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ABSTRACT

Despite the evidence for a significant contribution of brainstem serotonergic (5HT)
systems to the control of spinal cord “pain” transmission neurons, attention has turned
recently to the influence of nonserotonergic neurons, including the facilitatory and inhibitory
controls that originate from so-called “on” and “off” cells of the rostroventral medulla (RVM).
Unclear, however, is the extent to which these latter circuits interact with or are influenced
by the serotonergic cell groups. To address this question we selectively targeted expression of
a transneuronal tracer, wheat germ agglutinin (WGA), in the 5HT neurons so as to study the
interplay between the 5HT and non-5HT systems. In addition to confirming the direct
medullary 5HT projection to the spinal cord we also observed large numbers of non-5HT
neurons, in the medullary nucleus reticularis gigantocellularis and magnocellularis, that
were WGA-immunoreactive, i.e., were transneuronally labeled from 5HT neurons. Fluoro-
Gold injections into the spinal cord established that these reticular neurons are not only
postsynaptic to the 5HT neurons of the medulla, but that most are also at the origin of
descending, bulbospinal pathways. By contrast, we found no evidence that neurons of the
midbrain periaqueductal gray that project to the RVM are postsynaptic to midbrain or
medullary 5HT neurons. Finally, we found very few examples of WGA-immunoreactive
noradrenergic neurons, which suggests that there is considerable independence of the mono-
aminergic bulbospinal pathways. Our results indicate that 5HT neurons influence “pain”
processing at the spinal cord level both directly and indirectly via feedforward connections
with multiple non-5HT descending control pathways. J. Comp. Neurol. 507:1990-2003, 2008.
© 2008 Wiley-Liss, Inc.
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Until recently, studies of the bulbospinal systems that
originate from the rostral ventral medulla (RVM) empha-
sized their contribution to inhibitory control of “pain”
transmission. Most important, opioid injection into or
electrical stimulation of the midbrain periaqueductal gray
(PAG) activates these descending pathways and concur-
rently produces a profound antinociceptive action, includ-
ing inhibition of the firing of dorsal horn nociresponsive
neurons and behavioral analgesia (Basbaum and Fields,
1984). Although neurochemically distinct pathways arise
from the RVM, considerable evidence pointed to the con-
tribution of medullary serotonergic neurons. For example,
morphine evokes the release of serotonin at the level of the
spinal cord and RVM (Matos et al., 1992; Taylor and
Basbaum, 2003) and serotonin depletion using pharmaco-
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logical or ablative procedures blocks the analgesia induced
by systemic administration of morphine (Vogt, 1974;
Proudfit and Anderson, 1975; Yaksh et al., 1977).
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In agreement with these findings, Zhao et al. (2007a,b)
reported that inflammatory pain is enhanced and opioid
analgesia is severely compromised in mice lacking sero-
tonergic neurons. Interestingly, these mice were less sen-
sitive to mechanical stimuli, indicating that there are
bidirectional serotonergic controls upon nociceptive pro-
cessing. Comparable conclusions were made from studies
in the rat (Porreca et al., 2002; Suzuki et al., 2004b). For
example, although intrathecal injection of relatively non-
selective 5HT receptor antagonists reduces the analgesia
induced by chemical or electrical stimulation of the RVM
(Hammond and Yaksh, 1984; Jensen and Yaksh, 1984;
Barbaro et al., 1985), studies using more selective antag-
onists demonstrated that descending 5HT systems can
exert both inhibitory or facilitatory actions on nociceptive
processing via the 5HT1A and 1B/D receptors or the
5HT1A, 2A, and 3 receptors, respectively (Green et al.,
2000; Zeitz et al., 2002; Sasaki et al., 2006).

Electrophysiological classification of RVM neurons into
so-called “on” (i.e., pain facilitatory) and “off” (pain inhib-
itory) cell groups surprisingly did not include 5HT neu-
rons (Potrebic et al., 1994; Mason, 1997; Gao and Mason,
2000). Rather, serotonergic neurons constitute a hetero-
geneous population, with slow, regular discharge patterns
and variable responses to noxious stimuli and to opioid
agonists (Gao and Mason, 2001; Zhang et al., 2006). In-
deed, Gao et al. (1998) concluded that neither 5HT nor
activity of serotonergic cells is required for the analgesia
evoked by opioids. Taken together, these results suggest
that there is a serotonergic regulation of pain control
mechanisms, but that these controls can occur in the ab-
sence of 5HT (Jacobs and Azmitia, 1992). If anything,
these findings argue against a direct involvement of 5HT
neurons in pain control. Hence the question: how indepen-
dent is the 5HT system from the circuits through which
“on” and “off” cells regulate spinal cord “pain” transmis-
sion neurons?

In the present study we used a genetic transneuronal
tracing system (Braz et al., 2002, 2005) to examine some of
the pain-relevant neuronal networks engaged by 5HT
neurons in the mouse. These studies utilize a transgenic
mouse, referred to as the ZW mouse, in which expression
of the anterograde/transneuronal tracer wheat germ ag-
glutinin (WGA) can be induced, after Cre recombination,
in defined subpopulations of neurons of the central ner-
vous system (CNS). Here, we selectively triggered expres-
sion of WGA in 5HT neurons of the brainstem raphe.
Using this approach we could not only map the projections
of 5HT neurons, but we also identified many of the neu-
rons that lie downstream of the 5HT populations of brain-
stem raphe neurons. We provide evidence that in the
mouse parallel, but interconnected serotonergic and non-
serotonergic descending pathways arise from the 5HT
neurons of the rostral ventral medulla (RVM) and that the
5HT neurons are critical integrators of these outputs. We
also provide new information on the interconnections of
the RVM and the midbrain periaqueductal gray.

