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Neurons in the rostra1 ventromedial medulla (RVM) are the 
major source of serotonergic projections to the dorsal horn. 
A large body of evidence implicates RVM serotonergic neu- 
rons in the modulation of spinal nociceptive transmission. 
Three physiological classes of RVM neurons, on, off, and 
neutral cells, are postulated to have different nociceptive 
modulatory effects on spinal nocifensor reflexes. This study 
was undertaken to determine which RVM cell class(es) con- 
tains 5-HT. 

In anesthetized rats, RVM neurons were identified by their 
responses to noxious cutaneous stimuli, intracellularly la- 
beled, and processed for 5-HT immunocytochemistry. La- 
beled neurons were examined with epifluorescence and im- 
aged using a confocal laser microscope. A total of 25 RVM 
neurons were intracellularly labeled. No off (n = 9) or on (n 
= 8) cells were serotonergic. Half of the neutral cells (4 of 
8) demonstrated 5-HT immunoreactivity. 

These results call for a reevaluation of the mechanisms 
of RVM modulatory influence on spinal cord nociceptive 
transmission. The finding that some neutral cells are sero- 
tonergic strongly suggests that serotonergic neutral cells 
are involved in the modulation of spinal nociceptive trans- 
mission. Additionally, inhibition of spinal nociceptive trans- 
mission by off cells is unlikely to involve 5HT release. Fi- 
nally, since opioid administration does not alter the firing of 
RVM neutral cells, the results of the present study indicate 
that serotonergic RVM neurons do not directly mediate the 
effects of supraspinal opioids in the rat. 

[Key words: raphe magnus, antinociception, opioid anal- 
gesia, 5-UT, indoleamine, state dependence] 

An extensive body of evidence indicates that serotonergic neu- 
rons in the rostra1 ventromedial medulla (RVM) are important 
in modulating spinal nociceptive transmission and in mediating 
the analgesic effects of exogenous opioids (Basbaum and Fields, 
1984; LeBars, 1988; Fields et al., 199 1). The RVM is part of a 
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well-documented nociceptive modulatory pathway to the dorsal 
horn, which includes the periaqueductal gray (PAG). The hy- 
pothesis that RVM 5-HT contributes to the inhibition of spinal 
nociceptive transmission is based on several independent lines 
of evidence. Activation of RVM neurons produces antinoci- 
ception (Oliveras et al., 1975; Levy and Proudfit, 1979; Jensen 
and Yaksh, 1986; Jensen and Yaksh, 1989) and inhibits the 
nociceptive responses of dorsal horn cells (Fields et al., 1977; 
Sessle and Hu, 198 1; Sessle et al., 198 1). RVM serotonergic 
neurons are the major source of 5-HT in the spinal and trigem- 
inal dorsal horns (Dahlstrom and Fuxe, 1964; Oliveras et al., 
1977; Kwiat and Basbaum, 1992). Systemic administration of 
an agent that produces 5-HT depletion abolishes the long-la- 
tency component of dorsal horn neuronal inhibition produced 
by electrical stimulation within RVM (Rivot et al., 1980) and 
interferes with stimulation-produced antinociception from the 
PAG (Akil and Leibeskind, 1975). Systemically administered 
5-HT antagonists can partially reverse the inhibition of spi- 
nothalamic tract neurons produced by electrical stimulation of 
RVM (Yezierski et al., 1982). Additionally, the elevation of tail 
flick latencies following RVM opioid (Jensen and Yaksh, 1986) 
or glutamate (Jensen and Yaksh, 1984) microinjection or elec- 
trical stimulation (Hammond and Yaksh, 1984; Barbaro et al., 
1985) is partially reduced by intrathecal administration of 5-HT 
antagonists. 

5-HT in the spinal cord likely has an inhibitory effect on 
nociceptive transmission. Intrathecal administration of 5-HT 
(Yaksh and Wilson, 1979) produces hypoalgesia in a number 
of nociceptive tests. Iontophoretically applied 5-HT inhibits the 
spontaneous (Randic and Yu, 1976; Jordan et al., 1978; cf. 
Belcher et al., 1978) and evoked (Randic and Yu, 1976; Belcher 
et al., 1978; Jordan et al., 1978) activity of many nociceptive 
neurons in the dorsal horn. 

5-HT may mediate, at least in part, the antinociceptive effects 
of systemic morphine. Within the spinal cord, synthesis (Weil- 
Fugazza et al., 1981), metabolism, and release (Shiomi et al., 
1978; Vasko and Vogt, 1982) of 5-HT increase following sys- 
temic morphine administration. Depletion of spinal 5-HT by 
central administration of neurotoxins can attenuate opioid an- 
tinociception (Vogt, 1974; Deakin and Dostrovsky, 1978; 
Mohrland and Gebhart, 1980; Romandini et al., 1986). 

However, it is important to note that studies concerning a 
direct contribution of medullospinal serotonergic neurons to 
opioid analgesia are inconsistent. The effects of 5-HT-selective 
neurotoxin treatment on both opioid antinociception and no- 
ciceptive responsiveness have varied among investigators (see 
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Discussion, and LeBars, 1988). Furthermore, opioid adminis- 
tration has not been shown to have any effect on the activity of 
presumed serotonergic RVM neurons identified by electro- 
physiological or pharmacological methods (Auerbach et al., 1985; 
Chiang and Pan, 1985). Additionally, a recent study utilizing in 
vivo microdialysis in awake, behaving rats did not find a cor- 
relation between spinal 5-HT release and opioid antinociception 
(Matos et al., 1992). 

