, during different epochs (as described in Results), and all
variables of the withdrawal reaction.

To determine the relationship between RM cell discharge and brief episodes of tachypnea,
an automatic search program identified increases in respiratory rate that exceeded 5%. The
search program computed the average respiration rate in rolling (100 ms advancing interval)
30-s time bins. Tachypneic episodes were then defined as events when the second bin’s
average exceeded the first bin’s average by 5%. For every tachypneic event, the average cell
activity, heart rate and respiration rate were calculated for both time bins with the first bin
representing baseline and the second bin considered tachypnea.

Rat experiments
Most experiments on male Sprague–Dawley rats (n = 20, 250–500 g; Charles River,
Portage, MI) were reported in Brink et al. (2006). The experimental protocol in these rat
studies was similar to that in the mouse studies with the following exceptions: 1) rats were
anesthetized with halothane; 2) an arterial catheter was placed in the femoral artery; 3) rats
received intermittent colorectal distension stimulation; and 4) DAMGO (50 ng) rather than
morphine was administered i.c.v. Additionally, previously unpublished experiments in rats
(n = 12) examining the effect of 0.5 mg i.m. morphine on RM cellular activity are also
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included. Of note, in the former experiments, 2–4 electrodes were inserted together,
resulting in the simultaneous recording of multiple single units in each animal.

Statistics
Each variable is expressed as a mean ± standard error. Statistical tests were performed using
SigmaStat (SPSS Science, Chicago, IL). For multiple comparisons, repeated measures
ANOVA with Bonferonni corrections were performed. Pearson correlations were calculated
to test the relationship of firing rates with withdrawal parameters using Z-score
normalization to account for variability between subjects. All p values greater than 0.001 are
reported exactly and those less than 0.001 are noted as “p<0.001”. A p value less than 0.05
was considered significant.

Results
Microinjection of mu-opioid receptor agonists into the murine RM produces analgesia,
bradycardia, bradypnea and alters EEG activity

DAMGO microinjection into RM (50 ng, 500 nl) significantly increased the latency
(p=0.003) and reduced the magnitude (p=0.05) of withdrawals from noxious paw heat in
lightly anesthetized mice (n=11, Fig. 1). Subsequent naloxone administration (0.4 mg, 1 ml,
s.c.) significantly decreased the withdrawal latency of mice that had received DAMGO
(p=0.03, n=11). Saline microinjection into RM (n=8) or DAGMO microinjection into the
dorsally located NRGC (n=6) had no effect on withdrawal latency (saline p=0.72, NRGC p=
0.19) or magnitude (saline into RM: p=0.42; DAMGO into NRGC p=0.50).

Heart rate (n=11, p<0.001) and respiratory rate (n=10, p<0.001) decreased after DAMGO
microinjection. In one mouse receiving a DAMGO microinjection it was not possible to
effectively determine respiratory rate because of a defective electrode. In all mice receiving
DAMGO microinjection (n=11), cardiorespiratory changes were sustained until naloxone
was administered, when they were partially reversed (Fig. 1). Saline microinjection into RM
(n=8) or DAGMO microinjection into NRGC (n=6) did not evoke a significant change in
heart rate (saline into RM: p= 0.83; DAMGO into NRGC: p= 0.98) or respiratory rate
(saline into RM: p=0.07; DAMGO into NRGC: p=0.33).

Hypothesizing that the observed cardiorespiratory depression reflected a change in arousal
state, EEG recordings were performed on mice receiving DAMGO in RM (n=8), saline in
RM (n=6), or DAMGO in NRGC (n=4). An overall “flattening” of the EEG after DAMGO
administration into RM was visible to the experimenter even prior to FFT analysis. Indeed,
delta activity, a measure of synchronized slow cortical activity, decreased after DAMGO
administration into RM (Fig. 1; p=0.03). While a decrease in delta power implies a
heightened level of arousal (Grahn and Heller 1989), mice were simultaneously less
responsiveness to noxious stimuli. No significant effect on delta power was observed when
saline was microinjected into RM (p=0.91) or when DAMGO was microinjected into NRGC
(p=0.25).

