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Neurons in the rostral ventromedial medulla (RVM) contrib-
ute to the modulation of nociceptive transmission and to
the analgesic effects of opioids. The RVM contains sero-
tonergic terminal arbors, serotonergic neurons and several
types of serotonin (5-HT) receptors. Limited evidence sug-
gests that 5-HT acting within RVM decreases nociceptive
responsiveness and contributes to opioid analgesia. The
present study examines the density and distribution of se-
rotonergic afferents onto physiologically identified neu-
rons in the RVM.

In anesthetized rats, RVM neurons were characterized by
their response to noxious stimulation as either on (excit-
ed), off (inhibited) or neutral (unaffected) cells. Tissue con-
taining intracellularly labeled RVM neurons was processed
for 5-HT immunocytochemistry. Five off, five on, and three
serotonergic neutral cells were examined with the confocal
microscope for appositions between 5-HT immunoreactive
(5-HT-IR) processes and intracellularly labeled processes.
Serotonergic neutral cells had the highest density of 5-HT-
IR appositions. The density of 5-HT-IR appositions onto off
cells was slightly lower. On cells demonstrated the lowest
density of 5-HT-IR appositions.

These results indicate that 5-HT contributes to nocicep-
tive modulation by direct actions on the activity of RVM
cells. Because the RVM has several sources of serotoner-
gic input and a number of different 5-HT receptor subtypes,
further understanding of the role of RVM 5-HT afferents will
require pharmacological studies to determine the action of
5-HT on each cell class and anatomical studies to deter-
mine the brainstem origin of serotonergic input to each cell
class.

[Key words: 5-HT, pain modulation, raphe magnus, con-
focal microscopy, antinociception, imnmunofluorescence]

Through actions at multiple sites in the brainstem and spinal
cord, serotonin (5-HT) is believed to modulate nociceptive trans-
mission (Basbaum and Fields, 1984; Le Bars, 1988; Fields et
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al., 1991) and to contribute to the analgesic effect of opioids
(see Sawynok, 1988, for review). There is evidence that the
rostral ventromedial medulla (RVM), a region which includes
the nuclei raphe magnus and reticularis gigantocellularis pars
alpha, is an important site for 5-HT actions. Serotonergic fibers
and terminals are found throughout RVM (Fuxe, 1965; Stein-
busch, 1981), as are a number of 5-HT receptor subtypes (Pazos
et al., 1985; Hoffman and Mezey, 1989; Thor et al., 1990). Fur-
thermore, excitatory and inhibitory responses of RVM neurons
to iontophoretically applied 5-HT have been observed in vivo
(Llewelyn et al., 1983; Davies et al., 1988a,b; Hentall et al.,
1993) and in vitro (Pan et al., 1993). Microinjection of 5-HT
into RVM produces antinociception in awake rats in some cir-
cumstances (Llewelyn et al., 1983; cf. Aimone and Gebhart,
1986) and pharmacological manipulations designed to increase
5-HT levels within RVM can also produce hypoalgesia in awake
rats (Llewelyn et. al., 1984). However, since microinjection of
5-HT antagonists into RVM has no effect on nocifensor reflex
latencies (Llewelyn et al., 1984; Kiefel et al., 1992a,b), tonic
release of 5-HT in RVM may not contribute to basal nociceptive
responsiveness.

There is also evidence that 5-HT acting within RVM contrib-
utes to opioid analgesia. An increase in RVM serotonergic me-
tabolism, as measured by voltammetry, has been noted following
systemic opioid administration (Rivot et al., 1989). Furthermore,
RVM is required for the antinociception produced by microin-
jection of opioids into the PAG (for review, see Fields and Bas-
baum 1978; Basbaum and Fields, 1984), and microinjection of
serotonergic antagonists into RVM attenuates the antinocicep-
tion elicited by microinjection of morphine into the PAG (Kiefel
et al., 1992a,b).

RVM neurons can be classified according to changes in ac-
tivity which correlate with opioid administration and reflexes
evoked by noxious stimuli (for review, see Fields et al., 1991).
Off cells, which are proposed to inhibit nociceptive transmission,
cease firing prior to noxious stimulus evoked withdrawal (Fields
et al., 1983a) and become continuously active following opioid
administration (Fields et al., 1983b). On cells increase their fir-
ing prior to a nocifensor reflex (Fields et al, 1983a) and are
silenced by opioid administration (Barbaro et al., 1986); these
cells may have a net facilitatory effect on nociception (see Fields
1992 for review). A third group of cells, neuiral cells, show no
change in activity which correlates with nocifensor reflexes or
opioid administration. The demonstration that a subset of neutral
cells are serotonergic suggests that serotonergic neutral cells
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may contribute to the inhibition of nociception (Potrebic et al.,
1994).

To establish a framework for understanding the action of
5-HT on RVM neurons, it is necessary to identify the neuronal
targets of serotonergic afferents. Therefore, we combined intra-
cellular labeling with 5-HT immunocytochemistry and confocal
microscopy to analyze the density and distribution of 5-HT ap-
positions onto RVM neurons.