The identification of three physiologically distinct cell groups 
in the RVM provides a framework in which to examine the role 
of serotonergic medullospinal neurons in nociceptive modula- 
tion. RVM neurons can be classified according to changes in 
activity evoked by noxious stimuli and opioid administration 
(Fields et al., 1983a,b; Barbaro et al., 1986; Cheng et al., 1986; 
cf. Chiang and Gao, 1986). Off cells increase their firing rate 
just prior to nociceptive withdrawal reflexes and become con- 
tinuously active following systemic or supraspinal opioid ad- 
ministration. Although some investigators have not observed 
off cells in awake rats (Oliveras et al., 1990; Martin et al., 1992) 
recently McGaraughty et al. (1993) have demonstrated char- 
acteristic off-cell responses to systemic morphine in awake rats. 
On cells exhibit responses opposite to those of off cells; they 
increase their firing rate in response to noxious stimuli and are 
inhibited by morphine administration. A third group of cells, 
neutral cells, shows no consistent change in activity in response 
to noxious stimuli or opioid administration. Neurons in each 
cell group project to the spinal cord (Vanegas et al., 1984b). Off 
cells are hypothesized to have a net inhibitory effect on spinal 
nociceptive transmission, whereas on cells appear to exert a net 
facilitatory influence. The function of neutral cells in the mod- 
ulation of spinal nociceptive transmission remains obscure 
(Fields et al., 199 1). 

In previous studies of RVM, neurons have been identified as 
serotonergic using indirect criteria such as spontaneous activity 
(Auerbach et al., 1985; Chiang and Pan, 1985; Fornal et al., 
1985; Chiang and Gao, 1986) conduction velocity (Wessendorf 
and Anderson, 1983; Chiang and Pan, 1985; Chiang and Gao, 
1986) and inhibition following 5-HT agonist administration 
(Fornal et al., 1985). The present study reports the results of 
experiments aimed to test directly which physiological type(s) 
of RVM cells contains 5-HT. Since (1) off cells are the only 
RVM neurons activated by systemic morphine (Fields et al., 
1983b; Barbaro et al., 1986) (2) a significant number of off cells 
project to the spinal cord (Vanegas et al., 1984b), and (3) 5-HT 
metabolism appears to be increased during morphine analgesia 
(Shiomi et al., 1978; Weil-Fugazza et al., 198 1; Vasko and Vogt, 
1982) we had hypothesized that 5-HT is contained within off 
cells (Fields et al., 1991). However, the results reported here 
indicate that only RVM neutral cells contain 5-HT. 

Materials and Methods 
Male Sprague-Dawley rats (250-400 gm) were used in all experiments. 
Animals were initially anesthetized with sodium pentobarbital(60 mg/ 
kg, i.p.) and were maintained in a light anesthetic state on 0.5-1.0% 
halothane in oxygen. 

Methods for physiological recording in rats have been described (Ma- 
son et al., 1990) and will be restated only briefly. Glass micropipettes 
(resistance of 30-80 MB) were filled with a solution of 2% neurobiotin 
(Vector Laboratories, Burlingame, CA) in 0.1 M Tris buffer (pH 7.4) 
and 0.15 M KCl. For each animal, electrode penetrations began rostrally 
in the brainstem, at sites ranging from interaural levels ofapproximately 
-0.9 mm to -2.2 mm (mean -1.7 mm), according to the atlas of 
Paxinos and Watson (1986) and proceeded caudally. Neurons were 
isolated by either spontaneous activity or resting membrane potential. 

Neurons were characterized by their response to a thermal stimulus 
applied to the tail and to noxious pinches to the hindpaws, nose, and 
tail. Noxious pinch was applied by toothed forceps at a pressure that 
was judged painful by the experimenters. Only neurons with a consistent 
response to noxious stimuli applied to the tail, hindpaw, and nose were 
studied further. Neurons were labeled with neurobiotin by injecting 
constant depolarizing current (0.5-4 nA) for 30 set to 15 min. 

Animals were killed with a pentobarbital overdose and perfused with 
200 ml of saline followed by 1 liter of a fixative containing 4% para- 
formaldehyde and 7% sucrose in 0.1 M phosphate-buffered saline (PBS). 
The brainstem was removed, postfixed for 1 hr in fixative, and cry- 
oprotected overnight in 30% sucrose in 0.1 M PBS. Coronal serial 50 
pm sections were cut on a freezing microtome. 

Intracellular neurobiotin was visualized by reacting sections in 0.4% 
avidin (in 0.1 M PBS, 0.5% Triton X-100) conjugated to Texas red 
(Vector Laboratories) for 4 hr at 4°C. Sections containing labeled neu- 
rons were processed for 5-HT immunocytochemistry. Sections were 
protected from light at all times. 

Rabbit anti-5-HT (Incstar, Stillwater, MN) was used at a final dilution 
of 1:20.000. Antiserum was diluted in 0.1 M PBS containing 0.3% Triton 
X-100 ‘and 1% normal goat serum (NGS). Buffers for washing and 
dilution were the same unless noted. The diluted antiserum was incu- 
bated with 15-20 mg of acetone-extracted rat liver powder overnight 
at 4°C and centrifuged to remove the precipitate. 