Background discharge and heat-evoked responses of murine RM cells resemble those of
rat RM cells

Each neuron was characterized by its resting discharge and response to noxious stimulation
(Fig. 2). Only cells located in RM (n=42) or the adjacent NRMC (n=15) were studied (Fig.
3). Although we intended to study only cells that were excited or inhibited by a heat
stimulus, post hoc analysis revealed that some cells did not respond consistently to heat
stimuli and thus were classified as NEUTRAL (n=6). No neurons had the slow and steady
discharge characteristic of serotonergic neurons in the rat (Mason 1997) or cat (Auerbach et
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al. 1985). In 49 out of 57 neurons recorded, the coefficient of variation of the interspike
interval was greater than 1, indicating a discharge that includes bursts and frank pauses
(cv=5.6 ± 0.8, firing rate=12.7 ± 2.6 Hz). The remaining 8 neurons with a coefficient of
variation less than 1 were unlikely to be serotonergic because they all had firing rates that
exceeded 10 Hz. As previously observed in rats, more cells were excited (ON cells, n=32,
Fig. 2A) than inhibited (OFF cells, n=15, Fig. 2B) by noxious heat. We often (10–25% of all
cell encounters) encountered cells that appeared to respond to noxious heat only after the
stimulus had ended, but only characterized a few such neurons that were clearly inhibited
(n=3 cells) or excited (n=1 cells) after the offset of the heat stimulus (data not shown); these
cells are not included in the analysis below.

To compare the physiological features of RM cells from rat and mouse directly, a cohort of
rat ON (n=35) and OFF (n=10) cells was studied using a similar experimental setup to that
employed in studying mice. In both rats and mice, a response threshold was calculated from
the variability in the background discharge; this response threshold was proportional to
discharge variability such that it was greater in cells that fired in bursts than in cells that
fired steadily (see Leung and Mason 1998 and Methods for details). To compare the noxious
heat-evoked responses of cells from rat and mouse, all responses were normalized to this
response threshold so that, for example, a change in discharge that is 3-fold greater than the
response threshold was assigned a value of 3.0. This analysis revealed two significant
differences. First, the decrease in OFF cell discharge during heat stimulation was greater in rat
(3.1 ± 0.8) than in mouse (1.4 ± 0.1; p=0.04). Second, one minute after stimulation, ON cell
discharge was still greater than threshold in rat (2.5 ± 0.4) but not in mouse (0.4 ± 0.3;
p<0.001).

ON cells’ responses to noxious stimulation, but not background firing rates, were reduced
by an analgesic dose of morphine

A comparison between the effects of identical opioid doses, in grams per body weight, on
RM cells in mouse and rat would be inappropriate as the doses required to produce analgesia
are 10 to 100 times greater in mouse than in rat (Mogil 1999; Mogil and Wilson 1997;
Szekely et al. 1984). Therefore we decided to compare low doses that produce reliable
analgesia. For rats, doses were chosen from the literature in order to avoid using animals to
reconfirm well-established findings. The doses were 500 µg (~ 1.25 mg/kg based on the
average weight of rats used, 400 g) of systemic morphine (Tyler and Advokat 1986) and 50
ng (~ 125 ng/kg) of i.c.v. DAMGO (Kepler et al. 1991). For mice, a series of doses were
tested. As illustrated in Figure 4, 500 µg (n=20; ~ 20 mg/kg, based on the average weight of
mice used, 25 g), but not 100 µg (n=5; ~ 4 mg/kg) of systemic morphine produced analgesia
in mice; therefore the effect of a 500 µg dose of systemic morphine on murine RM cell firing
was tested. When administered i.c.v., 10 µg (n=7; ~40 µg /kg) but not 5 µg (n=5; ~20 µg /kg)
DAMGO significantly increased the paw withdrawal latency (Fig. 4B). The effect of 10 µg
DAMGO (i.c.v.) was then tested on the discharge of RM cells in mice.