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, 1.p.) and were maintained in a light anesthetic ‘state on 0.5-1.0%
halothane in oxygen.

Methods for physiological recording in rats are similar to those pre-
viously described in cats (Mason et al., 1986, 1989, 1990) and will only
be restated briefly. Glass micropipettes (30-80 Mw) 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 KCI. A posterior craniotomy was
followed by aspiration of the cerebellar vermis. Microelectrodes were
then lowered, under visual guidance, into the medulla at a 10-30° angle
to the coronal plane. Neurons were isolated by either spontaneous ac-
tivity or resting membrane potential. Neurons were characterized by
their response to a thermal stimulus applied to the tail and to noxious
pinches to the tail, hindpaws, and nose. Noxious pinch was applied by
toothed forceps at a pressure which was judged painful by the experi-
menters. Only neurons with a consistent response to noxious stimuli
applied to the tail, hindpaws and nose were studied further. Neurons
were labeled with Neurobiotin by injecting constant depolarizing cur-
rent (0.5-4.0 nA) for 30 sec to 15 min.

Animals were sacrificed with a pentobarbital overdose and perfused
with 200 ml of saline followed by | liter of a fixative containing 4%
paraformaldehyde and 7% sucrose in 0.1 M phosphate-buffered saline
(PBS). The brainstem was removed, postfixed for 1 hr in fixative and
cryoprotected overnight in 30% sucrose in 0.1 m PBS. Coronal serial
50 pm sections were cut on a freezing microtome. Intracellular Neu-
robiotin 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,
Burlingame, CA) for 4 hr at 4°C. Sections were protected from light at
all times.

Sections containing labeled neurons were processed for 5-HT im-
munocytochemistry. Rabbit anti-5-HT (INCStar, Stillwater, MN) was
used at a final dilution of 1:20,000. Antiserum was diluted in buffer
[0.1 m PBS, 0.3% Triton X-100, and 1% normal goat serum (NGS)].
Buffers for washing and dilution were the same unless noted. The di-
luted antiserum was incubated 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, Burlingame, CA), or 10 pg/m!
of Bodipy goat anti-rabbit (Molecular Probes, Eugene, OR)] for 68 hr.
Sections were washed once for 10 min in 50 mi of PBS with 0.5%
Triton X-100 and rinsed three times for 10 min in 50 ml of PBS. Sec-
tions were mounted on unsubbed slides, air dried, coverslipped with 2%
n-propyl gallate, and stored at —20°C.

Two types of histological control experiments were performed. 5-HT
antiserum was incubated overnight with 100 pug/ml of a 5-HT-bovine
serum albumin conjugate (INCStar, Stillwater, MN). Preabsorbed anti-
serum substituted into the above protocol produced no specific staining.
Second, when the primary antibody was omitted from the staining pro-
tocol, neither the Bodipy nor the fluorescein conjugated secondary an-
tibody produced any staining.

Neuronal somata and dendrites were examined on a Bio-Rad confocal
laser scanning microscope (MRC-600) using either a 60X or 63X
apochromat objective. These objectives were corrected for both spher-
ical and chromatic aberrations. A zoom of 1.5 was employed in all
cases. Two systems, equipped with either an argon (Al and A2 filter
set) or krypton-argon (K1 and K2 filter set) laser were used. The images

obtained from both systems were comparable. No significant “‘bleed
through” fluorescence was detected between the two filter sets.

Individual optical images were acquired in 1-1.5 pm steps through
the tissue. The confocal apertures were set so that the optical section
thickness was 1.5 pm for the Texas red image and 1.9 pm for the
fluorescein or Bodipy signal. Both fluorophors were visualized simul-
taneously at each optical level. Though the optical thickness was slight-
ly different for the two fluorophors, the optical sections were centered
at the same section depth.

Coronal reconstructions were made from projected (summed) images
of every scanned field. The summed images were photographed, printed
at a magnification of approximately 600X, and compiled onto a single
reconstruction.

Dual images (intracellular and immunocytochemical labels) from
each optical section taken through the tissue were merged using soft-
ware provided by the manufacturer (Bio-Rad, Hercules, CA). Apposi-
tions were judged by visual inspection. For ambiguous contacts, a graph
of half-maximal pixel intensity was used to judge whether an apposition
existed, as detailed by Mason et al. (1992). The locations of all appo-
sitions were plotted on the coronal reconstructions of each cell.

In order to compute appositional densities, the surface area of the
somata and dendrites were calculated with software provided by the
manufacturer (Bio-Rad) using measurements of somatic perimeter taken
every 1-3 pm throughout tissue where the soma was present. Surface
area was calculated as the product of the perimeter and the distance
between optical sections. Sections that contained the top or bottom of
the soma contributed both a perimeter element and surface area mea-
surement.