The following steps were performed at 4°C on a shaker. Sections were 
incubated in 50% ethanol for 30 min and transferred into buffer for 
three 10 min washes. Tissue was incubated in a solution of 3% NGS, 
0.1 M PBS, and 0.3% Triton X-100 for 30 min before being transferred 
directly into the primary antibody solution for 48-72 hr. Sections were 
rinsed three times for 10 min in 50 ml of PBS before being transferred 
to the secondary antibody solution (fluorescein goat anti-rabbit, 1:250; 
Vector Laboratories) or 10 fig/ml of Bodipy goat anti-rabbit (Molecular 
Probes. Eugene, OR) for 6-8 hr. Sections were washed once for 10 min 
in 50 ml ofPBS with 0.5% Triton X-100 and rinsed three times for 10 
min in 50 ml of PBS. Sections were mounted on unsubbed slides, cov- 
erslipped with 2% n-propyl gallate in glycerol, and stored at -20°C. 

Three types of control experiments were performed. 5-HT antiserum 
was incubated overnight with 100 Kg/ml of a 5-HT-bovine serum al- 
bumin conjugate (Incstar). Preabsorbed antiserum substituted into the 
above protocol produced no specific staining. When the primary anti- 
body was omitted from the staining protocol, neither Bodipy nor flu- 
orescein-conjugated secondary antibody produced any specific staining. 

The third control experiment examined RVM 5-HT immunoreactiv- 
ity in rats pretreated with a 5-HT precursor and a monoamine oxidase 
inhibitor. Two rats were treated with tranylcypromine (Sigma, St. Louis, 
MO; 30 mg/kg, i.p.) 90 min prior to perfusion, and tryptophan (Sigma; 
300 mg/kg, i.p.) 60 min prior to perfusion (M. Wessendorf, personal 
communication). Both rats exhibited signs of the 5-HT syndrome such 
as wet-dog shakes, piloerection, and moving of the head back and forth. 

Sections from pretreated rats and two rats injected with saline were 
simultaneously processed for 5-HT immunoreactivity. Eight 50 Km 
sections were examined from each rat. Four sections were taken at the 
level of the facial nucleus, two sections each from approximately inter- 
aural -2.4 and - 1.9 (Paxinos and Watson, 1986). Four sections were 
also taken from the level of the superior olivary nucleus, two sections 
each from interaural - 1 .O and -0.8. Tissue sections were examined on 
the confocal microscope. The number of RVM serotonergic neurons 
(cellular profiles with a diameter of greater than 10 pm) (Skagerberg and 
Bjorklund, 1985) was determined by a blinded experimenter using soft- 
ware provided by Bio-Rad. RVM was defined as containing nucleus 
raphe magnus (RMg) and nucleus reticularis gigantocellularis pars alpha 
(GiA) based on previous descriptions in Paxinos and Watson (1986) 
and Andrezik and Beitz (1985). In each rat, one section from each of 
the four rostrocaudal levels was stained with cresyl violet. The total 
number of cellular profiles with a diameter of greater than 10 Frn (Ska- 
gerberg and Bjorklund, 1985) was then determined, either by using a 
calibrated ocular micrometer or by drawing somatic profiles at 300x 
magnification with a camera lucida. The percentage of serotonergic 
neurons at each rostrocaudal level was calculated by dividing the num- 
ber of 5-HT-immunoreactive (5-HT-IR) cells per section by the number 
of cresyl violet-stained cells counted in that section. 

For intracellularly labeled neurons, somata were examined on a Nikon 
Optiphot (60 x objective) or Zeiss Axioplan (63 x objective) micro- 
scope. Each soma was viewed with the Texas red filter (Nikon emission 
605-658 nm, excitation 536-585 nm/Ziess filter set 00) and subse- 
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Figure 1. The intracellular responses of three classes of RVM neurons 
to noxious stimulation are shown. The top of the recordings is truncated 
since the height of the digitized action potential varies. A, An off cell 
(see Fig. 5C) is inhibited by tail heat applied with a ramp stimulus (33- 
55°C). The temperature trace is shown beneath the intracellular re- 
sponse. The occurrence of the tail flick is indicated by the triangle. B, 
An on cell (neuron not shown) is excited during the application of 

quently with a fluorescein filter (Nikon emission 505, excitation 465- 
495/Zeiss filter set 10) to determine whether the neuron contained 5-HT- 
like immunoreactivity. No “bleed through” fluorescence was detected 
between the two filter sets. 

These cells were part of a study that used the confocal scanning laser 
microscope to examine the distribution of serotonergic terminals onto 
labeled RVM cells. Therefore, images were captured using a Bio-Rad 
Confocal Laser Scanning microscope (MRC-600). Two systems, equipped 
with either an argon (Al and A2 filter set) or krypton-argon (Kl and 
K2 filter set) laser, were used. The images obtained from both systems 
were comparable. 

Individual optical images were acquired in l-l.5 km steps through 
the tissue. With the high-power objectives, the confocal apertures were 
set so that the optical section thickness was 1.5-2.1 Frn. For low-power 
objectives, tissue was imaged throughout a depth of field of more than 
20 Wm. Both fluorophors were visualized simultaneously at each optical 
level. 