To examine the role of RM in opioid analgesia, the mean background firing rate and noxious
heat-evoked responses of the ON cell population were computed before and after an analgesic
opioid dose. Morphine (500 µg, i.m.) significantly increased the withdrawal latency
(p=0.004, n=20 animals) and reduced responses of ON cells (p=0.003, n=20 cells) evoked by
noxious paw heat. However, this same analgesic dose of morphine had no effect on the
background firing of ON cells (p=0.53, n=20 cells) (Fig. 4A). At a higher dose of systemic
morphine (2 mg), declines in both background firing (p=0.03) and noxious heat-evoked
responses (p=0.008) were observed in the population of 7 ON cells tested (Fig. 4A). In a
second analysis, the firing rates before and after morphine administration, in each cell, were
compared. The background firing rate of most ON cells tested (17/20) was not different or
increased after systemic morphine (500 µg, i.m.) administration (Fig. 5A). In the case of

Hellman et al. Page 7

J Neurophysiol. Author manuscript; available in PMC 2013 September 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



only 3 ON cells, morphine (500 µg, i.m.) elicited a decrease in background firing rate (Fig.
5B).

To test whether the background discharge of murine RM ON cells is inhibited by centrally
administered morphine, even in the absence of such a response to systemic morphine, the
effect of morphine (10 µg) administered i.c.v. on RM cell discharge was tested. Morphine
(10 µg, i.c.v.) increased paw withdrawal latency (p=0.003, n=7 animals) and also reduced
RM ON cell responses to noxious paw heat in the mouse (p=0.04, n=7 cells). However, the
background discharge of murine ON cells was unaffected by central morphine (p=0.61, n=7
cells) (Fig. 4B). At higher doses of i.c.v. morphine (30–50 µg), the background discharge of
two ON cells was unaffected and that of one was inhibited (data not shown).

Morphine’s failure to reduce the background discharge of ON cells in the murine RM is in
sharp contrast to the significant reduction of ON cell background discharge by opioid receptor
agonists in rats (Brink et al. 2006; Fields et al. 1983; Fields et al. 1983). To ensure that there
was nothing in the experimental setup preventing us from seeing a more typical (for the rat)
ON cell response to opioids, morphine’s reduction of rat ON cell discharge was confirmed here
in a set of experiments. The background, heat-evoked, and post-stimulus discharge rates of
rat ON cells decreased after systemic morphine (n=8; p values <0.05; Fig. 6B) or i.c.v.
DAMGO (n=27; p values <0.01; Fig. 6D). An analysis of individual cell responses showed
that the discharge rate of all rat ON cells tested (n=8) decreased after systemic morphine and
nearly all ON cells in the rat (25/27) were similarly inhibited by i.c.v. DAMGO.

Opioids did not excite murine OFF cells
The activity of 12 murine OFF cells was recorded in response to morphine. In 10 mice
receiving systemic injections, there was no consistent effect of 0.5 mg morphine on OFF cell
background firing rate (p=0.96) despite consistent increases in withdrawal latency (p<0.01)
(Fig. 7). Although 2 individual OFF cells were significantly excited by morphine, another 2 OFF

cells were inhibited. Even when an additional dosage of 1 mg morphine was injected in 4
cases, there was no observable excitation of OFF cells. In the case of 2 OFF cells, morphine i.c.v.
significantly decreased background firing rate.

In the rat cohort, OFF cell background activity was increased by at least 2 standard deviations
by i.c.v. DAMGO (6/9 cells) and i.m. morphine (4/4 cells). Even in the 3 rat OFF cells whose
discharge was not significantly increased by 2 standard deviations, there were nonetheless
long-lasting increases in firing rate.

Prestimulus on cell activity does not correlate with the magnitude of withdrawal in mouse
Since reduction of background ON cell activity is a primary effect of opioid drug
administration in rats but not mice, we anticipated that there may be an additional difference
between rats and mice in the relationship of ON cell activity to withdrawal magnitude even in
the absence of morphine. To test whether ON cells modulate future noxious stimulus-evoked
withdrawals, ON cell activity was correlated to the magnitude of withdrawals in the baseline
condition (all variables were transformed to Z-scores as described in the Methods). The data
set contained recordings of neurons paired with withdrawals in mice (32 neurons, 137
withdrawals) and rats (31 neurons, 125 withdrawals).