Dendritic length was measured from reconstructions using a com-
puter linked drawing pad. Dendrites were subdivided, if necessary, into
components of no longer than 400 pm. In addition, dendrites were
subdivided at points where there was an abrupt change in diameter. The
diameter at the proximal and distal ends of all dendritic segments was
measured from the original confocal images using software provided by
the manufacturer (Bio-Rad). Dendritic surface area (S.A.) for each seg-
ment was calculated according to the following formula for S.A. of a
right angle cone:

SA. = (r, 1) % B+ (r, = r P,

where r, is the.radius of the dendrite at its proximal end, r, is the
dendrite radius at its distal end, and / is the length of the dendrite
segment.

All dendritic segments were assigned to one of four annuli, each one
including 250 pm of dendritic length. The central annulus included
dendrites that radiated for up to 250 pm from the soma. The second
annulus included dendrites at lengths of 251-500 pm from the soma
and so on. The assignment of dendrites to an annulus was based solely
on the coronal vector of the dendrite’s path from the soma; no adjust-
ment was made for dendritic travel in the sagittal plane.

The density of appositions was determined by dividing the number
of appositions in the region of interest by the surface area of the intra-
cellularly labeled processes in that same area. All data is presented as
means = SDs. Since the data for each cell class was distributed nor-
malily (Lilliefors, NS for all groups) and since both ¢ and F statistics
are fairly insensitive to small deviations from a normal distribution, the
densities for the three cell classes were compared using a one-way
ANOVA followed by Tukey’s post hoc tests for pair wise comparisons.
All statistics were calculated using SYSTAT 5.2.1 (Systat, Inc., Evanston,
IL).

A variant of the ‘‘frame-shifted merge” method of Mason et al.
(1992) was used to estimate the expected density of 5-HT appositions
onto RVM neurons. This estimate is dependent upon the overall density
of the 5-HT boutons in the region of interest. In order to estimate this
expected density, optical sections were randomly selected from an on,
off and neutral cell. Each randomly selected optical section, containing
an intracellularly labeled process(es), was merged with an optical sec-
tion containing 5-HT-IR from a different focal plane, 6 wm distant (in
the z-axis). The frame-shifted merges were examined by a naive ob-
server and were interspersed with non-frame-shifted merges. The num-
ber of appositions seen in the frame shifted merges was divided by the
total surface areas of the intracellularly labeled neuronal processes con-
tained in these images (2959 pm?) to give the expected density of 5-HT
appositions within the RVM. For a subpopulation of RVM neurons, a
density greater than the expected number indicates that the subpopula-
tion is targeted by 5-HT boutons.
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A, 5-HT immunoreactivity in RVM. Both cells and varicose axonal fibers are clearly visible. B, High power view of an intracellularly

labeled neutral cell. The 5-HT immunoreactivity of this neuron is visible in the left panel. The image is a maximal projection, composed of 10

confocal optical sections. Both panels were imaged simultaneously.

Illustrations of appositions were obtained by printing confocal images
which have been intensity adjusted for presentation. The figures repre-
sent either single optical sections or maximal projections, constructed
from a stack of 2-12 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 serial
confocal optical slices.

Results

These cells are part of a cohort described previously (Potrebic
et al., 1994) in which the 5-HT-IR of intracellularly labeled neu-
rons was examined. In the present study, the density and distri-
bution of 5-HT-IR appositions onto a subset (N = 14) of the
previously studied neurons is studied. This subset of cells was
chosen because for each of the cells chosen, the dendritic arbor
was well labeled. All statistics are based upon 13 cells which
are contained in three physiological cell classes; one cell class
(nonserotonergic neutral cells) containing only a single cell was
thus omitted from statistical comparisons.

Physiology

Classification of RVM neurons as off, on or neutral cells was
based upon changes in neuronal firing observed during the heat
evoked tail flick reflex and in response to noxious pinch of the
tail, hindpaws and nose (Fields et al., 1983a; Mason et al., 1990;
Potrebic et al., 1994). Off cells decreased and on cells increased
their firing rate in response to both noxious tail heat and noxious
pinch applied to different body regions. Only cells with changes
in neuronal firing that were both related to stimulus presentation
and consistent in the sign of their response, at all stimulation
sites, were classified as on or off cells. Neutral cells did not
change their firing rate during trials of tail heat or noxious pinch.
Units which were not spontaneously active and not excited by
noxious stimulation were not studied further, since cells with this
type of response profile could represent either silent off or neu-
tral cells.

Intracellular label

Fourteen physiologically characterized, intracellularly labeled
RVM cells—five off cells, five on cells, and four neutral cells—
were analyzed in this study. An example of the appearance of
the intracellular label imaged with the confocal microscope is
shown in Figure 1B. The neurons were located in RVM at the
level of the facial nucleus, (interaural levels from —2.6 mm to
—1.8 mm; Paxinos and Watson, 1986), with the majority being
found within 300 pm of the midline (Fig. 2). None of the intra-
cellularly labeled on and off cells were serotonergic (see Fig.
3F); three of the four neutral cells demonstrated 5-HT-IR (see
Figs. 1, 3C,D; Potrebic et al., 1994). Since only one nonsero-
tonergic neutral cell was studied, this cell was omitted from the
statistical analyses.