To compare the somatic characteristics of serotonergic neutral cells 
with the general RVM 5-HT neuronal population, 20 non-intracellularly 
labeled 5-HT-IR neurons were chosen by an observer unfamiliar with 
the experiment. Five 5-HT neurons were chosen from tissue adjacent 
to sections containing each serotonergic neutral cell. Total somatic length 
and cross-sectional area were determined from projected images (see 
below) using software provided by the manufacturer (Bio-Rad). The 
border between the soma and primary dendrites was defined as the 
inflection point where the primary dendrite emerged from the curvature 
of the somatic surface. Total somatic surface area was calculated from 
measurements of somatic perimeter taken every l-3 pm throughout 
tissue where the soma was present. Surface area was calculated as pe- 
rimeter times the distance between optical sections. Sections that con- 
tained the top or bottom of the soma contributed both a perimeter 
element and surface area measurement. 

All photos were obtained from the confocal images. The pictures have 
been intensity adjusted for presentation. The figures are maximal pro- 
jections, constructed from a stack of 440 serial confocal optical images. 
In this type of projection, the pixel intensity at any point represents the 
maximum pixel intensity, found at that x-y location, present in the 
z-axis series of confocal optical slices. 

Mann-Whitney U tests were performed with the aid of STATVIEW 4.0 
(Abacus Concepts, Berkeley, CA). The p values from the Fisher exact 
probability tests were determined from 2 x 2 tables using a calculator. 

Results 
Physiology 
RVM neurons were classified as off, on, or neutral cells according 
to the qualitative changes in neuronal firing observed during the 
heat-evoked tail flick reflex and in response to noxious pinch 
of the nose, hindpaw, and tail. Off cells decreased and on cells 
increased their firing rate in response to noxious tail heat and 
pinch (Fig. 1). Only cells with changes in neuronal firing that 
were related to the stimulus presentation and were consistent 
in sign, regardless of the stimulus location, were classified as on 
or off cells. Neutral cells exhibited no sustained change in firing 
rate in response to tail heat or noxious pinch applied anywhere 
on the body surface. Among cells not excited by noxious stim- 
ulation, only spontaneously active units were studied, in order 
to differentiate between off and neutral cells. 

5-HT immunoreactivity 
5-HT-IR neurons were found throughout the RVM: in the RMg 
and in the adjacent medullaty reticular formation dorsal to the 
pyramids (Fig. 2). 5-HT-IR cells were concentrated near the 

t 

noxious pinch to the nose. C, There is no change in the activity of this 
nonserotonergic neutral cell (see Fig. 40) during hindpaw pinch (upper 
trace) and tail pinch (lower trace). In B and C the bar denotes the 
application of the stimulus. Voltage calibration: 10 mV for A and B, 5 
mV for C. 
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Fzgure 2. The distribution of 5-HT-IR neurons is shown in this low-power montage of RVM at the level of the caudal facial nucleus. The image 
is composed of four low-power confocal projections taken from a 50 pm brainstem section. RMg, nucleus raphe magnus; Gi, nucleusgigantocellularis; 
GiA, nucleus reticularis gigantocellularis pars alpha; py, pyramidal tract 

midline and on the ventral margins of GiA (Paxinos and Wat- (range, 15.5-44.2 Km), median cross-sectional area of 263 km 
son, 1986). Somatic measurements were made for 20 nonintra- (range, 152-459 pm), and a median somatic surface area of 920 
cellularly labeled SHT-IR neurons (see last column of Fig. 6). pm (range, 678-l 64 1 pm). Cells located along the midline tend- 
RVM 5-HT neurons had a median somatic length of 26.6 pm ed to be larger than neurons found more laterally in this region. 
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Figure 3. The locations of the 25 intracellularly labeled neurons are 
plotted on this schematic of RVM. The dashed line’represents the outline 
ofthe RVM region containing serotonergic neurons. RMg, nucleus raphe 
magnus; Gi, nucleus gigantocellularis; GiA, nucleus reticularis gigan- 
tocellularis pars alpha; py, pyramidal tract; Rpa, nucleus raphe pallidus. 
Scale bar, 100 pm. 

Pretreating rats with a 5-HT precursor and a monoamine 
oxidase inhibitor had no discernible effect on 5-HT immuno- 
reactivity. Qualitatively, 5-HT immunoreactivity did not cor- 
relate with pretreatment. The number of RVM 5-HT-IR neu- 
rons varied 25% or less among the saline (counts of 397, 363) 
and pretreated (301, 347) rats. Pretreatment also did not have 
any discernible effect on the percentage of all RVM neurons 
that were 5-HT-IR. The overall percentage of 5-HT neurons in 
RVM was remarkably similar between pretreated (18.1%, 18.0%) 
and saline-treated (15.5%, 17.3%) rats. The percentage of RVM 
neurons that were 5-HT-IR did vary slightly with the anterior- 
posterior level examined. At the level of the facial nucleus, 
17.1% (range, 12.4-20.2%; interaural -2.4) to 15.6% (14.4- 
17.4%; - 1.9) of all RVM neurons contain 5-HT. At the level 
of the superior olivary nucleus, 2 1.2% (14.6-25.6%; - 1 .O); and 
17.0% (14.0-20.2%; -0.8) ofthe RVM neurons are 5-HT-IR. 