In mice, there were no significant correlations between firing rate prior to withdrawal and
the parameters describing the ensuing withdrawal (Fig. 8). In rats, firing rates during the 15
s and 1 minute periods prior to withdrawal correlated with peak EMG amplitude (− min:
r2=0.05, p=0.01; −15 s: r2=0.07, p=0.003) and withdrawal latency (−1 min: r2=0.04, p=0.02;
−15 s: r2=0.07, p=0.002) but not with integrated EMG amplitude (−1 min: r2=0.01, p=0.43;
−15 s: r2=0.01, p=0.43). We also examined the relationship between firing rate and the
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concurrent withdrawal. In mice the firing rate during noxious stimulation was significantly
correlated with two measures of withdrawal strength: peak EMG amplitude (r2=0.03,
p=0.04) and withdrawal latency (r2=0.03, p=0.02). In rats, there were correlations between
evoked firing rate and all 3 parameters describing withdrawals (r2 values >0.06, p values
<0.005). In sum, the background discharge of rat ON cells significantly predicted ensuing
withdrawal strength but the background discharge of murine ON cells did not. Further, the
noxious heat-evoked discharge of both murine and rat ON cells correlated significantly with
the simultaneously-occurring withdrawal reaction.

Increases in respiration are coincident with increases in ON cell firing and decreases in OFF

cell firing
Given the poor correlation of background activity in mice to withdrawal magnitude, we
visually examined the records to find other factors that might correlate with ON cell firing.
We observed that transient increases in respiration rate often occurred around the time of
bursts of ON cell activity (Fig. 9). To examine the consistency of this relationship, we
identified all transient increases (≥5%) in respiration rate that were not evoked by a noxious
stimulus (see Methods) and then analyzed ON cell firing rates during these events. ON cell
firing rates increased by 9.0 ± 1.9 Hz (p <0.001, n=20) during transient episodes of
tachypnea (Fig. 10). During these periods there were no changes in heart rate (p=0.39) or
EMG tone (p=0.57). We also performed the reverse analysis to see if periods of increased ON

cell activity were related to increases in respiration rate. Periods of unstimulated, but
increased ON cell activity (n=30) were associated with a 7.5% increase in respiration
(p<0.001), but not with alterations in heart rate (p=0.87) or EMG tone (p=0.31).

We also examined OFF cell discharge during spontaneous tachypneic events. Using the same
analysis described above, we found that OFF cell firing rate decreased by 2.8 ± 1.3 Hz (p =
0.04) during episodes of tachypnea (n=97). Further examination of individual cell records
revealed that while 10 OFF cells were consistently inhibited during tachypnea, 1 OFF cell was
excited during tachypneic events (5.8 ± 1.8 Hz, n=19). Excluding this cell, the average
decrease in OFF cell firing rate during tachypneic events (n=78) was 5.6 Hz ± 1.6 (p=0.001).
In contrast to ON cell bursts’ predicting tachypnea, decreased OFF cell firing (n=133) was not
associated with any significant alteration in respiration rate (p=0.39).

Discussion
The murine RM differs from the rat RM in how it participates in nociceptive modulation but,
like the rat RM, modulates physiological functions beyond nociception

The first goal of this study was to test whether findings basic to RM’s role in nociceptive
modulation are observed in mouse as they are in rat in order that the pain modulation field
could, with good reason, employ the mouse as a close analog of the rat. The unfortunate
answer appears to be that the participation of RM in nociceptive modulation in the mouse
differs in basic ways from that in the rat. Most importantly, the response of RM murine cells
to noxious cutaneous stimulation does not predict the response to opioids as is true in the rat.
Since this is the fundamental basis of the heuristic model developed by Fields, prudent
researchers will not simply extend the rat ON - OFF cell model to mice.

The second aim of this study was to determine whether the murine RM participates in
modulation of physiological processes beyond nociception. The clear answer is yes.
However, since we only tested RM’s modulation of heart rate, respiration rate and cortical
synchrony, more studies are needed to determine the full range of physiological functions
that RM modulates.
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At first glance, the differences between male Sprague-Dawley rats and male C57BL/6 mice
would appear to be due to a distinction between rats and mice. However, it should be noted
that Sprague-Dawley is the strain used in all of the physiological studies of RM known to
the authors. While results from the few DBA mice that we studied were not notably different
than those obtained from C57BL/6 mice, a preliminary study has reported differences in the
effects of DAMGO on the noxious stimulus-evoked responses of RM neurons in CBA/J and
A/J mice (Sugino et al. 2006). Thus the differences observed may reflect either a true
species difference or alternatively, a difference between strains that also happen to come
from different species.