The somatodendritic morphology of on and off cells matches
previously published descriptions (Mason et al., 1990; Potrebic
and Mason, 1993). The dendrites of labeled on and off cells
were long with few branches and extended primarily along the
mediolateral axis (Fig. 4). The somatodendritic morphology of
the single nonserotonergic neutral cell in our sample was similar
in orientation and size to these two classes of neurons (Fig. 5).
As can be seen by comparing the somatodendritic reconstruc-
tions in Figures 4 and 6, the serotonergic neutral cells appear
smaller than the on and off cells. The total surface area of the
serotonergic neutrals averaged 3618.0 = 377.9 pm? (n = 3) and
was less than that of the off cells (11957.6 = 4841.7 pm?, n =
5) or on cells (15329.6 £ 8168.6 pm?, n = 5). One-way AN-
OVAs on the log transformed (in order to standardize the vari-
ance) surface area revealed that serotonergic neutral cells were
smaller than on and off cells in total surface area (F[2,10] =
7.7060, p = 0.0094, Tukey post hoc tests, ons vs neutrals p =
0.0090, offs vs neutrals p = 0.0259). The dendritic surface areca
of serotonergic neutral cells was smaller than that of on cells
but not of off cells (one-way ANOVA, F[2,10] = 5.9834, p =
0.0196, Tukey post hoc tests, ons vs neutrals p = 0.0167, offs
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Figure 2. The locations of the 13 intracellularly labeled neurons are
plotted on these schematics of RVM. Only the soma and proximal den-
drites are shown. Some cells have been reversed mediolaterally for
graphical purposes. Neurons are grouped according to cell type. The
dashed lines represent the outline of the RVM region containing sero-
tonergic neurons. RMg, nucleus raphe magnus; GiA, nucleus reticularis
gigantocellularis pars alpha; py, pyramidal tract; Rpa, nucleus raphe
pallidus.

vs neutrals p = 0.0663). The somatic surface area of all three
cell types examined did not differ (one-way ANOVA, F[2,10]
= 3.5378, p = 0.0689).

Axons were identified for 9 of the 14 labeled cells. The axon
was identified by (1) its thin, nontapering diameter, (2) by the
presence of collaterals, and (3) by following it as it traveled
outside the dendritic arbor. Axons that traveled outside of the
region of the dendritic arbor were followed onto distant sections
that were not analyzed in the present study. For these purposes,
the axon was traced as it passed through serial sections that were
processed using a diaminobenzidine reaction.

5-HT immunocytochemistry

Both 5-HT-IR neurons and fibers in RVM were labeled by our
immunocytochemical protocol (Figs. 1A, 3). 5-HT-IR neurons
were found in nucleus raphe magnus and in the nucleus reticu-
laris gigantocellularis pars alpha, just dorsal to the pyramids (see
also Fig. 2 in Potrebic et al., 1994).

In general, 5-HT-IR fibers were more widely distributed than
5-HT-IR neurons and were found throughout the RVM, in both
nucleus raphe magnus and nucleus reticularis gigantocellularis

pars alpha. Both nonvaricose fibers and fibers with axonal swell-
ings were seen. Profiles which resembled boutons in size and
shape, but without interconnecting fiber segments were also
found. The distribution of immunoreactive neurons and fibers is
in agreement with previous descriptions (Steinbusch, 1981).

Serotonergic appositions onto RVM neurons

Contacts between the intracellularly labeled neuronal processes
and 5-HT-IR processes were identified by merging the digitized
images obtained from the two fluorophors at each optical plane
(see Materials and Methods and Fig. 3A). Appositions were de-
fined as sites at which there were no unlabeled pixels between
5-HT-IR profiles and Texas red labeled processes (Fig. 3). In-
dividual appositions could be seen either in single optical sec-
tions or, in the case of larger 5S-HT-IR profiles, on two adjacent
sections.

A 5-HT-IR profile apposing an intracellularly labeled process
was considered an apposition if its diameter swelled to at least
twice the width of its parent fiber or, if no interconnecting fiber
was visible, it was larger than 0.3 wm?. Profiles without inter-
connecting segments were differentiated from nonvaricose fibers
imaged in cross section by a change in size and shape on ad-
jacent optical sections.

