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Abstract—In the last 15 years a role has been ascribed for the
medullary dorsal reticular nucleus as a supraspinal pain mod-
ulating area. The medullary dorsal reticular nucleus is recipro-
cally connected with the spinal dorsal horn, is populated mainly
by nociceptive neurons and regulates spinal nociceptive pro-
cessing. Here we analyze the distribution of brain projections
from the medullary dorsal reticular nucleus using the ionto-
phoretic administration of the anterograde tracer biotinylated-
dextran amine and the retrograde tracer cholera toxin subunit B.

Fibers and terminal boutons labeled from the medullary dor-
sal reticular nucleus were located predominately in the brain-
stem, although extending also to the forebrain. In the medulla
oblongata, anterograde labeling was observed in the orofacial
motor nuclei, inferior olive, caudal ventrolateral medulla, rostral
ventromedial medulla, nucleus tractus solitarius and most of
the reticular formation. Labeling at the pons-cerebellum level
was present in the locus coeruleus, A5 and A7 noradrenergic
cell groups, parabrachial and deep cerebellar nuclei, whereas in
the mesencephalon it was located in the periaqueductal gray
matter, deep mesencephalic, oculomotor and anterior pretectal
nuclei, and substantia nigra. In the diencephalon, fibers and
terminal boutons were found mainly in the parafascicular, ven-
tromedial, and posterior thalamic nuclei and in the arcuate,
lateral, posterior, peri- and paraventricular hypothalamic areas.
Telencephalic labeling was consistent but less intense and con-
centrated in the septal nuclei, globus pallidus and amygdala.

The well-known role of the medullary dorsal reticular nu-
cleus in nociception and its pattern of brain projections in rats
suggests that the nucleus is possibly implicated in the modu-
lation of: (i) the ascending nociceptive transmission involved in
the motivational-affective dimension of pain; (ii) the endoge-
nous supraspinal pain control system centered in the periaque-
ductal gray matter-rostral ventromedial medulla—spinal cord
circuitry; (iii) the motor reactions associated with pain. © 2006
Published by Elsevier Ltd on behalf of IBRO.
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Abbreviations: (The nomenclature and abbreviations used to designate
brain nuclei and fiber tracts are in accordance with those used by Paxinos
and Watson (1998) or result from a simplification of it, except for a few
exceptions assigned with (*).) ABC, avidin—biotin complex; ac/aca, ante-
rior commissure/anterior part; AH, anterior hypothalamic area; Amy,
amygdaloid nuclei; AP, area postrema; APT, anterior pretectal nucleus;
Aqg, Sylvius aqueduct; Arc, arcuate hypothalamic nuclei; A5/A7, A5/A7
noradrenaline cells; BDA, biotinylated dextran; BLA, basolateral amygda-
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A growing amount of evidence indicates that supraspinal
pain control centers involved in the modulation of spinal