The murine RM contributes to opioid analgesia but not through a change in the
background activity of ON and OFF cells

DAMGO microinjection into the murine RM increases the latency and reduces the
magnitude of noxious heat-evoked withdrawals, evidence that the RM plays a role in
nociceptive modulation. However, in contrast to the case in the rat, the background activity
of murine ON cells – RM cells excited by noxious cutaneous stimulation - was not inhibited
by opioids and that of murine OFF cells – RM cells inhibited by noxious cutaneous stimulation
– was not excited by analgesic doses of opioids. Thus murine RM ON and OFF cells mediate
opioid analgesia differently than do the much more widely-studied rat RM cells.

The lack of a correspondence between murine RM cells’ responses to noxious heat and
opioids was not due to any peculiarity in our experimental setup as we confirmed just such a
correspondence in recordings from a cohort of rats. It is possible that we did not record from
a sufficient number of cells or from cells in the right location in the mouse. However, this is
unlikely as recordings from rat clearly confirmed that ON cells are inhibited and OFF cells
excited by opioids. Beyond the significance of the rat ON and OFF cell populations’ responses
to opioids and the lack of significance in the murine populations’ responses to opioids, 30 of
35 rat neurons responded to an analgesic opioid dose in the canonical way whereas only 5 of
39 murine cells responded in this manner. Further, the murine neurons recorded were made
in the same region where opioid microinjection produced antinociception. Thus it is unlikely
that ON cell inhibition and OFF cell excitation play the same integral role in opioid analgesia in
mouse as they do in rat.

Opioids’ failure to alter the background firing rates of RM cells in the anesthetized mouse
resembles findings obtained in awake rats, where background OM cell firing rates are not
affected by morphine (Martin et al. 1992). Thus although studies in the anesthetized rat have
focused on the effect of opioids on spontaneous RM ON cell activity rather than on evoked
activity (Anderson et al. 1977; Azami et al. 1979; Barbaro et al. 1986; Chiang and Gao
1986; Chiang and Pan 1985; Deakin et al. 1977; Fields et al. 1983; Fields et al. 1983;
Heinricher and Rosenfeld 1985; Satoh et al. 1979; Schnell et al. 2002; Toda 1982), it is clear
that alterations in the spontaneous activity of RM ON cells are not essential for opioid
analgesia in awake rats or anesthetized mice.

The critical function of RM may be to modulate the size of on-going, rather than future,
protective motor reactions

Opioids did not alter the background firing but did suppress the noxious stimulus-evoked
responses of murine RM ON and OFF cells. Similarly, a recent preliminary study reported that
DAMGO suppressed the noxious stimulus-evoked responses of RM neurons from two
different strains of mice (Sugino et al. 2006). This profile of opioid responses in the
anesthetized mouse resembles that described in the unanesthetized rat. In the only study to
test the opioid responses of cells with known responses to noxious stimulation in the awake
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rat, background ON cell firing rates were not affected by morphine but ON cell responses to
noxious stimulation were reduced (Martin et al. 1992).

Here we found that the relative latency and magnitude of withdrawals were not predicted by
the rate at which ON cells fire prior to the noxious stimulus in the mouse. As a positive
control, we were able to confirm previous studies (Foo and Mason 2003; Heinricher et al.
1989) that this predictive relationship exists in the rat. The amount of murine ON cell
discharge during noxious stimulation did correlate with the magnitude and latency of the
withdrawals evoked concurrently, suggesting that the murine RM modulates withdrawals as
they are occurring rather than withdrawals that are about to occur. Findings that RM neurons
respond after the onset of the disynaptic jaw-opening reflex and after the onset of laser
stimulus-evoked withdrawals further support this conclusion (Foo and Mason 2003; Mason
et al. 1986).