MATERIALS AND METHODS
Animals

All experiments were reviewed and approved by the
Institutional Care and Animal Use Committee at the Uni-
versity of California San Francisco. We generated double
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transgenic ePet-ZW mice in which transneuronal antero-
grade transport of the tracer WGA can be triggered in
brainstem and midbrain neurons that express serotonin.
These mice were generated by crossing our ZW line (Braz
et al., 2002) with mice that express Cre recombinase un-
der the control of the ePet-1 promoter (Scott et al., 2005).
To determine the Cre expression pattern in the ePet-Cre
mouse, we crossed the ePet-Cre mice with the ROSA26
Cre reporter mice (Soriano, 1999) in which expression of
B-galactosidase (B-gal) is induced in neurons where Cre
recombination occurs.

Fluorogold injections

Four-week-old ePet-ZW animals were anesthetized by
intraperitoneal injection of ketamine (60 mg/kg)/xylazine
(8 mg/kg) and placed in a stereotaxic instrument. Follow-
ing incision of the skin we used a dental drill to make a
small midline burr hole over the cerebellum. To target the
dorsal raphe and nucleus raphe magnus we inserted a
micropipette, attached to a manual microinjector (Sutter
Instrument, Novato, CA), to a depth of 3 or 6 mm, respec-
tively, below the skull. We made a single injection of
FluoroGold (1 pL of a 2% solution). The micropipette was
kept in place for an additional 2 minutes, then withdrawn.
Once injections were complete the scalp was sutured and
the mice were maintained under a warming lamp until
they recovered from the anesthesia, after which they were
returned to standard housing.

Immunohistochemistry

Antibodies used were polyclonal rabbit anti-WGA (1:
50,000 for fluorescence or 1:200,000 for DAB, Sigma, St.
Louis, MO, #T4144), mouse anti-tyrosine hydroxylase (1:
5000, RBI, Natick, MA, #T-186), rat anti-5HT (1:500, Pro-
tos Biotech, New York, NY, #NT 101) and rabbit anti-B-gal
(1:10,000, Cappell, Malvern, PA, #55976). The antibody
characteristics are described in the manufacturer’s infor-
mation sheets. Anti-WGA antibodies were raised in rabbit
using purified WGA as the immunogen. Identity and pu-
rity of the specific antibody was established by immuno-
electrophoresis. Our own studies have demonstrated that
the anti-WGA shows no immunostaining in wildtype mice
(i.e., in mice that do not express the WGA transgene).
Anti-TH antibodies were raised using rat TH as the im-
munogen. This antibody recognizes an epitope present in
the N-terminal region (between amino acids 9-16) of both
rodent (=60 kD) and human (62-68 kD) TH. In Western
blots of PC-12 rat pheochromocytoma cells the anti-TH
antibody detects a single band at 60 kD. Anti-5HT anti-
bodies were raised in rats using serotonin conjugated to
hemocyanin as immunogen. The patterns of 5HT and TH-
immunoreactivity that we observed with these antisera
are very comparable to those reported in many other stud-
ies of the distribution of 5SHT and TH in the mouse and rat
brain (Dahlstrom and Fuxe, 1964; Beitz, 1982; Vander-
Horst and Ulfthake, 2006). Anti-B-gal antibodies were pro-
duced by hyperimmunizing rabbits with the enzyme B-gal
from Escherichia coli. Our studies have established that
there is no B-gal immunoreactivity in wildtype mice (i.e.,
in mice that do not express the lacZ transgene).

Because the detection of WGA in postsynaptic neurons
is time-dependent (the tracer has to be expressed, accu-
mulated in vesicles, transported, released, and taken up
by postsynaptic neurons), we studied ePet-ZW animals at
different ages. Thus, to localize the WGA we anesthetized
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ePet-ZW mice at 3, 6, and 11 weeks of age (Nembutal; 100
mg/kg) and then perfused them transcardially with 10 mL
of saline (0.9% NaCl) followed by 30 mL of 10% formalde-
hyde in phosphate buffer (PB) 0.1 M, pH 7.4, at room
temperature (RT). Tissues were dissected out, postfixed in
the same solution for 3 hours, and cryoprotected in 30%
sucrose phosphate-buffered saline (PBS) overnight at 4°C.
Twenty (spinal cord) and 40 pm (brain and brainstem)
cryostat sections were preincubated for 30 minutes at RT
in PBS containing 0.5% Triton X-100 and 10% normal goat
serum (NPBST) and then immunostained overnight at RT
in the same buffer containing the polyclonal anti-WGA
antibody. After washing in NPBST, sections were incu-
bated for 1 hour with an Alexa-conjugated antirabbit IgG
secondary antibody (1:700), rinsed in NPBST, mounted in
Fluoromount-G (Southern Biotechnology, Birmingham,
AL) and coverslipped. Sections were viewed with a Nikon
Eclipse fluorescence microscope and images were collected
with a Spot Camera. Brightness and contrast were ad-
justed using Adobe Photoshop, v. 6.0 (San Jose, CA).
Magenta-green copies of Figures 2, 5, 7, 8, and 10 are
available as supplementary figures.