Intracellular label 
Twenty-five RVM neurons were physiologically classified and 
intracellularly labeled in this study. The appearance of the in- 
tracellularly labeled on and off cells matched previous descrip- 
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Fzgure 4. 5-HT immunocytochemistry of intracellularly labeled neutral cells. In each panel, 5-HT-IR staining is shown to the left, and the 
intracellular label to the rzght. A-C, Serotonergic neutral cells. D-F, Nonserotonergic neutral cells. 

tions of these neuronal cell classes (Mason et al., 1990). Neurons 
had multipolar or fusiform somas, and the dendrites of well- 
labeled cells extended mediolaterally across RVM. Some intra- 
cellularly labeled neurons had identifiable axons. The majority 
of labeled cells were found in RVM at the level of the facial 
nucleus, at interaural levels ranging from -2.6 mm to - 1.5 
mm (according to the atlas ofPaxinos and Watson, 1986) within 
300 pm of the midline (Fig. 3). A single off cell was located at 
the caudal pole of RMg, within 100 pm of the rostra1 border of 
the inferior olivary nucleus. 

5-HT immunoreactivity of intracellularly labeled cells 

5-HT immunoreactivity was present in the somata and den- 
drites of four of the eight intracellularly labeled neutral cells 
(Fig. 4). In contrast, no off cells (n = 9) or on cells (n = 8) 
demonstrated 5-HT immunoreactivity (Fig. 5). An axonal col- 
lateral was observed for one off cell (not shown). Neither this 
collateral nor any of its en passant boutons showed 5-HT im- 
munoreactivity. The distribution of serotonergic immunoreac- 
tivity in the neutral cell group differed significantly from the 
distribution found in both on cells (p = 0.038, Fisher exact 

probability test) and offcells (p = 0.029, Fisher exact probability 
test). 

The intracellularly labeled serotonergic neutral cells tended 
to be smaller than the other three intracellularly labeled cell 
groups in two of the three morphometric characteristics mea- 
sured: cross-sectional area and total surface area (see Fig. 6). 
Serotonergic intracellularly labeled cells were significantly smaller 
than the nonserotonergic intracellularly labeled neurons in cross- 
sectional area (Mann-Whitney U test, p = 0.0187) and total 
surface area (Mann-Whitney U test, p = 0.023 1). 

There was no significant difference between the intracellularly 
labeled 5-HT neutral cell group and our sample of 20 nonfilled 
RVM 5-HT neurons on any of the three somatic comparisons 
made (Mann-Whitney U test, p = 0.8769, length; p = 0.3526, 
cross-sectional area; p = 0.1632, surface area). The non-intra- 
cellularly labeled RVM 5-HT neurons were significantly smaller 
in somatic length (Mann-Whitney U test, p = 0.0445) cross- 
sectional area (Mann-Whitney U test, p < O.OOOl), and total 
surface area (Mann-Whitney U test, p = 0.0 124) than the non- 
serotonergic intracellularly labeled neurons in our sample (Fig. 
6C). 
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Figure 5. 5-HT immunocytochemistry of on and off cells. For each panel, 5-HT-IR staining is shown to the left, and the intracellular label to the 
right. A-C, Off cells. D-F, On cells. 

Discussion 
While many different lines of evidence point to a role for 5-HT 
in descending nociceptive modulation and opioid analgesia, un- 
derstanding the mechanism by which this neurotransmitter 
functions has been hampered by the lack of a direct demon- 
stration of the response characteristics of serotonergic neurons. 
In this study, 5-HT immunocytochemistry was combined with 
intracellular labeling to determine which of the three physio- 
logical cell groups described in RVM contains 5-HT. 

In a sample of 25 intracellularly labeled neurons, all four 
5-HT-IR cells are neutral cells. No off or on cells contain 5-HT 
even though these intracellularly labeled neurons are located in 
regions of RVM containing serotonergic cells. Given the small 
sample size, we cannot exclude the possibility that some on or 
off cells contain 5-HT. However, since the distribution of 5-HT 
immunoreactivity differs significantly between the neutral cell 
population (50%) and on and off cells (O%), the number of on 
and off cells containing 5-HT is likely to be quite small in com- 
parison to the whole on- and off-cell population. Since off and 
neutral cells without spontaneous activity as well as neurons 
with mixed responses to noxious stimuli applied to different 

body regions were not studied, we do not know whether such 
neurons are serotonergic. 

The relatively restricted location of the intracellularly labeled 
neutral cells within ventral RVM, as compared to the more 
widespread location of labeled on and off cells, may reflect our 
tendency to use the presence of on and off cells as an electro- 
physiological marker for the dorsal border of RVM. The clus- 
tering of intracellularly labeled serotonergic neutral cells in the 
ventral portion of RVM does not reflect the distribution of 
5-HT-IR neurons (see Figs. 2, 3) or the regional location of all 
intracellularly labeled cells. It is, furthermore, unlikely that sam- 
pling bias based on neuronal size occurred; a comparison of the 
somatic features of nonfilled 5-HT-IR neurons with all intra- 
cellularly labeled cells shows that the physiologically character- 
ized neurons span the range of sizes of the population of sero- 
tonergic RVM neurons. 