While initially difficult to reconcile with a literal interpretation of Fields’ original model of
RM ON and OFF cell function, our current findings fit with the more extensive literature arising
from experiments in anesthetized rats. First, our finding that DAMGO microinjection into
the murine RM suppresses nociceptive withdrawals shows that the RM has the capacity to
modulate nociceptive transmission in mouse as well as in rat and cat (Oliveras et al. 1975;
Sessle and Hu 1981). Second, our finding that ON cell responses to noxious stimulation
correlate with the withdrawals evoked concurrently fits with a role for RM in modulating the
magnitude of protective reactions to visceral and somatic stimuli. Just such a role has been
documented in the somatomotor reaction to colorectal distension (Brink and Mason 2004)
and the withdrawals evoked by cutaneous stimulation in the territory of an injured nerve
(Burgess et al. 2002; Porreca et al. 2001). If this proves a consistent finding in rats and mice,
anesthetized and unanesthetized, then modulating the size of on-going protective motor
reactions may be a fundamental function of RM.

RM is important in regulation of physiological processes beyond nociception
Opioid microinjection into the murine RM evoked bradycardia and bradypnea. Widespread
oligosynaptic pathways from RM neurons to most viscera and glands including heart (Ter
Horst et al. 1996), cutaneous arteries (Smith et al. 1998), lungs, and trachea (Hadziefendic
and Haxhiu 1999; Haxhiu et al. 1996) as well as to breathing muscles including the
diaphragm (Billig et al. 2000; Yates et al. 1999) provide an anatomical substrate for the
influence of RM upon heart rate and respiration rate.

DAMGO microinjection into RM caused the murine EEG to change from a state resembling
a deep sleep stage IV to a state akin to the lighter sleep stage I/II (Rechtschaffen and Kales
1968) at the same time as responses to noxious stimuli were delayed. This coupling of
cortical arousal and reduced responsiveness to noxious stimulation is consistent with
morphine’s strong sedative (lowered responsiveness to external stimulation) but weak
hypnotic (sleep-producing) effects (Kay 1975; Kay et al. 1979; Shaw et al. 2005). Previous
studies have demonstrated that chemical microinjection into RM can modify cortical state,
with bicuculline reducing the time spent awake after an innocuous stimulus (Foo and Mason
2000; 2003) and lidocaine producing arousal (Berner et al. 1999). Consistent with RM’s role
in cortical state modulation, RM cells in the rat change their activity at transition points
between EEG states in both anesthetized (Grahn and Heller 1989) and unanesthetized
animals (Leung and Mason 1999). Finally, RM cells have been implicated in the suppression
of somatic inputs during sleep (Foo and Mason 2003; Leung and Mason 1999; Mason et al.
2001). An increase in arousal during times of reduced sensitivity to external stimulation is
adaptive as it provides a method for cognitive protection during a period of vulnerability.
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The specific physiologic variables measured in this study were chosen primarily because
they could be recorded with minimally invasive methods. Yet it is unlikely that RM’s
modulatory targets are restricted to those measured. Instead, the measured changes in
cardiorespiratory function and cortical activity are likely emblematic of a widespread
modulatory influence exerted by RM upon homeostatic physiological functions. Certainly,
oligosynaptic pathways exist, at least in the rat, from RM to every autonomic and respiratory
target tested (see above). Thus, while our data are direct evidence that the murine RM has
the capacity to simultaneously modulate nociception, cardiovascular function, breathing, and
behavioral state, the physiological processes targeted by RM are unlikely to be restricted to
the studied functions.

RM may modulate respiration and mediate morphine-induced respiratory depression
The respiratory depression produced by DAMGO microinjection into the RM and the power
of RM cell firing to predict tachypneic events implies a specific role for the murine RM in
respiration. Studies in the rat have noted that electrical stimulation of or glutamate
microinjection into RM produces apnea (Aoki and Nakazono 1992; Cao et al. 2006a; Lalley
1986; Wang et al. 1988)), while bicuculline microinjection increases respiration rate (Nason
and Mason 2004). RM neurons project to the phrenic motor nucleus (Cao et al. 2006b). Our
results complement these findings by showing that ON cell bursts predict spontaneous
episodes of tachypnea. Further, the association of tachypnea with ON cell bursts and OFF cell
pauses suggests that RM cells contribute to generating tachypnea. The possibility also exists
that ON cell quiescence and OFF cell firing contributes to opioid respiratory depression. In
mice, the highest doses of systemic morphine (≥1 mg) decreased background ON cell activity
and respiratory rate. In sum, the reduction in respiratory rate caused by DAMGO
microinjection into RM and the predictive relationship of RM cell discharge upon
respiratory activity imply that the RM participates in respiratory depression induced by high
doses of morphine as well as in on-going respiratory modulation.