RESULTS

WGA expression in 5HT neurons
(first-order neurons)

In this study we induced expression of the transgene by
crossing ZW mice with mice in which Cre recombinase is
driven off of the ePet-1 promoter (ePet-Cre), a transcrip-
tion factor that defines 5HT neurons (Scott et al., 2005). In
double transgenic ePet-ZW mice, Cre-mediated excision of
the floxed-LacZ ¢cDNA results in WGA induction in 5HT
neurons only. To identify the neurons that synthesize the
tracer (referred to as first-order neurons), we double-
labeled sections for WGA and 5HT in ePet-ZW mice. As
expected, serotonergic neurons in all raphe nuclei of the
brainstem contain WGA-positive neurons (Fig. 1). Double-
labeled neurons were particularly numerous in the dorsal
and median raphe. Most were intensely labeled, consis-
tent with these being first-order neurons that express the
transgene.

As there are very few studies of 5HT neuronal distribu-
tion in the mouse (see VanderHorst and Ulfhake, 2006),
we begin by describing the overall pattern of WGA label-
ing that we observed. At the level of the PAG, WGA-
positive neurons were most extensively distributed in the
dorsal raphe (DR). In addition to the dense dorsal and
ventral clusters of neurons along the midline (correspond-
ing to area B7 of Dahlstrom and Fuxe, 1964), we observed
scattered WGA-immunoreactive neurons laterally (Fig.
1C, arrow). Ventral to the DR, the WGA-positive neurons
were concentrated in the median raphe (MnR or area BS;
Fig. 1C) and laterally, in the reticular formation (area B9;
data not shown), in a region extending from the rostral
border of the trigeminal motor nucleus to the caudal pole
of the red nucleus. At pontine levels the WGA neurons
were also concentrated near the midline, in the caudal DR
(area B6; data not shown), and more ventrally in the
raphe pontis (area B5). At medullary levels the WGA-
immunoreactive neurons were present in area B3, corre-
sponding to the nucleus raphe magnus (NRM), and in its
lateral extension, the nucleus reticularis paragigantocel-
lularis (PGi; Fig. 1A,B), as well as in area B1 (the raphe
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pallidus; RPa, Fig. 1A). Finally, we observed extensive
labeling in neurons of the most caudal raphe obscurus
(ROb), i.e., B2 (Fig. 1A).

In addition to neuronal cell bodies, we observed labeled
fibers throughout the CNS. These likely arose from an-
terograde transport of WGA in the 5HT neurons, i.e., in
the neurons that expressed the transgene. Although we
expected that longer survival times (11 vs. 3 weeks) would
reveal more extensive WGA patterns, this was not the
case. The labeling of terminals appeared as intensely im-
munoreactive dots, which presumably correspond to syn-
aptic terminals or boutons en passant. These were partic-
ularly notable in the septum, the hippocampus, and in the
nucleus accumbens (data not shown). We also found abun-
dant terminals in the parabrachial (Fig. 1D,E) and trigem-
inal nuclei of the brainstem. Finally, there was extensive
axonal labeling in the white and gray matter of the spinal
cord.

Postsynaptic targets of 5HT neurons
(second- and higher-order neurons)

Not all 5HT neurons immunostained for WGA, presum-
ably because there is mosaic expression of the transgene
(Braz et al., 2002). More important, perhaps, we detected
many WGA-immunoreactive raphe neurons that did not
immunostain for 5HT (arrows in Fig. 2). Because the WGA
tracer is synthesized only in 5HT neurons, (i.e., where the
Cre-recombination event occurred), its detection in a non-
5HT neuron can only have resulted from transneuronal
transfer of the WGA from the 5HT (first order) neuron to the
second order, non-5HT neuron. WGA-immunoreactive, non-
5HT neurons are thus postsynaptic to the 5HT neurons. The
majority of these WGA-non-5HT neurons were found at the
level of, but mostly lateral to, the 5SHT neurons of the DR and
MnR. Other single-labeled WGA neurons intermingled with
5HT neurons located in the region of the lateral lemniscus of
the rostral pons and caudal midbrain (B9). From this pattern
of labeling we conclude that the tracer was transneuronally
transferred from 5HT (first-order neuron, primary site of
expression) to non-5HT neurons (after release from first-
order neurons) both within the midbrain raphe nuclei and
beyond them.

The medullary raphe nuclei, in particular, the nucleus
raphe magnus of the RVM, also contained a mixed popu-
lation of fusiform 5HT- and non-5HT WGA-positive neu-
rons (Fig. 2). These were located along the midline and in
the PGi. In addition, we found many single-labeled WGA-
immunoreactive neurons outside the borders of the NRM.
Using nomenclature that we adopted in our earlier tracing
studies in cat and rat (Basbaum et al., 1978; Basbaum and
Fields, 1979) these correspond to the more dorsally located
nucleus reticularis gigantocellularis (RGe, Fig. 3B) and
the nucleus reticularis magnocellularis (RMec, Fig. 3A),
which is located ventral to RGec. Single-labeled, WGA-
immunoreactive neurons were found in a region ~1,400
pm in length, extending from the caudal NRM to the
caudal pole of the trigeminal motor nucleus (Fig. 4). We
also consistently detected transneuronally labeled neu-
rons in the nucleus of the trapezoid body (data not shown).