Comparison with previous results 
Our finding that RVM neutral cells, neurons that show no change 
in activity following noxious cutaneous stimuli, are serotonergic 
is in partial agreement with previous studies using indirect, 
electrophysiologic criteria to identify presumptive serotonergic 
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RVM neurons. For example, in the anesthetized rat, putative 
5-HT units identified by antidromic conduction velocity showed 
excitatory and inhibitory responses, as well as no response, to 
cutaneous noxious and innocuous stimuli (Wessendorf and An- 
derson, 1983). In the awake cat, presumptive 5-HT units were 
identified according to criteria established in the dorsal raphe 
(slow, steady discharge rate, wide extracellular action potential, 
inhibition by application of a serotonergic agonist). Some, but 
not all, of these cat 5-HT cells had excitatory responses to nox- 
ious and non-noxious sensory stimulation. In agreement with 
the present results, most putative 5-HT neurons in RMg (15 of 
16) were unaffected by an analgesic dose of systemic morphine 
(Auerbach et al., 1985; Fornal et al., 1985). Additionally, in the 
anesthetized rat, 6 of 10 presumed serotonergic neurons char- 
acterized by conduction velocity and rate of spontaneous activ- 
ity did not show any change in activity following systemic ad- 
ministration of morphine (Chiang and Pan, 1985). 

The most reliable current method of determining neurotrans- 
mitter content involves a direct demonstration (e.g., immuno- 
cytochemistry) that the neuron being studied contains 5-HT. In 
one previous study where 5-HT immunocytochemistry was per- 
formed on physiologically characterized cat RVM cells, neurons 
that were orthodromically excited by PAG stimulation did not 
contain 5-HT immunoreactivity (Mason et al., 1988). Since in 
the rat both on and off cells are activated by antinociceptive 
levels of electrical PAG stimulation (Vanegas et al., 1984a), it 
is likely that the nonserotonergic cat neurons studied included 
on and off cells. However, because the effect of electrical PAG 
stimulation on neutral cells has not been examined, the findings 
of Mason et al. (1988) cannot be directly compared to those of 
the present study. 

Recently, Pan et al. (1993) recorded intracellularly from cells 
in the rat RVM slice and examined the 5-HT immunoreactivity 
of labeled neurons. Based upon their classification scheme, the 
majority (9 of 10) of “secondary” cells, neurons that are directly 
hyperpolarized by opioids, did not demonstrate 5-HT immu- 
noreactivity. Since “secondary” neurons likely correspond to 
“on cells” in the Fields classification (Heinricher et al., 1992), 
this result of the Pan et al. (1993) study is consistent with the 
present finding that none of the intracellularly labeled on cells 
were 5-HT-IR. 

Pan et al. (1993) also observed that almost all “primary” 
neurons, cells that are disinhibited by opioids, were 5-HT-IR. 
Neurons that are disinhibited by opioids in the slice are likely 
to include neurons that correspond to off cells in the in vivo 
preparation. However, the fact that they lack a direct response 
to opioids means that this group of primary neurons could rep- 
resent a population that includes both neutral and off cells. In 
either case, the high proportion (93%) of 5-HT immunoreac- 
tivity found by Pan et al. (1993) in “primary” cells is in apparent 
conflict with the present findings. 

Beyond the obvious alterations in circuitry that occur in the 
process of preparing the RVM slice, there are two major dif- 
ferences between the two studies’ methods that may account for 
the conflicting results. First, the RVM slices in the Pan et al. 
(1993) study were taken from the rostrocaudal level of the su- 
perior olivary complex, whereas the in vivo recordings presented 
here were made at the level of the facial nucleus. It is possible 
that on, off, and neutral cells differ in their neurochemistry along 
the rostrocaudal axis such that on and off cells located more 
rostrally in the brainstem are more likely to contain 5-HT. 

A second difference between the studies is that the slices were 
loaded with tryptophan, a 5-HT precursor, and treated with 
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Figure 6. Scatter graphs show the range of somatic measurements 
taken from 23 intracellularly labeled neurons (eight off, seven on, four 
nonserotonergic, and four serotonergic neutral cells) and 20 nonintra- 
cellularly labeled RVM 5-HT-IR neurons. Each neuron is represented 
by a circle. In the last column, the line represents the median somatic 
value for the nonlabeled RVM 5-HT-IR neurons. 
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pargyline, a monoamine oxidase inhibitor, whereas our 5-HT 
immunostaining of physiologically identified cells was carried 
out in untreated rats. It is unlikely that we missed a significant 
population of 5-HT-IR neurons because of low levels of S-HT 
since we found no qualitative or quantitative difference between 
the 5-HT immunoreactivity in pretreated versus untreated rats. 
In contrast, RVM slices that were not loaded prior to histo- 
chemical processing often lacked 5-HT-IR cells (Wessendorf, 
personal communication). 

A previous study suggests that caution must be used in the 
interpretation of 5-HT immunoreactivity in tissue exposed to 
high levels of tryptophan and a monoamine oxidase inhibitor 
(Wallace et al., 1982). In some cases, this type oftreatment may 
result in the appearance of 5-HT immunoreactivity in neurons 
that are not serotonergic. In the Wallace et al. study, 5-HT 
immunoreactivity that appeared in dopaminergic neurons only 
following in viva pretreatment with L-tryptophan and nialamide 
could be blocked by pretreatment with a catecholaminergic 
reuptake blocker. No similar study has examined the effect of 
tryptophan and a monoamine oxidase inhibitor on 5-HT im- 
munoreactivity in a slice preparation. In the Pan et al. (1993) 
study, 27 of 38 (7 1%) intracellularly labeled neurons demon- 
strated 5-HT immunoreactivity. This result may indicate that 
recordings were made preferentially from serotonergic neurons. 
However, the possibility of false positive 5-HT-IR neurons seems 
significant. Our own data suggest that the median percentage of 
5-HT-IR neurons in this region is 19.7% (range, 14-25.6%). 
Our figures are in agreement with a previous estimate that se- 
rotonergic neurons represent lo-30% of the rostra1 medullary 
cell population (Moore, 198 1). 