Density of 5-HT-IR appositions onto RVM neurons

Although 5-HT-IR appositions were found on all cell types
(Figs. 3-6), there was a differential density of appositions among
on, off and serotonergic neutral cells (Fig. 7). Serotonergic neu-
tral cells had the highest density of 5-HT-IR appositions, with a
mean density of 16.1 appositions/1000 pm? (£3.9, n = 3) of
somatodendritic surface area. The density of 5-HT-IR apposi-
tions onto off cells was lower (7.9 = 0.8 /1000 pm?, 1 = 5).
The lowest density of 5-HT-IR appositions was seen in the on
cell group (5.2 = 1.0/1000 pm?, n = 5). There was no overlap
in the range of densities for 5-HT-IR appositions in these cell
groups and the differences in density were found to be statisti-
cally significant between on, off, and serotonergic neutral cells
(one-way ANOVA F[2,10] = 30.7406, p = 0.0001, Tukey post
hoc tests, p = 0.0002 for on vs serotonergic neutral, p = 0.0006
for off vs serotonergic neutral, p = 0.1133 for on vs off) (Fig.
7A).

The difference in appositional density among the three cell
groups reflects significant differences in the density of apposi-
tions on dendritic processes (one-way ANOVA F[2,10] =
244117, p = 0.0001, Tukey post hoc tests, p = 0.0003 for on
vs serotonergic neutral, p = 0.0012 for off vs serotonergic neu-
tral, p = 0.1781 for on vs off) (Fig. 7B). In contrast, the density
of somatic appositions was only different between serotonergic
neutral cells and on cells (one-way ANOVA F[2,10] = 5.7709,
p = 0.0216, Tukey post hoc tests, p = 0.0185 for on vs sero-
tonergic neutral, p = 0.0716 for off vs serotonergic neutral, p
= 0.6169 for on vs off) (see Fig. 7C).

Axons were identified in five off cells and four on cells. The
appositional density onto labeled axons averaged 6.67/1000 pm’
(£ 1.65/1000 pm?, n = 5) for off cells and 3.7/1000 pm‘
(£2.05/1000 pm?, n = 4) for on cells.

The density of 5-HT-IR appositions was further analyzed in
relation to dendritic branch order and somatodendritic annulus
(see Materials and Methods). Within each cell group, apposi-
tional density did not appear to vary systematically with den-
dritic branch segment order (not shown). Reflecting their smalle
size, labeled serotonergic neutral cells had processes that were
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Figure 4. The sites of 5-HT-IR appositions are mapped onto reconstructions of intracellularly labeled RVM neurons. A, Off cell. The inset shows
appositions onto the soma and proximal dendrites. B, On cell. In both figures, each dot represents a single apposition. The large size of the dot, in
comparison to the actual size of axonal varicosities, obscures the low density of 5-HT appositions. The long vertical arrow marks the midline. The
short arrow points to the axon. All scale bars are 25 pm.
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Figure 5. The distribution of S-HT-IR appositions onto an intracellularly labeled nonserotonergic neutral cell is shown. The inset shows appositions
onto the soma and a ventrally directed dendrite. Conventions as in Figure 4.

restricted to the first and second annuli, whereas labeled on and
off cells had dendrites extending into the fourth annulus. There
was no apparent pattern to the distribution of 5-HT-IR apposi-
tions onto individual cells, with regard to either dendritic branch
order or annular location. For the central annulus, serotonergic
neutral cells had a significantly higher appositional density as
compared to on and off cells and off cells a higher density than
on cells (one-way ANOVA F[2,10] = 30.7394, p = 0.0001,
Tukey post hoc tests, p = 0.0002 for on vs serotonergic neutral,
p = 0.0010 for off vs serotonergic neutral, p = 0.0460 for on
vs off) (see Fig. 8). Similarly, for appositions contained in the
second annulus, on and off cells received fewer 5-HT-IR appo-
sitions than serotonergic neutral cells but were not different from
each other (one-way ANOVA F[2,8] = 77.5321, p < 0.0001,
Tukey post hoc tests, p = 0.0002 for on vs serotonergic neutral,
p = 0.0002 for off vs serotonergic neutral, p = 0.7751 for on
vs off).

The one nonserotonergic neutral cell studied received S-HT-
IR appositions (see Fig. 5). The 5-HT-IR appositional density
onto this cell was 5.9 appositions/1000 wm?, a value that is with-
in the range found for on cells.

Pattern of 5-HT-IR appositions onto RVM neurons

The pattern of appositions on labeled RVM neurons is best de-
scribed as patchy and diffuse. While individual isolated appo-
sitions were found on dendrites of every cell, many appositions
were clustered in groups of two to nine (Fig. 3). Additionally,
although most single fibers appeared to contribute a single ap-
position, some individual axonal segments contributed multiple
(range 2-8) contiguous appositions onto one labeled cell. In
most such cases, fibers contributing more than one apposition

contacted a single dendrite or soma. In a small number of cases,
the same axonal collateral contributed to appositions onto the
soma and adjacent primary dendrites or onto adjacent dendritic
branch segments. However, it must be noted that no specific
attempt was made to reconstruct individual fibers; only fibers
that could be easily followed were studied in this way. There-
fore, the number of fibers from which multiple appositions arise
is probably underestimated by our method of analysis.