To conclude that the pattern of labeling in these brain-
stem areas indeed resulted from transneuronal transfer of
the lectin from 5HT neurons, it is essential to show that
synthesis of the WGA only occurs in serotonergic neurons,
i.e., after Cre-recombination. To this end we crossed the
ePet-Cre mice with the ROSA26 Cre reporter mouse (So-
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Fig. 1. WGA expression in 5HT-immunoreactive raphe neurons in
ePet-ZW mice. Cre-mediated excision of the floxed lacZ ¢cDNA initiates
WGA expression in 5HT-expressing neurons of the brainstem and mid-
brain. All raphe nuclei contain the WGA tracer (black): (A) raphe obscu-
rus (Rob), raphe pallidus (RPa), and nucleus reticularis paragigantocel-
lularis (PGi); (B) Raphe magnus (NRM); (C) Midbrain dorsal (DR) and

median raphe (MnR). There is dense accumulation of transported WGA
in presumptive terminals (arrows) in the lateral (Pbl) and medial (Pbm)
parabrachial nuclei (D,E). E: Higher magnification of the boxed area in
D. Arrowhead in D points to a transneuronally labeled neuron in the PB.
Scale bars = 100 pm in A,B,D,E; 200 pm in C.
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Fig. 2.

Intermingled populations of 5HT and non-5HT raphe neu-
rons contain the WGA tracer in ePet-ZW mice. Double labeling for
serotonin (5HT, green, column 1) and WGA (red, column 2) illustrates
the transneuronal transfer of WGA from 5HT to non-5HT neurons in
the dorsal (DR), and median raphe (MnR) and in the nucleus raphe

riano, 1999), in which the enzyme B-gal is expressed in
neurons only after Cre recombination. In these mice we
only found B-gal immunostaining in 5HT-immunoreactive
neurons (red and green, respectively, Fig. 5). Note that not
all 5HT neurons express B-gal, presumably because there
is some mosaicism in the ROSA26 Cre reporter mouse.
Furthermore, and in agreement with Scott et al. (2005),
there was absolutely no B-gal immunoreactivity in the
forebrain, which shows that there is no ectopic expression
of Cre in the ePet-Cre animals. Based on this analysis, we
conclude that any WGA immunoreactivity detected in
non-5HT neurons in the ePet-ZW mice resulted from trans-
neuronal transfer of the lectin after its synthesis in and
transport by the 5HT neurons.

Tyramide signal amplification (TSA)

Clearly the ability to detect transneuronal label de-
pends on the amount of tracer that is synthesized and
transported as well as the sensitivity of the detection
method. In fact, what was a rather restricted distribution

The Journal of Comparative Neurology

J.M. BRAZ AND A.I. BASBAUM

MnR

NRM

magnus (NRM). Inset: high magnification of the boxed area showing
single-labeled neurons that correspond to neurons that are postsyn-
aptic to 5HT neurons. A magenta-green version of this figure is
available as a supplementary figure online. Scale bar = 100 pm.

of transneuronal label changed considerably when we
used a TSA amplification method to enhance the WGA
labeling. For example, we found transneuronally labeled-
neuronal cell bodies in the nucleus accumbens, hippocam-
pus, and parabrachial nuclei (data not shown). TSA am-
plification also significantly increased the terminal
labeling at all levels of the spinal cord (Fig. 6), in white
matter, and in all laminae of the gray matter. Impor-
tantly, hemisection of the spinal cord at midthoracic levels
not only eliminated the labeling ipsilateral and caudal to
the lesion, but also resulted in buildup of WGA immuno-
reactivity just proximal to the lesion (data not shown). The
latter experiment established that the labeling indeed
arose from transport of the tracer, presumably from neu-
rons of the RVM. Surprisingly and somewhat disappoint-
ingly, we found very limited cell body labeling in the
spinal cord. We presume that dilution of the tracer after
its transneuronal transport reduces the likelihood of its
detection in postsynaptic (spinal cord) neurons of the 5HT
circuitry.
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Fig. 3. Transneuronal transfer of WGA to medullary reticular
neurons in ePet-ZW mice. Outside the boundaries of the midline
raphe nuclei many non-5HT neurons contain the WGA tracer (black).
These were located dorsal and lateral to the raphe magnus, in nucleus
reticularis magnocellularis (A) and in the nucleus reticularis gigan-
tocellularis (B). Scale bar = 100 pm.

Targets of the transneuronally labeled
neurons

Previous studies demonstrated that many neurons of
the RGc and RMc project to the spinal cord, to the ventral
and dorsal horn, respectively (Basbaum et al., 1978).
Other reticular neurons project rostrally (Vertes, 1991)
and, of course, there are many local circuit neurons (for
review, see Fields et al., 1991). To identify the target of the
medullary neurons that we found to be postsynaptic to the
5HT neurons, we injected FluoroGold (FG) into the cervi-
cal spinal cord of ePet-ZW animals. As our objective was to
maximize the number of retrogradely labeled medullary
neurons, we did not attempt to make selective injections
into the dorsal or ventral horns (Fig. 7A).