5-HT and opioid analgesia 

Our present results suggest that serotonergic neutral cells do not 
directly mediate the antinociceptive effects of opioids in the 
anesthetized rat, since systemic (Barbaro et al., 1986) or local 
PAG (Cheng et al., 1986) administration of morphine does not 
affect the spontaneous firing of neutral cells. This finding calls 
for a reevaluation of the mechanisms by which RVM modulates 
spinal nociceptive transmission and raises questions about the 
involvement of serotonergic RVM neurons in mediating the 
effects of systemic opioids. Previous studies have suggested that 
serotonergic RVM neurons mediate the antinociceptive effects 
of opioids. However, experimental support for this straightfor- 
ward hypothesis is controversial. 

Depletion of 5-HT by chemical pretreatment has no consis- 
tent effect on the antinociception produced by systemic mor- 
phine (LeBars, 1988). Neurotoxin-induced 5-HT depletion has 
been shown to have no effect on morphine analgesia in the tail 
flick (Bodnar et al., 198 1; Dennis and Melzack, 1983) and hot 
plate test (Dennis and Melzack, 1983); to attenuate the effect of 
morphine in the formalin test (only at high p-chlorophenylal- 
anine doses; Dennis and Melzack, 1983), the jump flinch test 
(Bodnar et al., 198 1; Berge et al., 1983), paw withdrawal (Vogt, 
1974), and the hot plate and tail flick test (Berge et al., 1983); 
and to facilitate the effect of low-dose morphine on the formalin 
test (Dennis and Melzack, 1983). 

Studies examining the relationship between opioid adminis- 
tration, behavior changes, and spinal 5-HT metabolism have 
also yielded inconsistent results. Subcutaneous morphine was 
shown to increase the synthesis of 5-HT, in both the dorsal and 
ventral horn of the spinal cord, although the development of 
behavioral analgesia preceded the increase in 5-HT synthesis in 
this study (Weil-Fugazza et al., 198 1). Systemic morphine was 

reported to increase the levels of the 5-HT metabolite 
5-hydroxyindoleacetic acid (5-HIAA), measured fluorometri- 
tally or with HPLC, in the spinal cord (Shiomi et al., 1978; 
Vasko and Vogt, 1982). However, using in vivo voltammetry, 
changes in 5-HT metabolism following opioid administration 
are seen only in awake rats (Rivot et al., 1988). Recently, in 
vivo microdialysis has been used to examine changes in sero- 
tonergic metabolism following morphine administration (Matos 
et al., 1992). Following systemic or intraventricular morphine 
or DAMGO administration, no consistent changes were found 
in 5-HT or 5-HIAA levels in the spinal cord of awake rats 
showing signs of behavioral analgesia. 

Results of studies utilizing intrathecal 5-HT antagonists to 
examine the role of spinal serotonergic transmission in medi- 
ating opioid analgesia have also been difficult to interpret. For 
example, although intrathecal methysergide reduces the eleva- 
tion in tail flick latencies following morphine microinjection 
into the PAG or RVM, a similar effect was not seen in the hot 
plate response (Jensen and Yaksh, 1986). 

The inconsistencies in the published literature concerning the 
contribution of serotonergic transmission to opioid-induced an- 
algesia combined with our demonstration that only a subgroup 
of neutral cells in our sample of RVM neurons were serotonergic 
suggest that if spinal 5-HT derived from RVM does have a role 
in mediating the behavioral effects of opioids, then the mech- 
anism is likely to be complex. For example, even though neutral 
cell activity is unchanged by opioid administration (Barbaro et 
al., 1986; Cheng et al., 1986), serotonergic neutral cells may still 
be indirectly involved if the release of 5-HT has a permissive 
effect on opioid analgesia. In this case, the inhibitory effect of 
descending off-cell axons, excited by supraspinal opioids, may 
require the tonic activity of serotonergic RVM cells. 

Alternatively, even though RVM neutral cell activity is un- 
changed by opioid administration (Barbaro et al., 1986; Cheng 
et al., 1986) this lack of change in neuronal firing does not 
preclude the possibility of changes in 5-HT release at the spinal 
cord level. Jacobs and colleagues have speculated that changes 
in 5-HT release may occur independently from changes in neu- 
ronal firing (Jacobs et al., 1990; Jacobs and Fornal, 199 1). Thus, 
descending off-cell axons excited by supraspinal opioids could 
promote the release of 5-HT from neutral cell terminals in the 
spinal cord, independent of the firing of neutral cell somata. 
The interaction between off- and neutral-cell terminals could 
be either by convergent input to dorsal horn neurons via ax- 
oaxonic synapses (Ruda and Gobel, 1980) or by a parasynaptic 
effect (Herkenham, 1987; Bredt and Snyder, 1992; Valtschanoff 
et al., 1992). 