Serotonergic neutral cells and off cells had the highest per-
centage of dendritic branch segments with appositions; 73% of
individual branch segments received at least one serotonergic
apposition. On cells had slightly more ‘“bare” dendritic seg-
ments; 61% of on cell dendritic branch segments had one or
more serotonergic appositions. This pattern is reflected in the
pattern of appositions onto primary and secondary dendritic
branch segments. For primary dendrites, 62% of serotonergic
neutral cell, 59% of off cell, and 42% of on cell dendritic
branches received at least one apposition. For secondary branch-
es, 84%, 74%, and 50% of serotonergic neutral, off and on cell
segments, respectively, were found to have appositions.

Neutral cells had a higher proportion (67%) of dendritic
branches with a density of serotonergic appositions greater than
the mean overall appositional density (7.00 appositions/1000
pm?) than did on (29%) or off (50%) cells.

Control experiments

In order to judge the reproducibility of the identification of ap-
positions, an observer unfamiliar with the data reexamined a
total of 25 pairs of optical sections. As detailed in Materials and
Methods and in a previous report (Mason et al., 1992), 25 sec-
tions containing a stained neuron were randomly chosen. Each
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Figure 7. Scatter graphs show the density of 5-HT-IR appositions (per

1000 pm? surface area) for the 13 intracellularly labeled neurons (five
off, five on, and three serotonergic neutral cells). Each neuron is rep-
resented by an open circle. A, Total density is calculated from the total
number of appositions on each neuron divided by the total surface area
of that neuron. B, Dendritic density is the density of appositions found
only on the dendrites. C, Somatic density is the density of 5-HT-IR
appositions onto only the soma.

midline

5-HT-IR appositions onto two intracellalarly labeled 5-HT-IR neutral cells. Each dot represents a single apposition. Note that the scale

optical section containing a labeled cell was then merged with
an optical section of the 5-HT immunoreactivity that was located
6 frames (=11.4 pm) away. Of 13 optical sections judged not
to contain appositions by the initial experimenter, the blinded
observer also did not identify any appositions. In 12 optical files
with 21 appositions identified by the initial observer, the second
observer identified 20 (95%). Additionally, the second observer
noted a contact not identified initially.

In order to estimate the expected density of 5S-HT-IR apposi-
tional profiles in the region of the intracellularly labeled RVM
neurons, a variant of the “frame-shifted merge” method of Ma-
son et al. (1992) was used. Briefly, randomly selected optical
sections containing a Texas red labeled intracellular process
were merged with optical sections of the 5-HT-IR signal from
an entirely separate focal plane (Mason et al., 1992). The density
of appositions onto a segment of labeled neuron is then a mea-
sure of the expected occurrence of appositions with respect to
the density of the afferent label. The mean density of appositions
calculated in a series of frame shifted merges from three RVM
neurons was 2.8/1000 pm? (£2.5/1000 wm?, n = 3). The den-
sity of appositions onto off and serotonergic neutral cells, but
not on cells, differed significantly from the density found in the
frame-shifted series (one-way ANOVA, F[3,12] = 21.0632, p
< (.0001, Tukey post hoc tests, p = 0.0002 serotonergic neu-
trals vs frame shifts, p = 0.0460 offs vs frame shifts, p = 0.5526
ons vs frame shifts).

Discussion

We have demonstrated that RVM 5-HT-IR neutral cells receive
the highest density of 5-HT-IR appositions of all RVM cell types
examined. This intriguing result suggests that the activity of se-
rotonergic cells is regulated by 5-HT release. In addition, we
have found that RVM off cells receive a significantly higher
density of appositions than is predicted by the density of 5-HT
afferents alone. Since off cells contribute to pain modulation,
these results support the hypothesis that RVM serotonergic af-
ferents are involved in nociceptive modulation.

Technical considerations

Compared to standard fluorescent microscopy, confocal laser
scanning microscopy (CLSM) both improves optical resolution
in the x-y plane (see Fig. 3 in Mason et al.,, 1992) and permits
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Figure 8. Scatter graphs show the density of 5-HT-IR appositions (per
1000 wm? surface area) for the intracellularly labeled neurons as a func-
tion of distance from the soma. Each annulus represents 250 pm of
dendritic length (see Materials and Methods).

optical thin sectioning in the z-axis (Pawley, 1990). Furthermore,
as compared to electron microscopy, working at the light micro-
scope level permits more efficient analysis of the distribution of
inputs over a large extent of a neuron’s somatodendritic domain.

CLSM was used in this study to identify appositions between
intracellularly labeled processes and 5-HT-IR profiles in z-axis
optical sections of 1.5-1.9 wm. This technique will overestimate
serotonergic input since not all appositions are sites of synaptic
contact. Although, we cannot determine the percentage of ap-
positions that correspond to synapses, 5-HT-IR synapses onto
RVM neurons have been described at the ultrastructural level
(Chazal and Ma, 1989). Furthermore, the overestimation of syn-
aptic contacts introduced by our CLSM method is likely to be
the same for all neuronal classes since similar aperture settings
were employed in scanning all cells.