Figure 7 illustrates the results obtained in one of the
four animals that we studied. As expected, we recorded
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large numbers of retrogradely labeled neurons throughout
the brainstem, with the densest labeling within or near
the RVM. The majority of FG-labeled neurons were found
ipsilateral to the injection site. More important, we found
alarge overlap in the distribution of spinal cord-projecting
(FG-positive) and WGA-immunoreactive neurons, indicat-
ing that many of the neurons that are targeted by the 5HT
neurons project to the spinal cord. These cells were found
in all medullary raphe nuclei, in the RVM at the level of
the VIIth nucleus, as well as in the more dorsally located
RGe. Not surprisingly, all of these regions, but especially
the PGi, contained neurons triple-labeled for FG, WGA,
and 5-HT (Fig. 7G-I). These are presumably first-order
5HT projection neurons that contain the ZW transgene. It
is, however, possible that some of these 5HT neurons,
whether or not they express the transgene, took up the
WGA after its transneuronal transport from other 5HT
neurons. This would represent SHT-5HT neuronal inter-
connections. Even though the extent of such connections is
difficult to estimate, it has been reported that 5HT neu-
rons receive high densities of 5HT appositions (Potrebic et
al., 1995). Finally, we found that a very large number of
non-5HT neurons in the RGc and RMc were WGA-
immunoreactive and contained the FG retrograde tracer
(Fig. 8).

The pattern of labeling in the medulla and midbrain
differed considerably after injection of FG into the spinal
cord. As previously reported, compared to the medulla,
there are many fewer PAG neurons that project directly to
the spinal cord. This is especially true for the midline DR.
Furthermore, we never found overlap of FG and WGA
labeling in this region (blue and red neurons, respectively,
in Fig. 7B,C) and only occasionally observed double-
labeled cells in the region of the MnR. This indicates that
few if any 5HT neurons of the DR or MnR project directly
to the spinal cord. However, we did find a small number of
FG-WGA-immunoreactive, but 5SHT-negative neurons lat-
eral to the midbrain raphe nuclei, indicating that the 5HT
neurons of the DR and MnR likely target midbrain neu-
rons that project to the spinal cord (green neurons in Fig.
7D-F).

What is the source of the input to spinally
projecting neurons of the medulla?

As noted above, the RVM is a major relay for the an-
tinociceptive controls exerted by neurons of the midbrain
PAG (Basbaum and Fields, 1984; Hermann et al., 1997;
Fields and Basbaum, 1999; Mason, 2001). However, the
contribution of the 5HT-containing neurons of DR in this
circuit is still unclear. This is of particular interest as
some of the earliest studies of midbrain antinociceptive
controls emphasized the critical contribution of the sero-
tonergic neurons of the dorsal raphe (Guilbaud et al.,
1973). Given that we found that many of the non-5HT
spinally projecting neurons of the medulla lie downstream
of 5HT neurons, we next addressed the source of this 5HT
input. Although it has been established that there is a
limited dorsal raphe 5HT projection to the medulla (Beitz,
1982), here we could also address the possibility that these
S5HT neurons indirectly regulate medullary neurons
through their connections within the PAG.

In these studies we injected FG into the RVM and
recorded the distribution of retrogradely labeled and
WGA-immunoreactive cells in the PAG. Consistent with
previous studies, we found that FG injections into the
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Fig. 4. Distribution of postsynaptic, WGA-labeled neurons in nu-
cleus reticularis magnocellularis and nucleus reticularis gigantocel-
lularis. Single WGA-labeled neurons (black asterisks) were detected
throughout the brainstem, in a region, ~1,400 pm in length, extend-

ing from the caudal raphe magnus (1) to the caudal pole of the
trigeminal motor nucleus (9). The neurons were located lateral and
dorsal to the SHT/WGA double-labeled neurons (squares) of the raphe
magnus. VII: seventh nucleus; 7n: seventh nerve.

Fig. 5. Cre recombinase expression pattern in ePet-Cre mice. To
determine whether or not the Cre recombinase is expressed exclu-
sively in 5HT neurons we crossed the ePet-Cre mice with the ROSA26
Cre reporter mice, in which expression of B-galactosidase (B-gal) is
induced in Cre-expressing neurons. Double labeling for B-gal (red in
A) and 5HT (green in B) illustrates that all f-gal-positive neurons are

5HT-immunoreactive (yellow in C). Inset: high magnification of the
boxed area showing double-labeled neurons. Note that not all 5HT
neurons express (3-gal, presumably because there is some mosaicism
in the ROSA26 Cre reporter mouse. A magenta-green version of this
figure is available as a supplementary figure online. Scale bar = 100
pm.
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WGA/TSA

Control

Fig. 6. Transneuronal transport of WGA in the spinal cord of
ePet-ZW mice. Tyramide signal amplification of immunoreactive
WGA labeling reveals the transport of the WGA tracer to terminals in
superficial laminae of the dorsal horn of the spinal cord. There is no
labeling in control experiments, where the primary antibody was
omitted (column 2). Scale bars = 500 pm in A,C; 150 pm in B,D.

RVM retrogradely labeled many neurons throughout the
brainstem (Abols and Basbaum, 1981), and as expected,
many of these were concentrated in the ventrolateral PAG
(Fig. 9). However, very few were double-labeled with
WGA, suggesting that there is neither a significant direct
5HT projection from the midbrain raphe nuclei to the
RVM, nor a significant indirect projection, i.e., the major
ventrolateral PAG projection to the RVM appears not to be
regulated by 5HT neurons of the dorsal or median raphe.