loid nucleus, anterior part; BST, bed nucleus of the stria terminalis; cc,
central canal; Ce, central amygdaloid nuclei; CL, centrolateral thalamic
nucleus; CM, central medial thalamic nucleus; CnF, cuneiform nucleus;
cp, cerebral peduncle basal part; CPu, caudate putamen; CTb, cholera
toxin subunit B; Cu, cuneate nucleus; DK, nucleus of Darkschewitsch;
DPAG, dorsal periaqueductal gray; DPGi, dorsal paragigantocellular
nucleus; DpMe, deep mesencephalic nucleus; DR, dorsal raphe; DR,
* dorsal reticular nucleus; DTg, dorsal tegmental nucleus; ECu, external
cuneate nucleus; En, endopiriform nuclei; Eth, ethmoid thalamic nucleus;
f, fornix; F, nucleus of the fields of Forel; fr, fasciculus retroflexus; Gi,
gigantocellular reticular nucleus; GiA, gigantocellular reticular nucleus
alpha part; GiV, gigantocellular reticular nucleus ventral part; GP, globus
pallidus; Gr, gracile nucleus; HDB, nucleus of the horizontal limb of the
diagonal band; ic, internal capsule; IC, inferior colliculus; ICj, islands of
Calleja; icp, inferior cerebellar peduncle; IG, indusium griseum; IMLF,
interstitial nucleus of the medial longitudinal fasciculus; Int, interposed
cerebellar nucleus; IO/IOM, inferior olive/medial nucleus; IP, inter-
peduncular nuclei; IRt, intermediate reticular nucleus; KF, Kélliker-Fuse
nucleus; Lat, lateral (dentate) cerebellar nucleus; LC, locus coeruleus; Ifp,
longitudinal fasciculus of the pons; LGP, lateral globus pallidus; LH, lateral
hypothalamus; Il, lateral lemniscus; LL, nuclei of the lateral lemniscus; LM,
lateral mammillary nucleus; LPB, lateral parabrachial nuclei; LPGi, lateral
paragigantocellular nucleus; LPO, lateral preoptic nuclei; LRt, lateral re-
ticular nucleus; LS/LSI, lateral septal nuclei/intermediate part; LV, lateral
ventricle; MCPO, magnocellular preoptic nucleus; Me, medial amygdaloid
nuclei; Me5, mesencephalic trigeminal nucleus; MG, medial geniculate
nuclei; MGP, medial globus pallidus; ml, medial lemniscus; mlf, medial
longitudinal fasciculus; Mo5, motor trigeminal nucleus; MPB, medial para-
brachial nucleus; MPO, medial preoptic nuclei; MS, medial septal nu-
cleus; mt, mammillothalamic tract; NTS, * nucleus tractus solitarius; opt,
optic tract; ox, optic chiasm; PAG, periaqueductal gray; PB, parabrachial
nuclei; PBS, saline phosphate buffer; PBST, 0.1 M saline phosphate
buffer containing 0.3% Triton X-100; PC, paracentral thalamic nucleus;
PCom, nucleus of the posterior commisure; PCRt, parvicellular reticular
nucleus; Pe, periventricular hypothalamic nucleus; PF, parafascicular
thalamic nucleus; PGi, paragigantocellular nucleus; PH, posterior hypo-
thalamic area; PHA-L, Phaseolus vulgaris-leucoagglutinin; Pn, pontine
nuclei; PnC/PnO/PnV, pontine reticular nucleus caudal/oral/ventral part;
Po/PoT, posterior thalamic nucleus/triangular part; PO, preoptic nuclei;
PPTg, pedunculopontine tegmental nucleus; Pr, prepositus nucleus; PR,
prerubral field; Pr5VL, principal sensory trigeminal nucleus, ventrolateral
part; PV, paraventricular thalamic nuclei; PVN, * paraventricular hypotha-
lamic nuclei; py, pyramidal tract/decussation; R, red nucleus; Re, reuni-
ens thalamic nucleus; Rh, rhomboid thalamic nucleus; RMg, raphe mag-
nus nucleus; RPa/ROb, raphe pallidus/raphe obscurus; R, reticular tha-
lamic nucleus; RVM, rostral ventromedial medulla; SC, superior
colliculus; scp, superior cerebellar peduncle; S, substantia innominata;
SN, substantia nigra; SNC, substantia nigra compact part; SNR, substan-
tia nigra reticular part; Sp5, spinal trigeminal nucleus; Sp5C, Sp5 caudal
part; Sp5l, spinal trigeminal nucleus interpolar part; SPF, subparafascicu-
lar thalamic nucleus; VA, ventral anterior thalamic nucleus; VDB, nucleus
of the vertical limb of the diagonal band; Ve, vestibular nuclei; VL, ven-
trolateral thalamic nucleus; VLH/VMH, ventrolateral/ventromedial hypo-
thalamic nuclei; VLMIat, * lateral portion of the caudal ventrolateral me-
dulla; VLPAG, ventrolateral periaqueductal gray; VM, ventromedial tha-
lamic nucleus; VP, ventral pallidum; VPL/VPM, ventral posterolateral/
posteromedial thalamic nucleus; VR, * ventral reticular nucleus; VTA/R,
ventral tegmental area/rostral part; ZID/ZIV, zona incerta dorsal/ventral
part; 3, oculomotor nucleus; 7, facial nucleus; 10, dorsal motor nucleus of
vagus; 12, hypoglossal nucleus; 3V, 3rd ventricle; 4V, 4th ventricle.
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nociceptive transmission can exert both an antinociceptive
(inhibitory) and a pronociceptive (facilitating) action upon
nociceptive spinal dorsal horn neurons (reviewed by Per-
tovaara, 2000; Lima and Almeida, 2002; Millan, 2002;
Porreca et al., 2002; Gebhart, 2004). In this perspective,
the final volume and the characteristics of peripheral noci-
ceptive information reaching thalamic and cortical struc-
tures are dependent on the balance between these two
opposing influences. Supraspinal brainstem areas like the
periaqueductal gray matter (PAG; Bodnar, 2000), ros-
troventromedial medulla (RVM; Mason, 2001), locus coer-
uleus (LC; Jones, 1991), lateral portion of the caudal ven-
trolateral medulla (VLMIat; Tavares and Lima, 2002), dor-
sal reticular nucleus (DRt; Bouhassira et al., 1992) and
nucleus tractus solitarius (NTS; Randich et al., 1988) are
well established as being involved in antinociception. How-
ever, in recent years, the RVM (Porreca et al., 2002), the
NTS (Wiertelak et al., 1997) and the DRt (Almeida et al.,
1996; Almeida et al., 1999; Dugast et al., 2003) were
shown to exert an additional profound nociceptive facilitat-
ing effect upon acute, inflammatory and/or chronic pain.

The DRt has been described in the caudalmost portion of
the medullary dorsolateral reticular formation in rats
(Valverde, 1962; Newman, 1985; Lima, 1990), monkeys (Vil-
lanueva et al., 1990) and humans (Koutcherov et al., 2004).
To the best of our knowledge, anatomical, physiological and
behavioral studies have solely explored the significant role of
the DRt in pain processing and modulation (for reviews see
Villanueva et al., 1996; Lima and Almeida, 2002; Monconduit
et al., 2002). Anatomical studies have shown reciprocal con-
nections between the DRt and the spinal dorsal horn laminae
implicated in nociception (Almeida et al., 1993; Tavares and
Lima, 1994; Almeida et al., 1995, 2000; Villanueva et al.,
1995; Raboisson et al., 1996; Almeida and Lima, 1997).
Electrophysiological studies revealed the presence in the DRt
of a population of neurons activated exclusively or mainly by
noxious stimuli applied to any part of the body (Villanueva et
al., 1988, 1989). Functional studies on the activation of brain
areas, measured by the consumption of 2-p-glucose, showed
a significant activation of the DRt in inflammatory and chronic
pain models (Neto et al., 1999; Porro, 2003). Finally, behav-
ioral studies have implicated the DRt in pain exacerbation
through a descending facilitating control of spinal nociceptive
transmission in acute and inflammatory pain (Almeida et al.,
1996, 1999; Dugast et al., 2003) and the depression of back-
ground body sensory activity (diffuse noxious inhibitory con-
trol, DNIC; Bouhassira et al., 1992).