Similarities between RM physiology in mouse and rat provide insight into the core
functions of the medullary raphe

The function of the murine RM resembles the rat RM in two key respects. First, RM cells
modulate protective on-going withdrawals. Focusing modulation upon on-going rather than
future withdrawals allows the initial reflex withdrawal to occur while also providing
flexibility in regulating the duration and magnitude of the complete reaction. Second, RM
modulates a number of physiological functions beyond nociception. These two features,
present in both rat and mouse, are core to RM’s function.
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Figure 1.
Antinociception, cardiorespiratory depression, and cortical arousal evoked by 50 ng
DAMGO microinjection into RM and reversal by systemic naloxone. The panels on the left
show, from top to bottom, noxious heat-evoked withdrawal latency (in s), heart rate (HR in
Hz), respiratory rate (RR in Hz), EEG delta (1–4 Hz) power (in µV2) during baseline (left of
D), after DAMGO (between D and N) and after naloxone (dotted line marked N) from one
animal. An arrow in the graph of delta power indicates the electrical artifact produced by
introducing the microinjection cannula. The line graphs on the right represent mean values
(from 3–5 measurements as detailed in the Methods) of each of the labeled measures for
individual mice receiving either DAMGO microinjection into the RM (left column),
DAMGO into the dorsally located NRGC (right column - solid circles), or saline into the
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RM (right column - hollow circles). A baseline period (b) preceded all microinjections (d)
which were followed by systemic naloxone administration (n).
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Figure 2.
Comparison of ON (A) and OFF (B) cell responses to paw heat stimulation in mouse and rat.
Average histograms (250 ms bins) and raster plots of 3 trials of heat stimulation (bottom
trace) from a representative murine ON cell (left) and a representative murine OFF cell (right)
are shown at top. Below, the average activity a min prior to stimulation, 15 s prior to
stimulation, during stimulation (“heat”), and 15 s and a min after the stimulation for all
murine on (n= 32, left) or OFF (n=15, right) cells is indicated by the thick solid line and filled
symbols. The thin solid line and open symbols represent the mean and the dashed lines the
standard error from a cohort of rat ON (n=35) and OFF (n=10) cells.
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Figure 3.
Locations of recording sites. The relative position of different characterized cell types are
plotted on a line drawing modified from Vanderhorst and Ulfhake (2006). Cell locations on
the left have been transposed and marked on the right side of the brain, although recordings
were made bilaterally. The numbers indicate the distance in mm to the interaural line as
measured by Vanderhorst and Ulfhake 2006. Abbreviations: 6N, abducens nucleus. 7N,
facial nucleus. py, pyramid.
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Figure 4.
Average background firing rates (filled bars, left ordinate) and noxious heat-evoked
responses (solid bars, left ordinate) of murine ON cells are compared to mean withdrawal
latency (line, right ordinate) before (base) and after multiple dosages (as labeled) of
systemic (A) and central (B) morphine. The same variables are also illustrated after systemic
naloxone administration (N) in A. The number of cells tested with each dose were as follows
in A: 100 µg, n=5; 500 µg, n=20; 1 mg, n=9; 2 mg, n=7; naloxone, n=18; and in B: 5 µg,
n=5; 10 µg, n=7. Significant differences are marked by 1 (p<0.05) or 2 (p<0.01) asterices.
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Figure 5.
Responses of two murine ON cells to systemic morphine. (A) An ON cell in RM was excited by
1 mg morphine. (B) An ON cell in RM was inhibited by 0.5 mg morphine. Histograms at the
top of each panel show average responses (250 ms bins) to 3 trials of heat stimulation during
the baseline period (left), after morphine administration (middle), and after naloxone (right).
Beneath the histograms are the full-length recordings from each cell with the rectified
integrated EMG (top) and the instantaneous firing rate (FR, bottom) for the entire duration
of the experiment (~1.5 hr). Tail heat stimulation was applied regularly throughout the
recordings at the times marked by the arrowheads. The time points at which morphine and
naloxone were injected are indicated by M and N, respectively. The scale bar at the bottom
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of B applies to the long records in A and B. The scale bar beneath the right histogram in B
applies to all histograms.
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Figure 6.
A comparison of mouse (A, C) and rat (B, D) ON cell responses to systemic (A, B) and
central (C, D) opioid administration. The bar graphs represent background (BKG), heat-
evoked (STIM) and post-stimulus (+15 s) firing rates (left axis) before (open bars) and after
(filled bars) opioid administration at doses that caused analgesia. The open and filled
markers indicate withdrawal latency (right axis) before and after opioid administration,
respectively. A: Morphine (500 µg, i.m.) delayed withdrawal latencies in mice and reduced
heat-evoked responses but had no significant effects on background ON cell (n=20) firing. B:
Morphine (500 µg, i.m.) delayed withdrawal latencies in rats while significantly reducing the
background activity and noxious stimulus-evoked responses of ON cells (n=8). C: Morphine
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(10 µg, i.c.v.) delayed withdrawal latencies and significantly reduced the stimulus-evoked
responses of ON cells (n=7) in mice. D: DAMGO (50 ng, i.c.v.) delayed withdrawal latencies
and significantly reduced background and evoked activity in rat ON cells (n=27). The
significance of each repeated measures ANOVA for all cell parameters shown is in the
upper left of each panel. Significant differences are marked by 1 (p<0.05), 2 (p<0.01), or 3
(p<0.001) asterices.
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Figure 7.
Systemic administration of 0.5 mg morphine reduced withdrawal amplitude (traces marked
EMG) but did not excite this murine OFF cell. A–C: Average responses (250 ms bins, top
traces) to repeated trials of heat stimulation (bottom traces) during the baseline period (A,
n=3 trials), after 0.5 mg morphine administration (B, n=3), and after naloxone (0.4 mg; C,
n=2). D: The full-length recording from this cell with the rectified integrated EMG (top) and
the instantaneous discharge (bottom) for the entire duration of the experiment (~1 hr). Tail
heat stimulation was applied regularly throughout the recording at the times marked by the
arrowheads. The time points at which morphine and naloxone were injected are indicated by
M and N, respectively. The scale bar in C applies to the records in A–C. The scale bar
beneath D applies to D only.
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Figure 8.
A linear regression analysis was performed between ON cell firing rate and withdrawal
strength in mice (open bars) and rats (solid bars). Please note that OFF cell firing rate was not
included in this analysis. Three measures of ON cell firing rate (categories along the abscissa)
were regressed upon three measures of withdrawal strength (three columns) and the r2