Interaction between brainstem 5HT and
noradrenergic cell groups

As there are parallel noradrenergic (for a review, see
Pertovaara, 2006) and serotonergic antinociceptive con-
trols that originate in the brainstem, it is of interest to
study the interactions between these different monoamin-
ergic systems. Although anatomical studies reported that
there are reciprocal connections between RVM and NA
cell groups (Clark and Proudfit, 1991; Kwiat and Bas-
baum, 1992; Tanaka et al., 1996), here we asked if NA
neurons lie downstream of the 5HT population. We used
tyrosine hydroxylase (TH) as a marker for noradrenergic
neurons and detected clusters of TH-immunoreactive neu-
rons at all levels of the brainstem and caudal midbrain. As
previously reported, we found that NA- and 5HT-
containing neurons constitute distinct populations that
never overlap. Moreover, as illustrated in Figure 10 (from
the A10 cell group located within the PAG), we found that
WGA-positive neurons rarely costained for TH, even in
areas where we observed dense clusters of both TH- and
WGA-immunoreactive neurons.

DISCUSSION

This genetic transneuronal tracing study provides a
comprehensive analysis of the brainstem circuits engaged
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by the 5HT population of raphe neurons in the rostral
ventral medulla and midbrain periaqueductal gray of the
mouse. We conclude that there is a major 5HT input to
interneurons within the medullary nucleus raphe magnus
and midbrain dorsal raphe and to spinally projecting neu-
rons within the NRM and adjacent medullary reticular
formation. We did not identify the neurochemistry of the
target neurons; for the most part they were neither
serotonin- nor noradrenaline-containing. Without electro-
physiological characterization of the RVM neurons it is, of
course, impossible to identify the “on” or “off” nature of the
WGA-labeled neurons, but it is likely that at least some
correspond to one of these two cell types. For this reason
we suggest that the connections that we identified sub-
serve a feedforward regulation of the “on” and “off” cell
pain control network, and that the regulation is triggered
via collaterals of the neurons that are at the origin of the
descending serotonergic pathway.

Local connections made by serotonergic
neurons in the medulla and midbrain

The 5HT system has been extensively studied in rats
but there is only limited information in mice (Vander-
Horst and Ulfhake, 2006). This is likely due to the diffi-
culty of performing tracing experiments in mice because of
their small size. Although the overall organization of neu-
ronal populations in the CNS is similar in rats and mice,
the relative location, size, and/or connectivity of cell
groups may differ. Here, using a genetic transneuronal
tracing system (Braz et al., 2002), we analyzed in the
mouse the brainstem circuits in which the 5HT neuronal
population participates. Given that brainstem 5HT neu-
rons influence cognitive and neuroendocrine functions,
and have been implicated in the regulation of sleep—wake
states and pain, our results likely bear on diverse behav-
iors. This is particularly true for the 5HT neurons of the
midbrain dorsal raphe.

On the other hand, the majority of studies of the med-
ullary raphe have emphasized the contribution of 5HT
neurons to the inhibitory controls exerted upon spinal
cord “pain” transmission neurons. The development of
enhanced inflammatory pain in mice with a genetic dele-
tion of all 5HT neurons is consistent with that conclusion
(Zhao et al., 2007a). On the other hand, the same mice
showed decreased mechanical sensitivity, indicative of re-
duced facilitatory controls. The latter result is consistent
with recent reports of a descending facilitatory pathway
that is, at least in part, mediated via descending 5HT
axons that act upon spinal 5HT; receptors. Indeed, acti-
vation of 5HT; receptors enhances the excitability of spi-
nal cord neurons (Richardson et al., 1985; Sufka et al.,
1992; Green et al., 2000) and contributes to persistent
pain states (Zeitz et al., 2002; Suzuki et al., 2004a). Bidi-
rectional control is also generated through the action of
the “on” and “off” cells of the RVM (for reviews, see Fields
et al., 1991; Fields, 2004), which respectively facilitate and
reduce nociceptive transmission at the level of the spinal
cord.

Given that the 5HT-mediated descending control is dis-
tinct from the control exerted by the non-5HT neurons, it
was clearly of interest to determine the extent to which
these systems are interconnected. Traditional anatomical
tracer techniques, however, are not suited to addressing
this question. These techniques are limited by the fact
that the brainstem raphe groups are not homogeneous,
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Fig. 7. Non-5HT neurons that project to the spinal cord are
postsynaptic to medullary 5HT neurons. FluoroGold injection in the
spinal cord of ePet-ZW mice (A) retrogradely labels a heterogeneous
population of 5HT (green) and non-5HT/WGA (red) neurons through-
out the brainstem (FG-positive neurons are white). 5HT neurons in
the midbrain dorsal raphe (B,C) and median raphe (D-F) do not
project to the spinal cord. In contrast, the medullary raphe nuclei

but rather consist of both serotonergic and nonserotoner-
gic neurons (Menétrey and Basbaum, 1987; Jones et al.,
1992). As a result, the traditional tracers cannot selec-
tively define circuits that arise from the 5HT neurons. In
contrast, by genetically targeting expression of the WGA
tracer to 5HT neurons, we could selectively study the
output of this cell group. More important, because WGA is
a transneuronal tracer, we were able to label unambigu-
ously the postsynaptic neurons that receive 5HT inputs,
something that cannot be achieved with conventional trac-
ing methods.