The capacity to perform a fine modulatory action upon
spinal nociceptive transmission requires a complex network
of neuronal connections between brain areas implicated in
ascending pain processing and descending pain modulation.
Several studies have identified the brain connections of most
pain control areas referred above, namely the PAG (Cam-
eron et al., 1995a,b), RVM (Bobillier et al., 1976; Hermann et
al., 1997), LC (Jones and Yang, 1985; Luppi et al., 1995),
NTS (Menetrey and Basbaum, 1987; Arends et al., 1988;
Joseph and Micheal, 1988) and VLMIlat (Cobos et al., 2003;
Babic et al., 2004). In the case of the DR, although reciprocal
connections with the spinal cord have been studied in detail

(see above), only brain afferents to the nucleus have been
thoroughly described (Almeida et al., 2002). Concerning ef-
ferent connectivity, some brain projections from the DRt have
already been described (Bernard et al., 1990) as well as the
DRt thalamic projections (Villanueva et al., 1998; Monconduit
et al., 2002), both studies based on the anterograde tracer
Phaseolus vulgaris-leucoagglutinin (PHA-L). However, re-
cent preliminary studies using the anterograde tracer biotin-
ylated dextran (BDA) have clearly shown a DRt brain project-
ing spectrum much broader then previously thought (Leite-
Almeida and Almeida, 2004).

In order to clarify the brain networks that can be used
by the DRt to modulate the endogenous pain modulatory
circuitry, a detailed analysis of the supraspinal areas re-
ceiving axonal projections from DRt was carried out by
performing systematic injection of: (i) BDA into different
DRt subareas; (ii) BDA in brain areas bordering the DR;
(iii) retrograde tracer cholera toxin subunit B (CTb) into
some of the DRt targets demonstrated anterogradely with
BDA. Part of the data obtained was previously published in
abstract form (Leite-Almeida and Almeida, 2004).

EXPERIMENTAL PROCEDURES
Ethical guidelines

Surgical procedures were performed under pentobarbital anesthe-
sia (50 mg/kg, i.p.) on 31 Wistar male rats (Charles River Labo-
ratories, Barcelona, Spain) weighing 280-320 g. Animals were
placed in a stereotaxic device (Stoelting, Wood Dale, IL, USA) and
a craniotomy was performed. Coordinates for brain injections
followed the stereotaxic parameters of (Paxinos and Watson,
1998). The experiments were in accordance with the regulation of
local authorities for handling laboratory animals and the European
Community Council Directive 86/609/EEC. The number of animals
used and their suffering were minimized.

Anterograde tracing experiments

Fifteen rats received iontophoretic injections (positive direct current
of 2.5-3.0 uA; 5 s on/5 s off, lasting for 10—30 min) of 10% BDA
(10,000 MW; Vector Laboratories, Burlingame, USA) in the left DRt
through glass micropipettes with 15-20 um diameter tips. After com-
pletion of the injection period the micropipettes were left in situ for
10-15 min before being slowly retracted to avoid tracer reflux along
the pipette tract. Two to three weeks later, animals were reanesthe-
tized with 35% chloral hydrate (1 mL/kg body weight) and perfused
through the ascending aorta, first with 100 mL of saline phosphate
buffer (PBS) 0,1 M, pH 7.2 and then with 1000 mL of 4% parafor-
maldehyde in PBS. The entire brain was removed, immersed in the
same fixative for 4 h and then in 8% sucrose in PBS at 4 °C for 1-2
days. Coronal sections of the entire brain were serially cut on a
vibratome at 50 um and incubated with 3.3% H,O, in order to inhibit
endogenous peroxidase. Two in every three successive brain sec-
tions were immunoreacted with avidin—biotin complex (ABC, 1:200;
Vector Laboratories) for 1 h and then BDA was revealed with
0.0125% diaminobenzidine tetrahydrochloride (DAB; Sigma Immu-
nochemicals, St. Louis, USA) and 0.02% H,O, in Tris—HCI buffer
0.05 M, pH 7.6. Half of these sections were counterstained using the
formol-Thionin technique (Donovick, 1974) and the remaining were
left without any counterstaining. Sections with and without counter-
staining were then serially placed in SuperFrost Plus slides (Menzel-
Glaser, Braunschweig, Germany), dehydrated and mounted in En-
tellan (Merck, Darmstadt, Germany).
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Control experiments

BDA administration to DRt adjacent nuclei. In order to de-
termine the differential efferent pattern of medullary nuclei border-
ing the DR, six animals received iontophoretic injections of BDA
in the medullary ventral reticular nucleus (VR; two rats), cuneate
nucleus (Cu; two rats) and caudal spinal trigeminal nucleus
(Sp5C; two rats). Injections were performed following the stereo-
taxic parameters of Paxinos and Watson (1998) and the same
experimental procedures described above.