values plotted. All cellular and motor measures were normalized as fully detailed in the
Methods. The measures of ON cell firing rate were the mean firing rate during the minute
prior to heat stimulation (−1 min), the 15 s prior to heat stimulation (−15 sec) and the 15 s
during heat stimulation (Stim). The withdrawal measures were integrated EMG magnitude
(left), peak EMG value (middle), and withdrawal latency (right). Only trials prior to opioid
administration were included. Asterices denote significant correlations between a
withdrawal parameter and the associated firing rate. Significant differences are marked by 1
(p<0.05), 2 (p<0.01), or 3 (p<0.001) asterices.
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Figure 9.
A representative tachnypeic event with the associated ON cell burst. All records were scanned
for events where the respiratory rate increased by at least 5% from one bin to the next (see
Methods). The vertical boxes show sequential 30-s bins across which respiratory rate (top
trace) increased by at least 5%. In the respiratory and heart rate traces, the dots represent
instantaneous event frequency and the line is a moving average. During the tachypneic event
illustrated, heart rate (2nd trace) was unchanged while ON cell activity (3rd trace) increased.
Raw spikes are shown in the bottom trace. Scale bar represents 50 s.
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Figure 10.
Alterations in firing rates were observed during tachypneic events and increased ON cell
firing rate predicted tachypnea. Bar graphs represent averages of respiration rate (top), ON

cell firing rate (middle) and heart rate (bottom) before (“Base.”) and during (“Tach.”)
spontaneous tachypneic events. Events were either detected by an increase of ≥5% in
respiration rate (columns labeled Respiration Triggered) or by a ≥5% change in cell firing
(columns labeled Cell Triggered). For more details, please see text. Significant differences
are marked by 1 (p<0.05) or 3 (p<0.001) asterices.
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