We recognize that WGA, when injected into the brain,
will transport in the retrograde as well as the anterograde
direction. However, we have previously demonstrated that
following its synthesis by CNS neurons, WGA is trans-
ported and transneuronally transferred exclusively in an
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FG

(notably the raphe magnus; G-I) contain large numbers of 5HT neu-
rons that project to the spinal cord (G-I). Arrows point to single-
labeled WGA neurons that project to the spinal cord, but are not 5HT.
These lie downstream of the “primary” 5HT neurons. A magenta-
green version of this figure is available as a supplementary figure
online. Scale bars = 600 pm in A; 100 pm in B-I.

anterograde manner (Braz et al., 2002). As we found that
the WGA that is synthesized in 5HT neurons is transneu-
ronally transported to large numbers of nonserotonergic
neurons, both within and outside of the midline raphe, we
conclude that these non-5HT neurons are located postsyn-
aptic to the 5HT neurons. It is, of course, impossible to
conclude that the function of these neurons is pain-
related. However, many of these postsynaptic neurons
project to the spinal cord, where they may regulate the
activity of pain-relevant circuits. This is particularly true
for the RMc neurons, which we previously demonstrated
target the dorsal horn (Basbaum et al., 1978). Our results
suggest, therefore, that RVM serotonergic neurons influ-
ence spinal cord nociceptive processing both directly, via a
5HT projection to the dorsal horn (Basbaum et al., 1982;
VanderHorst and Ulfhake, 2006) and indirectly, via a
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Fig. 8. Serotonin inputs to neurons of the nucleus reticularis gi-
gantocellularis that project to the spinal cord. FluoroGold injections in
the spinal cord of ePet-ZW mice retrogradely label large numbers of
neurons (white in A) in the nucleus reticularis gigantocellularis

polysynaptic pathway involving the spinally projecting,
non-5HT cell populations. To what extent the latter con-
trol circuit arises from “on” and “off” cells cannot be de-
termined from our analysis; however, Potrebic et al.
(1995) reported that 5HT neurons and “off” cells receive
the highest density of 5HT appositions. Thus, it is likely
that at least some of the WGA-immunoreactive neurons
that were transneuronally labeled include off cells.

Given that the “off” cell exerts inhibitory controls on
spinal cord “pain” transmission neurons, it is reasonable
to propose that 5HT inputs enhance those controls, which
is consistent, of course, with the early views about de-
scending 5HT controls. It is equally possible, however,
that this input underlies an inhibitory control of the “off”
cell output, which might contribute to the 5HT-mediated
facilitation noted above. In fact, electrophysiological stud-
ies have provided some evidence that 5HT exerts inhibi-
tory effects on RVM cells, some of which had properties
comparable to the “off” cells that are defined in vivo (Pan
et al., 1993). Furthermore, iontophoresis of 5HT in the
RVM reduces the spontaneous activity of “off” cells in the
anesthetized rat (Hentall et al., 1993), an effect that could
involve activation of 5HT1A receptors (Wang and Lovick,
1992).

(RGc). Double labeling for WGA (red in B) shows that most RGce
neurons (80%) that receive 5HT inputs project to the spinal cord. A
magenta-green version of this figure is available as a supplementary
figure online. Scale bar = 100 pm.

Medullary nucleus reticularis
gigantocellularis

We found extensive transneuronal labeling of large, and
more dorsally located, neurons of the nucleus reticularis
gigantocellularis. In contrast to the majority of the “on”
and “off” neurons, which are located in the RVM and
which project to the spinal cord via the dorsal part of the
lateral funiculus (DLF), RGc neurons project to interme-
diate gray matter and ventral horns, via ventral path-
ways. These connections likely provide for a 5HT-
mediated feedforward regulation of motor circuits,
including the reflex responses to noxious stimulation,
rather than the rostral transmission of nociceptive infor-
mation by dorsal horn nociresponsive neurons. Based on
the effects of spinal administration of 5HT antagonists,
Zhuo and Gebhart (1991, 1992) concluded that the RGc is
at the origin of a serotonergic descending pathway that
exerts both facilitatory and inhibitory effects on spinal
nociceptive processing. As RGc does not contain serotoner-
gic neurons, it is likely that the effects that they observed
involved RGc connections with spinally projecting 5HT
neurons. This suggests that there are reciprocal connec-
tions between 5HT and RGc neurons and is consistent

Fig. 9. The PAG-RVM pathway does not include 5HT neurons. FluoroGold injections in the RVM
retrogradely labeled large numbers of neurons (white in A) in the ventrolateral periaqueductal gray
(vIPAG). However, double-labeling for WGA (green in B) shows that none of these receive direct or
indirect inputs from 5HT (i.e., primary) neurons. Scale bar = 100 pm.
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Fig. 10. Brainstem noradrenergic neurons do not receive 5HT
inputs in ePet-ZW mice. Double labeling for WGA (red) and tyrosine
hydroxylase (green) illustrate that noradrenaline- and serotonin-
containing neurons constitute distinct populations. Moreover, the
lack of WGA labeling in TH-positive neurons indicates that NA-
immunoreactive neurons are not postsynaptic to 5HT (primary) neu-

with our previous suggestion (Basbaum and Fields, 1984)
and that of others (Cervero and Wolstencroft, 1984) that
RGc relays nociceptive inputs that activate the descending
control systems that originate in the PAG.