Retrograde-tracing studies. Ten Wistar male rats were in-
jected with the retrograde tracer CTb (List Biological Products,
Campbell, CA, USA) in areas receiving BDA-labeled terminal
projections from the DRt as shown by the above anterograde
injections in the nucleus. The areas selected were the medial
(MPB, two rats) and lateral (LPB, two rat) parabrachial nuclei (PB),
the ventrolateral periaqueductal gray matter (VLPAG, four rats)
and the lateral globus pallidus (LGP, two rats). Animals were
iontophoretically injected with 1% CTb using the same procedures
described above for BDA experiments. 1 week after the injection
they were reanesthetized and perfused as above. After the inhi-
bition of endogenous peroxidase, serial brain sections were left
overnight at room temperature in a goat antibody against CTb (List
Biological Products) at 1:40,000 in 0.1 M PBS containing 0.3%
Triton X-100 (PBST). After several washes in PBST sections were
incubated for 1 h in PBST containing a biotinylated anti-goat
antibody raised in horse (1:200; Vector Laboratories). Sections
were washed again in PBST and then incubated in PBST contain-
ing ABC (1:200). This and subsequent steps were similar to those
described above for BDA experiments.

Image analysis and illustrations

All the photographic material presented in this study was obtained
using a digital camera (AxioCam HRc) connected to a microscope
(Axioskop 2 Plus), both from Carl Zeiss (Goéttingen, Germany).
Images were captured in a computer using AxioVision 3.1.2.1
software and the brightness/contrast of each image was improved
using Adobe Photoshop 7.0.1. software.

For illustrative proposes, the brain areas receiving efferent
projections from the DRt were drawn using a sequence of selected
formol-Thionin-stained coronal sections of one illustrative animal
(rat 71; Figs. 1D, 2B) injected with BDA (Fig. 3). A motorized
microscope (Axioplan2, Carl Zeiss) connected to a digital camera
(Sony 3CCd DSP, Japan) was used to capture the image of the
selected brain sections. For each section, the limits of the brain
nuclei and the labeled fibers were drawn under a 1.25X or 40X
objective lens, respectively, using Stereo Investigator 4.34 soft-
ware (MicroBrightField, Inc, Willinston, VT, USA). It should be
noted that these drawings do not distinguish whether fibers are
terminal or main trunk profiles. This difference is discriminated in
Table 1, which indicates the classification of the degree of axonal
terminal arborization present in each brain area. This ranking system
takes into account not only the amount of labeled terminals but also
its consistent appearance throughout successive serial sections
where a given nucleus is present. Therefore, the densities of fibers/
terminals in some areas represented in single section drawings might
not reflect the scores attributed to the same area in Table 1.

The nomenclature/abbreviations used to designate brain nu-
clei and fiber tracts, except for a few exceptions assigned with (*)
in the Abbreviations, are in accordance with those used by Paxi-
nos and Watson (1998, 2005) or result from a simplification of it.
For example, we have chosen Ve as a general designation for
vestibular nuclei since we found no need to specify any particular
nucleus of this area.

RESULTS
Injection sites

BDA injection sites appeared as a dark compact area
surrounded by a halo constituted by a great amount of
labeled fiber terminals. Some perikarya resulting from ret-
rograde transport of the tracer were also present nearby
the injection core. Only those injections whose central dark
core and surrounding halo were located inside the DRt
(Fig. 1 and Fig. 2A, B), VRt (Fig. 2C), Cu (Fig. 2E) and
Sp5C (Fig. 2G) boundaries were considered valid for the
present study. Selection of CTb injections (Fig. 2D, F, H)
followed the same principle.

Anterograde tracing experiments

BDA administration to the DRt.  After BDA injections
restricted to the DRt, anterogradely labeled fibers and
terminal boutons are present in the medulla oblongata
(Fig. 3A-D), cerebellum (Fig. 3D), pons (Fig. 3E, F),
mesencephalon (Fig. 3F, G), diencephalon (Fig. 3G-J)
and in some restricted areas of the telencephalon (Fig.
31-M). DRt neurons project bilaterally with ipsilateral
prevalence to medullary, cerebellar, pontine and mes-
encephalic nuclei and with a contralateral predominance
to diencephalic and telencephalic areas (Table 1; Fig.
3). Labeled fibers coursing rostrally are clustered in a
restricted number of tracts: in the ipsilateral side they
were confined to the medial longitudinal fasciculus
(mlf; Fig. 3E), whereas in the contralateral side they
course in the pyramidal tract (py; Fig. 3A, B) and medial
lemniscus (ml; Fig. 3F, G). A detailed analysis of the
brain areas receiving projections from the DRt is listed in
Table 1.

Medulla oblongata. The largest amount of DRt fibers
terminated in the medulla oblongata (Table 1; Fig. 3A-D).
In its caudal aspect, a large number of labeled boutons
were scattered through all the following ipsilateral reticular
areas: DR, lateral reticular nucleus (LRt), VRt and VLMlIat.
The equivalent contralateral areas were also supplied with
a considerable amount of labeled terminals and fibers that
decussate close to the central canal (Fig. 4A, B). Apart
from the reticular formation, the motoneuronal pools con-
cerned with orofacial motility, i.e. hypoglossal (12; Fig. 4A),
trigeminal (Mo5, see Pons) and facial (7) nuclei, were the
preferential targets of DRt efferents. At this level, only two
restricted areas of the contralateral medial inferior olive
(IOM) received similar amount of fibers (Fig. 3C), consti-
tuting the sole exception to the ipsilateral prevalence of
DRt projections to the medulla oblongata. Medullary sen-
sory areas receiving a moderate fiber projection from the
DRt were the Cu, external cuneate (ECu), gracile (Gr),
NTS (Fig. 3A—C; 4A) and trigeminal nuclei. In the spinal
trigeminal nuclei (Sp5; Fig. 3A-C) fibers were mainly con-
centrated in the superficial laminae but a small number of
terminals can also be detected in deeper trigeminal areas.
DRt fibers spanned rostrally in a column-like fashion
through all the rostrocaudal extension of the ipsilateral
parvicellular reticular nucleus (PCRt), until the level of the
PB. The gigantocellular reticular nucleus (Gi) and the RVM
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Fig. 1. Camera lucida-like drawings of representative BDA injections along four successive caudo-rostral levels of the DRt. Figures A-D
correspond, respectively, to rats 84, 79, 36 and 71. Three drawings referring to the rostrocaudal extension of BDA administration are depicted
for each injection. In the center, drawings and the corresponding photomicrograph are superimposed. Black areas represent the core of the
injection whereas gray areas indicate the secondary labeling halo that surrounds the injection core. This code is not used when drawings and
photomicrographs are superimposed. The number under the central image refers to the approximate rostrocaudal level based on the distance

to the interaural line. Scale bar=1 mm.