Appositions, as defined in the present study, are likely to in-
clude classical synapses as well as profiles that, at the resolution
of the light microscope, actually appose the labeled neuron but
would be seen to lack the identifying features of classical syn-
apses if they could be viewed at the EM level. Since the optical
sections being examined represent a volume of tissue that is
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approximately 1.9 pm thick, it is likely that some contacts that
are called appositions represent apparent overlap in the x-y plane
but would be seen to not make contact if viewed in an x-z or
y-z plane. These would clearly not be considered contacts in an
anatomical sense. It is important to point out that because of the
possibility of volume transmission, nearby but nonsynaptic
5-HT-IR appositions could represent functional transmitter re-
lease sites for the postsynaptic neuron. Purely anatomical criteria
are insufficient to determine the functional significance of such
appositions. However, if 5-HT-IR appositions were targeted
upon a specific class of RVM neurons, their density might be
expected to be significantly higher than can be accounted for by
the overall density of 5S-HT-IR appositional profiles in the RVM.

Serotonergic neutral cells in our sample are smaller than other
cells. Thus, it is possible that the greater overall appositional
density found onto serotonergic neutral cells is due to incom-
plete filling of distal dendrites. However, the differences in den-
sity among the cell groups hold if the appositional density in the
central and second annuli of the different cell types are com-
pared.

In our sample, neutral cells were located more ventrally than
the on or off cells. While there may be a higher density of 5-HT
terminals in this region, this is unlikely to account for our results
since a ventrally located non-5-HT neutral cell received a low
density of 5-HT-IR appositions.

Comparison with previous results

Our results indicate that RVM serotonergic neurons receive se-
rotonergic afferent input. Similar results have been noted in cats
(Pretel and Ruda, 1988). However, our result is in apparent con-
flict with a study examining the fine structure of rat RVM se-
rotonergic processes. Chazal and Ma (1989) did not find sero-
tonergic terminals contacting serotonergic somata or proximal
dendrites in rat raphe magnus. Since glutaraldehyde, which
greatly reduces serotonergic terminal staining, was present in the
fixative used in the Chazal and Ma study, it is possible that many
5-HT-IR boutons were unlabeled. If this were true, many, if not
most, 5-HT-IR synapses would not appear immunoreactive.

Serotonergic Influences on RVM cell activity

All neurons in RVM received 5-HT-IR appositions. Two classes
of RVM neurons, off and serotonergic neutral cells, received a
significantly higher density of 5-HT-IR appositions than would
be predicted by the density of serotonergic afferents in RVM.
Although it is difficult to interpret the functional significance of
a given appositional density, comparison with other neurotrans-
mitters may be meaningful. For example, the density of sero-
tonergic appositions onto serotonergic RVM neutral cells is ap-
proximately five fold greater than the density of enkephalinergic
appositions onto on cells, the RVM population with the greatest
density of enkephalinergic input (Mason et al., 1992).
Serotonergic neutral cells. It is unclear whether the seroto-
nergic appositions onto serotonergic neutral cells contribute to
nociceptive modulation, largely because the role of serotonergic
neutral cells is still imprecisely defined. In anesthetized rats,
RVM neutral cell activity is not consistently altered by noxious
stimulation (Fields et al., 1983a) or by systemic, supraspinal, or
local administration of opioids (Barbaro et al., 1986; Cheng et
al., 1986; Fang et al., 1989; Heinricher et al., 1992). On the
other hand, since 5-HT within the spinal cord has primarily in-
hibitory effects on nociception (Yaksh and Wilson, 1979; Fields
and Basbaum, 1984; Sawynok, 1988) serotonergic neutral cells
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may contribute to the inhibition of nociception (Potrebic et al.,
1994).

Little is known about 5-HT’s effects on neutral cell activity.
In an in vivo study combining microinjection with extracellular
recording, local infusion of a 5-HT,, agonist, 8-0H DPAT, sup-
pressed neutral cell activity (Heinricher et al., 1993). In vitro
studies also suggest that 5-HT directly hyperpolarizes opioid-
insensitive neurons, a population which likely includes neutral
cells (Pan et. al., 1990). In interpreting these results, it is im-
portant to remember that the in vivo electrophysiological study
was not able to distinguish between serotonergic and nonsero-
tonergic neutral cells while the in vitro study did not distinguish
between off and neutral cells. Therefore, it is likely that record-
ings were made from mixed populations in both experiments.