Even though most RGc neurons project to the spinal
cord, ~20% of the transneuronally labeled RGc neurons
were not retrogradely labeled after spinal cord injection
of FluoroGold. This subset of RGe neurons is, therefore,
likely a component of the spinoreticulothalamic path-
way that transmits nociceptive messages from the spi-
nal cord to the brainstem and thalamus (Torvik and
Brodal, 1957; Blomqvist and Berkley, 1982; Peschanski
and Besson, 1984). Interestingly, although we retro-
gradely labeled some RGc neurons after FG injection

rons. A: rostral PAG; A10. B: A5 cell group. C: Al cell group. D: locus
coeruleus (A6) and subcoeruleus (A7). 7Tn, seventh nerve; PGi, nucleus
reticularis paragigantocellularis; DR, dorsal raphe. A magenta-green
version of this figure is available as a supplementary figure online.
Scale bar = 100 pm.

into the PAG, none of these were WGA-positive. In other
words, unlike the organization that we discovered from
the medullospinal projections, the direct RVM seroto-
nergic projection to the PAG (Beitz et al., 1986) is not
paralleled by an indirect pathway from serotonergic
neurons to RGc neurons and from these neurons to the
PAG. Our results also indicate that there is a significant
heterogeneity of the ascending reticular neurons. Some
are regulated by 5HT neurons, but other RGe neurons,
including a population that projects to the PAG, are not.
Whether the neurons with descending axons also have
an ascending collateral or whether descending and as-
cending fibers originate from different RGc neurons is
unclear.
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Parallelism of the 5HT and noradrenergic
output

Several studies have reported interactions between
brainstem 5HT neurons and other brainstem networks
(for a review, see Millan, 2002). For example, in a study
using saporin-conjugated toxins to ablate the 5HT neu-
rons, Nattie et al. (2004) suggested that brainstem 5HT-
and neurokinin-1 receptor-expressing cells, which consti-
tute distinct populations of neurons, are part of a unitary
chemoreceptive circuit. In contrast, and although there is
considerable evidence that descending control systems
arise from 5HT and noradrenergic (NA) brainstem cell
groups (Barbaro et al., 1985; Hammond et al., 1980), we
did not find evidence for a direct 5HT input to the NA
neurons. This result is consistent with a report of Clark
and Proudfit (1991) who found that, although neurons
located in the NRM or PGi send dense axonal projections
to the A7 NA cell group (subcoeruleus), these connections
arose mainly from non-5HT neurons. The lack of trans-
neuronal transfer of WGA to noradrenergic neurons (even
in areas containing large populations of both TH- and
WGA-positive neurons) suggests that there are limited
synaptic contacts between 5HT and NA neurons. Based on
the present results, we conclude that the segregation of
the 5HT and NA systems is not unique to the subcoer-
uleus, but holds for all of the NA-containing cell groups of
the brainstem.

Output of the midbrain serotonergic
neurons

It is of interest that the earliest studies of stimulation-
produced analgesia pointed to the midline dorsal raphe,
rather than the PAG as the critical target for generating
analgesia (Mayer et al., 1971; Akil and Mayer, 1972; Guil-
baud et al., 1973; Liebeskind et al., 1973; Basbaum et al.,
1977). In fact, because putative serotonin antagonists
blocked the analgesia and inhibition of the firing of spinal
cord “pain” responsive neurons, the Besson group con-
cluded that the 5HT neurons of the DR were key to initi-
ating the descending controls (Guilbaud et al., 1973;
Liebeskind et al., 1973). Although subsequent studies em-
phasized the contribution of the ventrolateral PAG (Far-
din et al., 1984), the extent to which neurons in that region
are regulated via the DR has not been addressed. We
found that very few WGA-positive PAG neurons were
retrogradely labeled when FG was injected in the RVM,
although, as expected, we found considerable label of
WGA-negative neurons. This indicates that 5HT neurons
of the DR do not make a significant contribution, either
directly or indirectly, to the ventrolateral PAG controls
that are exerted via the RVM.

Technical considerations

There are some inherent limitations of this novel tract-
tracing method that should be mentioned. First, because
of the mosaicism of the ZW line (Braz et al., 2002), not all
5HT neurons carry the transgene and thus express the
WGA tracer after recombination. Second, because there is
dilution of the tracer after its transneuronal transport,
low levels of WGA in postsynaptic neurons may be missed.
This may limit the number of neurons identified in a
particular circuit. As a result, we likely underestimate the
number of systems that are influenced by the 5HT neu-
rons. Highly divergent inputs may also be missed because
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there is limited transneuronal transfer of the tracer. This
last point may underlie our failure to detect transneuronal
labeling in some of the expected targets of 5HT neurons,
notably in the spinal cord. The descending 5HT projection
may be too divergent to allow for efficient detection of the
WGA tracer in spinal neurons. On the other hand, a par-
ticularly powerful advantage of this genetic transneuronal
tracing procedure is that despite there being dilution of
the tracer after it crosses several synapses, convergence of
inputs to a higher-order cell effectively “reconcentrates”
the tracer so that it is readily detected (Braz et al., 2005).

It is also of interest that not all 5HT terminals in the
spinal cord make traditional synaptic contacts. Indeed
most 5HT varicosities establish nonsynaptic contacts with
dorsal horn neurons (Marlier et al., 1991; Ridet et al.,
1993). Even though some 5HT neurons clearly act via
conventional synapses (Jankowska et al., 1995; Maxwell
and Jankowska, 1996), there appears to be a predominant
nonsynaptic “volume transmission” mechanism that oper-
ates (Fuxe and Agnati, 1991). Conceivably, such nonsyn-
aptic interactions are not readily detected using the WGA
transneuronal transport approach.

CONCLUSIONS

Our results underscore the complexity of the output
that arises from what is a heterogeneous population of
RVM neurons. We conclude that there are not only signif-
icant descending serotonergic projections, but also that
the bidirectional controls that arise from “on” and “off”
cells are regulated by collaterals of these 5SHT neurons. On
the other hand, we found no evidence for a comparable
5HT-mediated feedforward regulation of the PAG neurons
that are at the origin of the PAG-RVM descending control
network.
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