[Gi alpha (GiA), lateral paragigantocellular (LPGi) and ra-
phe magnus (RMg) nuclei] received moderate and consis-
tent projections from the DRt (Figs. 3C-D; 5A).

Cerebellum. Bilateral DRt projections to the deep
cerebellar nuclei of the cerebellum (Table 1; Fig. 3D) were
present especially in the lateral (Lat) and interposed (Int)
cerebellar nuclei. No labeled fibers or boutons were de-
tected in the cerebellar cortex.

Pons. In the pons (Table 1; Fig. 3E, F), the Mo5 and
the mesencephalic trigeminal (Me5) groups were targeted
by a moderate and large amount of DRt fibers, respec-
tively. Medially to Me5, the LC and/or the pericerulear area
were also recipients of a small (contralateral) to medium
(ipsilateral) amount of DRt projecting fibers. This same
pattern was repeated for projections to the pontine lateral
tegmental noradrenergic cell groups A5 and A7. The PB
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Fig. 2. Photomicrographs of selected areas injected with BDA (A, B, C, E and G) or CTb (D, F and H). Photomicrographs A and B correspond,
respectively, to a caudal and a rostral injection of BDA in the DRt. The relationship to nuclei bordering the DRt is easily depicted in these sections
stained by the formol-Thionin method. Note that A and B correspond to higher magnifications of, respectively, Fig. 1A and 1D. Photomicrographs C,
E, G and D, F, H correspond, respectively, to anterograde and retrograde controls. Note that BDA injections are confined to the VRt (C), Cu (E) and
Sp5C (G), whereas CTb injections are restricted to the MPB (D), VLPAG (F) and MGP (H). The numbers at the lower left of panels C—F indicate the
approximate rostrocaudal level based on the distance to the interaural line. Scale bar=500 pum.

surrounding the superior cerebellar peduncle (scp) was
richly supplied bilaterally by DRt efferents, especially the
MPB and the ventrolaterally located Kélliker-Fuse nucleus
(KF). To a lesser extent, DRt terminals were also present
in several pontine areas, including the pontine nucleus
(Pn) and different parts of the pontine reticular nucleus.
Mesencephalon. In the mesencephalon (Table 1;
Fig. 3F, G), labeled fibers originated in the DRt were
consistently present along the PAG, in gradients ranging
from moderate in caudal areas to small in rostral areas,
being the VLPAG the main target of DRt projections (Fig.
5B). Other nuclei in PAG vicinity, like the dorsal raphe
(DR), interstitial nucleus of the medial longitudinal fascic-
ulus (IMLF), posterior commissure (PCom), oculomotor (3)
and Darkschewitsch (DK) nuclei, received a smaller
amount of fibers. A moderate number of labeled terminals
were also present in the substantia nigra (SN; Fig. 6A, B),

being concentrated almost exclusively in its compact
(SNC) part. Additionally, small to moderate densities of
labeled terminals were bilaterally present in the deep mes-
encephalic nucleus (DpMe), some rubral areas, ventral
tegmental area (VTA) and both colliculi.

Diencephalon. DRt projections to the diencephalon
were mainly contralateral and targeted a restricted number of
thalamic, subthalamic and hypothalamic nuclei (Table 1; Fig.
3G—J). The most prominent DRt projections to the thalamus
terminated in the posterior (Po), parafascicular (PF), ventro-
medial (VM), and paracentral (PC) thalamic nuclei. Smaller
amounts of labeled terminals were also present in the cen-
tromedial (CM), centrolateral (CL), reuniens (Re), rhomboid
(Rh), ventrolateral (VL), ethmoid (Eth) and subparafascicular
(SPF) nuclei. In the case of the hypothalamus, labeled fibers
were especially concentrated in the lateral area (LH) and, in
smaller amounts, in the posterior nucleus (PH). BDA filled
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Fig. 3. Camera lucida-like drawings of selected sections representing the density of BDA-labeled fibers resulting from an unilateral injection of the
tracer in the left DRt. All drawings refer to the same brain (rat 78) and are arranged from caudal (A) to rostral (M) coronal planes. Exceptionally, drawing
J2 depicts a detail of the Amy from rat 71. Close to each drawing, and indicated with the equivalent small-case letter, it is depicted the corresponding
hemisection showing the nuclei identification. Note the massive labeling along the extension of brainstem reticular formation (especially in the
ipsilateral side) and in some areas of the diencephalon (mostly in the contralateral side). Conversely, in the forebrain the number of labeled terminals
per brain section is low but it was found to be systematically present along the rostracaudal extension of some telencephalic areas as the MGP and
VDB/HDB. Scale bar=1 mm.
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Fig. 3. (Continued).

terminals were also present in nuclei close to the 3rd ventri- paraventricular (PVN; Fig. 6C, D) nuclei, and in some preop-
cle, namely the arcuate (Arc), the periventricular (Pe) and the tic nuclei. The dorsal (ZID) and ventral (ZIV) portions of the
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Fig. 3. (Continued).

subthalamic zona incerta were targeted by a moderate to
large amount of fibers.