The finding that serotonergic neutral cells receive a high den-
sity of 5-HT-IR appositions suggests that 5-HT plays an impor-
tant role in controlling the activity of these cells. Although most
studies concerning presynaptic regulation of 5-HT release by
5-HT have focused on receptors located on axonal terminals, the
somata and dendrites of serotonergic neurons also have 5-HT
receptors (Chesselet, 1984; Jacobs and Azmitia, 1992). The dif-
ferential roles of autoreceptors on terminals or somata and den-
drites have not been elucidated. While the present results do not
address this question directly, they suggest that an action of
5-HT at the soma and dendrites of serotonergic RM/NRPGa
neurons is likely to be important. In order to delineate the spe-
cific role of these connections, future studies will need to iden-
tify (1) the source of the serotonergic afferents to serotonergic
neutral cells and (2) the 5-HT receptor subtypes located on the
serotonergic neutral cells.

Off cells. Since off cells receive a significant serotonergic in-
nervation and are hypothesized to contribute to antinociception,
RVM serotonergic afferents to off cells may contribute to no-
ciceptive modulation. Electrophysiological studies provide evi-
dence for a primarily inhibitory effect of 5-HT upon off cells.
Primary neurons recorded in the RVM slice are not directly
affected by opioids but receive a GABAergic IPSP that is de-
creased by opioids; these cells likely correspond to off cells in
vivo since off cell activity is excited by analgesic doses of
opioids but is not affected by iontophoretic application of
opioids (Heinricher et al., 1992). In the RVM slice preparation,
84% of “‘primary” neurons were hyperpolarized by perfusion of
5-HT, whereas 11% were depolarized (Pan et al., 1993). In ad-
dition, iontophoretic application of 5-HT reduces the spontane-
ous activity of RVM off cells in the rat (Hentall et al., 1993).
The behavioral antinociceptive effect reported to result from
5-HT microinjection into RVM (see introductory section) would
not be predicted from the observed electrophysiological inhibi-
tion of off celis and their hypothesized nociceptive inhibitory
effect.

On cells. Serotonergic appositions were found onto on cells
at a density that was not different than from that predicted by
the overall density of 5-HT profiles in the RVM. Although these
anatomical data do not allow us to determine the physiological
significance of 5-HT input to on cells, there is evidence sug-
gesting that on cell activity can be modulated by 5-HT. In the
slice, most “‘secondary cells” (Pan et al., 1990), neurons that
are directly hyperpolarized by opioids and likely correspond to
on cells, are hyperpolarized by 5-HT (Pan et al., 1992). Since
on cells are postulated to facilitate nociception (Fields, 1992)
their inhibition could contribute to an antinociceptive action.
However, “‘on-like’ cells recorded in vivo showed more varied

changes in activity following iontophoresis of 5-HT: excitation
(40%), inhibition (30%), and inhibition followed by excitation
(25%) (Hentall et al., 1993).

Influences of 5-HT in RVM on nociceptive modulation

As summarized in the introduction, some evidence suggests that
the activation of serotonergic afferents to RVM neurons results
in the inhibition of nociceptive transmission. This antinocicep-
tive effect is presumably mediated through changes in the activ-
ity or response characteristics of RVM output neurons. However,
as discussed above, the described actions of 5-HT on presumed
RVM modulatory neurons do not consistently predict an antin-
ociceptive effect of RVM 5-HT.

The electrophysiological effect of 5-HT on an RVM neuron
will depend on the receptors expressed by the postsynaptic cell
and presynaptic terminal, while the behavioral effect of 5-HT
release depends additionally on the source of the 5-HT afferent
and the conditions under which that afferent is active. Anatom-
ical studies have demonstrated the presence of 5-HT,, binding
sites (Thor et. al., 1990), 5-HT . receptors (Hoffman and Mezey,
1989) and 5-HT, binding sites (Pazos et al., 1985). Within RVM,
5-HT can have either excitatory effects via 5-HT,,,. receptors
(Davies et al., 1988a), or inhibitory effects, via 5-HT,, , recep-
tors (Davies et al., 1988b; Pan et al., 1993). In addition, 5-HT
afferents to RVM originate from several sources, including the
B7, B8, and B9 cell groups (Beitz, 1982).

Another source of variability in 5-HT’s influences on RVM
neurons and behavior may be derived from the complex mod-
ulatory effect of 5-HT. 5-HT may have little or no effect on a
neuron’s spontaneous activity while dramatically altering evoked
responses. For example, in rat facial nucleus, microiontophoresis
of 5-HT fails to excite facial motoneurons but facilitates the
excitatory responses evoked by either glutamate application or
afferent stimulation (McCall and Aghajanian, 1979). Similarly,
in rat somatosensory cortex, microiontophoresis of 5-HT reduces
the excitation evoked by mechanical displacement of the skin to
a greater extent than the spontaneous activity (Waterhouse et al.,
1986).

In summary, the effects of 5-HT on RVM neurons likely de-
pend on both the type and distribution of 5-HT receptors and
their location on different RVM cell classes and afferents. Thus,
information about the sources of serotonergic input to each cell
class as well as the complement of receptors expressed by neu-
rons of each type will be required for a full appreciation of the
mechanisms by which serotonergic afferents affect RVM mod-
ulatory outputs.
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