Mechanism of of-cell inhibition 

Off cells are hypothesized to have a net inhibitory effect on spinal 
nociceptive transmission. This hypothesis is based largely upon 
their projection to the spinal cord and the effect of opioid ag- 
onists and antagonists on their discharge rates (Fields et al., 
199 1). Previous speculation on the mechanism by which off 
cells inhibit spinal nociceptive transmission was based upon the 
finding that opioids evoke 5-HT release in the spinal cord (Fields 
et al., 1991). The present results demonstrate that off-cell in- 
hibition of spinal nociceptive transmission is not directly me- 
diated by 5-HT. 

There is ample evidence for a nonserotonergic component to 
RVM’s descending inhibition. The antinociceptive effects of 
electrical stimulation are only partially reversed by intrathecal 
5-HT antagonists (Hammond and Yaksh, 1984; Barbaro et al., 
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1985). The short latency of the earliest RVM-evoked inhibition 
of dorsal horn neurons (Light et al., 1986) indicates transmission 
by myelinated fibers. Since virtually all rat serotonergic fibers 
are unmyelinated (Basbaum et al., 1988) this effect is at least 
partially transmitted by nonserotonergic axons. In support of 
this idea, serotonergic neurotoxin pretreatment eliminates long- 
latency inhibition of dorsal horn neuronal firing, but does not 
affect short-latency inhibition (Rivot et al., 1980). 

The function of R VA4 serotonergic neutral cells 

RVM neutral cells are clearly a heterogeneous group including 
both serotonergic and nonserotonergic cells. It is possible that 
nonserotonergic neutral cells do not participate in nociceptive 
modulation under any circumstances. However, the extensive 
body of evidence implicating 5-HT in some of the inhibitory 
effects of RVM stimulation suggests that serotonergic neutral 
cells are likely to be involved in the descending modulation of 
spinal nociceptive transmission. Since 5-HT is found only in 
neutral cells, and since RVM provides serotonergic input to the 
dorsal horn (Oliveras et al., 1977; Kwiat and Basbaum, 1992) 
it is likely that a significant number of RVM spinal neurons 
are serotonergic neutral cells. 

It is possible that some or all of the neurons that are char- 
acterized as “neutral cells” would have radically different prop- 
erties in the unanesthetized preparation. For instance, Oliveras 
et al. (199 1) have reported that some “on cells” in the awake 
animal become unresponsive to somatic stimulation after Brev- 
ital administration. However, four of five cells that were un- 
responsive to somatic stimulation in the awake animal remained 
unresponsive following Brevital administration, evidence that 
at least some neutral cells have the same response properties in 
the awake and anesthetized state. 

Recently, McGaraughty et al. (1993) reported that all units 
(n = 20) studied in the awake rat were either activated or in- 
hibited by systemic morphine. This result indicates that char- 
acteristic on- and off-cell, but not neutral-cell-type, responses 
are present in the awake preparation. In contrast, Martin et al. 
(1992) found cells in awake rats that were unresponsive to nox- 
ious peripheral stimulation and also unresponsive to systemic 
morphine, evidence that neutral cell activity can be found in 
the awake animal (see also Auerbach et al., 1985; Fornal et al., 
1985). The discrepancies between the results ofthese two studies 
might be attributed to differences in “stress levels” and accli- 
mation to the experimental setup. In the Martin study, noxious 
stimuli were applied to the rats by the experimenters, whereas 
in the McGaraughty study, no noxious stimuli were applied and 
the experimenters were often “out of view” during the experi- 
ment. The stress induced by handling animals during experi- 
mentation may produce spontaneous neutral cell activity that 
is not present in nonstressed animals (see below). 

Brainstem serotonergic neurons, including those located in 
RVM, are implicated in the modulation of behavioral state 
(Fornal and Jacobs, 1988). Cat RMg cells that are physiologi- 
cally characterized as containing 5-HT are more active during 
alert waking than during quiet waking and are least active during 
slow wave sleep (Fornal et al., 1985). In the awake cat, these 
same (presumed) RMg 5-HT cells are unaffected or only weakly 
excited by somatic stimulation and are unaffected by analgesic 
doses of morphine (Auerbach et al., 1985). In anesthetized rats, 
the spontaneous and evoked activity of most RVM neurons, 
uncharacterized according to their 5-HT content, has been shown 
to be higher during desynchronized EEG periods than during 
synchronized periods (Grahn and Heller, 1989). These studies 

demonstrate that RVM neurons, perhaps including both sero- 
tonergic and nonserotonergic cells, have activity patterns that 
are correlated with EEG activity patterns and possibly behav- 
ioral state. 

Stress may produce a behavioral state during which 5-HT 
cells are activated and 5-HT is released centrally. For example, 
in the awake cat, restraint, a common stressor, activates putative 
5-HT cells in RMg (Auerbach et al., 1985). Behavioral studies 
demonstrate that the baseline tail flick latencies of naive awake 
rats are reduced by intrathecal methysergide, an effect not seen 
in rats habituated to the testing situation (Gamble and Milne, 
1990). Similarly, 5-HT depletion reduces the tail flick latencies 
of naive rats but not of habituated rats (Gamble and Milne, 
1990). These results suggest that in nonhabituated rats, “stress” 
due to handling activates RVM 5-HT cells and evokes release 
ofspinal 5-HT, which in turn lowers nociceptive responsiveness. 
However, since stress typically produces an active waking state, 
it may be difficult to separate the effect of stress from the effect 
of an active versus quiet waking state. Future experiments will 
need to address whether and how serotonergic neutral cells par- 
ticipate in the state- and stress-related modulation of nocicep- 
tion. 
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