Telencephalon. BDA injections in the DRt resulted in
labeled fibers in telencephalic areas (Table 1; Fig. 3J-M),
especially in the MGP (see Fig. 6E, F) and, in smaller
amounts, the LGP. Septal nuclei including the lateral (LSI)
and medial (MS) areas, the indusium griseum (IG) and the
nucleus of the vertical/horizontal limbs of the diagonal band of
Broca (VDB/HDB; Fig. 6G, H) were also found to be targeted
by DRt fibers. Only in two injections (rat 71, see Fig. 3J2)
labeled terminals were present in amygdaloid nuclei (Amy),
especially in the central (Ce) and medial (Me) ipsilateral Amy
(Fig. 3J2). In these telencephalic areas, fiber distribution was
predominantly contralateral and the number of labeled termi-
nals per 50 um brain section was consistently present along
the rostrocaudal axis of the recipient areas.

BDA administration to nuclei bordering the DRt. The
administration of BDA in medullary areas bordering the
DRt, namely in the VRt (Fig. 2C), Cu (Fig. 2E) and Sp5C

(Fig. 2G), resulted in brain projecting patterns that were
clearly different from those obtained after BDA injections in
the DRt. See Table 1 for a detailed list of the areas receiv-
ing projections from these three nuclei.

VRt. BDA injections in the VRt (Fig. 2C; Table 1)
resulted in a great number of labeled terminals in both ipsi-
and contralateral sides of the caudal medulla, including the
NTS and reticular formation areas such us the intermedi-
ate reticular nucleus (IRt), LRt, VLMIat and, to a lesser
extend, the DRt. In the rostral medulla, the RVM received
also a considerable projection. At the pons level, VRt
projections were mostly concentrated in the PB, KF and, at
the mesencephalic level, the PAG was the major receptive
area. The LH and PH hypothalamic nuclei and the VPL/
VPH, Po and VM thalamic nuclei were the diencephalic
areas to where the VRt projected more prominently. Lastly,
the VDB/HDB is the only telencephalic area that receives a
significant amount of projections from the VRt. Rare or no
projections were found in the 12, ECu, Gi, PCRt, Sp5,
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Table 1. Density of DRt projections to the brain after BDA injections (rats 71 and 78) in the nucleus

585

Location of labeled DRt injections Controls
terminals
Rat 71 Rat 78 Cu Sp5c VRt
Ipsi Cont Ipsi Cont Ipsi Cont Ipsi Cont Ipsi Cont
Medulla oblongata
7 +++++ ++++ +++++ ++++ + — — — ++++ +
10 ++ + ++ + ++ — ++ + ++ ++
12 ++4+++ +++ +++++ +++ ++ - ++ - -
Cu ++ + +4++ + Injection + ++ - + -
DRt Injection +++ Injection +++ ++ - +++ ++ ++ +
DPGi +++ ++ +++ ++ — — - - ++ +
ECu +++ - +++ - +++++ + - - - -
Gi +++ ++ ++4++ +++ + — + ++ + -
GIA ++ ++ - - + +++ — — +4++ ++
GivV + ++ - - - — — — ++ +
Gr ++ + ++ + +++ ++ ++ + ++ -
10 ++ ++++ + +++++ +++ ++++ - - + +
IRt ++++ +++ ++++ +++ — — +++ + +++ +++
LPGi ++ + ++4++ +++ ++ + + - ++ +++
LRt +++ ++ ++++ +++ ++ — + — +4++ +4+4++
NTS +++ ++ +++ ++ ++ + ++++ ++ +++ +++
PCRt ++++ +++ ++4++ +++ - — +++ + + -
RMg +++ +++ +++ ++ + + — - ++ ++
ROb ++ ++ - — +
RPa + ++ + - +
Sp5 +++ ++ +++ ++ ++4++ ++ Injection + + -
Ve ++ + + - ++ - ++ - - -
VLMlat +++ +++ +++ ++ +++ + +++4+ ++ ++ ++
VRt +++ +++ ++++ +++ + — + — Injection +++
Cerebellum
Cortex - - - - ++++ ++ +++ - - -
Lat/Int ++ + ++ ++ — — - - + +
Pons
A5 ++++ + +++ ++ ++ — - - ++ -
KF +++ ++ ++++ +++ + — +++ +++ +4+4++ ++
LC +++ + ++ + ++ — — — ++ ++
LL + +++ ++ + - +++ - ++ - -
Me5 ++ ++ ++ +4+ — — — — - -
Mo5 ++++ +++ ++++ +++ — — — — ++ +
PB ++++ ++ +++4+ +++ + — +++4+ +++ ++++ ++
Pn + ++ ++ ++ — +++++ - - - -
PnC/PnO ++ + +++ ++ - +++ + + ++ +
PnV - ++ - - - - - - - -
Mesencephalon
3 ++ ++ + ++ — — — — + +
APT — ++ - ++ + ++ - - ++ -
CnF ++ ++ ++ +4+ - - - - - -
Colliculi ++ +4++ +4++ ++ - — — +++ ++
DK — ++ ++ ++ - + - - - -
DR ++ ++ +++ +4++ - - - - - -
DpMe ++ +++ ++ +++ - +++ — + + +
F ++ ++ +++ ++ - +++ - - - -
IMLF ++ ++ ++ ++ - ++ — — - -
IP ++ — + + - - - - - -
PAG +++ ++ +++ +++ - ++ — — +++ +++
R +++ +++ ++ ++ — + — — ++ ++
SNC ++ ++ + +++ - + - - + +
SNR + - - + - - - - - -
VTA ++ ++ ++ ++ - + — — - -
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Table 1. Continued

Location of labeled DRt injections Controls
terminals
Rat 71 Rat 78 Cu Sp5c¢ VRt
Ipsi Cont Ipsi Cont Ipsi Cont Ipsi Cont Ipsi Cont
Diencephalon
Hypothalamus
Arc +++ ++ +++ ++ - - - - - -
LH +++ +++ +++ +++ - ++ - - - -
LM ++ ++ + + - — — — - ++
L/MPO ++ ++ + + - - - - - -
Pe ++ ++ ++ ++ - - — — - -
PH ++ ++ ++ ++ ++ ++++ - — ++ ++
PVN ++ — + ++ - — — - - +
VLH/VMH ++ + - + - - - - - -
Thalamus
CL - - + ++ - - - - - +
CM ++ ++ ++ +++ — — — - + +
Eth - ++ - ++ — — — — - -
PC ++ +++ ++ +++ - - - - - -
PF +++ +++ +++ +++ — ++ - - - +
Po +++ ++++ +++ ++++ - +++ - +++ - ++
PV - ++ - + - - - - - -
Re - - + - - - - - - -
Rh - + — + — — — —
Rt - — + + - — — - - -
SPF ++ +++ + ++ — ++++ — ++ + +
VA - - + + — — — — - -
VL + + + ++ - — — - - +
VM — +++ + +++ — — — — + ++
VPM/VPL + ++ + ++ - + - +++ - +++
Subthalamus
Zl ++ +++ ++ +++ — +++ — — + ++
Telencephalon
Amy +++ — - - - — — — - -
BST +++ ++ - - - - - - - -
IG + - - ++ — — — — - -
GP (L/IMPG) + ++ ++ +++ - — — — - +
LSI + — - + - - - - - -
MS + + - + — — — — - -
SHi - - - + - — — — - -
SI ++ + + ++ — — - - - +
VDB/HDB ++ + ++ ++ - — — — - +++
VP - — - + - — — — - -

Results for control injections of BDA in nuclei surrounding the DRt, namely in the Cu, Sp5C and VRt are also shown for comparison of projection
patterns. Intensity of labeling: +++++, very dense; ++++, dense; +++, numerous; ++, few; +, rare; —, no labeling.

Me5, DR, VTA, Arc, LH, L/IMPO, PC, Amy, BST, which
were strongly or moderately targeted by DRt efferents.
Cu. At the most caudal level of the brainstem, Cu
projections (Fig. 2E; Table 1) were mainly concentrated in
the Sp5C, Gr and VLMlIat. Further rostrally, the ipsilateral
ECu was the strongest recipient of labeled terminals from
all Cu efferent targets. The 10 also received large quanti-
ties of fibers both ipsi- and contralaterally. In the cerebel-
lum, terminal fibers from the Cu were present throughout
the rostrocaudal extension of the ipsilateral cortex. At the
pons, massive projections were especially concentrated in
the PnC/PnO and contralateral Pn. Less significant
amounts of fibers were also present in the LC, PB, KF and
A5. At the mesencephalon, the principal Cu projections tar-

geted the nucleus of the fields of Forel (F), DpMe, PAG and
anterior pretectal nucleus (APT), contralaterally. Cu dience-
phalic projections to the hypothalamus terminated in the LH,
ipsilaterally and PH, bilaterally. In the thalamus, all Cu pro-
jections were contralateral and targeted the Po, PF and the
SPF nuclei. Labeled fibers were also present in the contralat-
eral subthalamic ZI. No projections were found in the telen-
cephalon and rare or terminal boutons were detected in the
VRYt, 7, Gi, GiV, PCRt, deep cerebellar nuclei, KF, Me5, Mo5,
PB, CnF, colliculi, DR, SN, CM, PC, PF, VM, ZI and PVN,
which were found to be targeted consistently by the DRt.
Sp5C. Sp5C projections (Fig. 2G; Table 1) to the
caudal brainstem were especially concentrated in the NTS
and VLMIat. Smaller amounts of labeled fibers were also
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Fig. 4. Photomicrographs of BDA-labeled terminals in contralateral hemisections of the caudal brainstem. Some of these areas have been previously
implicated in supraspinal pain modulation, namely the DRt (A, B), the VRt (A, B), the NTS (A) and the VLMIat (B). Note the great concentration of fibers

in the ipsilateral 12 and the NTS bilaterally (A). Scale bar=250 um.

present in the DRt, IRt and Cu. At the pons, both the ipsi-
and contralateral PB and KF received efferents from the
Sp5C and, at the mesencephalon, only the ipsilateral col-
liculi presented fibers labeled from the Sp5C. At the dien-
cephalon, projections from the Sp5C were restricted to the
contralateral ventral posterolateral (VPL/VPM), Po and
SPF thalamic nuclei. No labeled terminals were identified
in other diencephalic areas as well as in the telencephalon.
Rare or no projections were found in the 7, ECu, GiA, 10,
LRt, RMg, ROb, VRt, deep cerebellar nuclei, A5, LC, Me5,
Mo5, APT, CnF, DR, PAG, SN and VTA, areas that were
consistently targeted by the DRt.

Retrograde tracing experiments

In order to verify the performance of the anterograde tracer
BDA in the present work, three areas targeted by the DRt
were selected for injections with the retrograde tracer CTb.

The PB was already known from a previous work (Ber-
nard et al., 1990) to receive a moderate amount of fibers
from the DRt and was therefore selected to test the effi-

cacy of our retrograde experiments. Injections of CTb in
the MPB (Fig. 2D) resulted in a relatively high amount of
retrograde labeled cells distributed throughout all the ros-
trocaudal extension of the DRt (see Fig. 7E), especially in
the ipsilateral hemisection.

The main brainstem area implicated in pain modula-
tion, the PAG was also selected to receive CTb injections
(Fig. 2F). These always resulted in a moderate to low
number of retrogradely labeled neurons in the DRt (Fig.
7A, B), thus confirming the anterograde result obtained
with BDA. It was found that this number was highly depen-
dent on the area injected, CTb injections in caudalmost
PAG being those which resulted in a higher numbers of
labeled neurons in the DRt (Fig. 7C, D).

Lastly, we have selected a telencephalic area targeted
anterogradely by BDA injected in the DRt since no other
study has ever shown a projection to this area of the brain.
Injections of CTb in the MGP resulted in a small number of
retrogradely labeled neurons in the DRt (Fig. 7F), confirm-
ing the results obtained with BDA.
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Fig. 5. Photomicrographs of BDA-labeled terminals in the contralateral RVM (A) and PAG (B), both areas being part of the major axis of the

endogenous pain control system. Scale bar=250 um.

DISCUSSION

The present data demonstrate that the DRt projection pat-
tern to the brain is broader than previously thought (Fig. 8;
see for comparison Bernard et al., 1990). Importantly,
some of the areas now described as receiving projections
from the DRt are known for a long time to be implicated in
pain modulation. These include all relay areas of the de-
scending hypothalamus—PAG—RVM-dorsal horn circuitry,
the noradrenergic cell groups LC, A5 and A7, the NTS and
virtually all brainstem areas of the reticular formation in-
volved in pain control. Additionally, projections to the me-
dial thalamus and the limbic system are suggestive of a
DRt role in the emotional processing of pain. Similarly,
connections to several areas belonging to the extrapyra-
midal and orofacial motor system indicate an involvement
in the motor reactions associated with pain. Taken to-
gether, these data reinforce the anatomical basis for the
well-known role of the DRt as a medullary center devoted
to pain processing and modulation (see reviews by Villan-
ueva et al., 1996; Lima and Almeida, 2002).

Technical considerations

A certain number of principles were followed in order to
validate our results, namely in what concerns the definition
of DRt boundaries and the benefits and/or caveats of the
tracers used in this study.

Specificity of the DRt brain projection patterns

Rostrocaudally, the DRt is located between the most ros-
tral aspect of the lamina V of the spinal dorsal horn, at the
level of the pyramidal decussation and the most caudal
aspect of the PCRt, at the level of the rostral end of the
area postrema (AP; Valverde, 1962; Newman, 1985; Paxi-
nos and Watson, 1998). On the coronal plane, the DRt
boundaries are defined by the Cu dorsally, the Sp5C lat-
erally, the NTS dorsomedially and the VRt/VLMIat ventro-
medially. These areas are functionally distinct as a reflex of
their particular afferent and efferent connectivity, as shown
by their sharply different efferent projection patterns when
compared with that of the DRt (Table 1). The DRt has the
highest projection to orofacial motor nuclei 12, 7 and Mo5,
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Fig. 6. Photomicrographs of BDA-labeled terminals in forebrain sections stained by the formol-Thionin method. The number of fibers was usually low
in each 50 um brain section but they were consistently present along the rostrocaudal extension of the nuclei shown in the picture. The areas depicted
are the contralateral SNC/SNR (A, B), the ipsilateral PVN (C, D), the ipsilateral MGP (E, F) and the contralateral VDB/HBD (G, H). The left column
(A, C, E, G) presents a low magnification of the brain area of interest. The areas assigned with a rectangle are shown in the correspondent high
magnification images present in the right column (B, D, F, H). Additional labeled fibers outside the rectangle are indicated by arrows (A, E). In figure
G the curving arrow indicates that the corresponding high magnification photomicrograph (H) is rotated in a counterclockwise way. Arrows in the right
column high magnification photomicrographs point out en passant varicosities (F) and terminal boutons (H). Note that in some higher magnifications
different focal plans were used to create a single picture. These can be readily identified because of the slight different background gray intensities.

Scale bars=200 um left column; right column, 20 um.

whereas the VRt does not project to the 12 and the Cu and
Sp5C do not project to the Mo5. The presence of labeled
terminals in the cerebellar cortex was detected after BDA
injections in the Cu and, in smaller amounts, in the Sp5C
but no injections confined to the limits of DRt or VRt were
able to reproduce this result. At the pons level, projections
from Cu to the Pn were more intense than those from the
DRt, VRt and Sp5C but, on the contrary, the Cu was the
only area that did not project to the PB. The efferent
projection pattern to the PAG also differed among the four
nuclei injected with BDA: contrary to injections confined to
the DRt, VRt and Cu no labeled terminals were found in the
PAG after BDA injections in the Sp5C and, in the case of
Cu, these projections were exclusively contralateral and
especially located in rostral areas (as it was confirmed

retrogradely; Fig. 7D). BDA injections in the Sp5C have not
resulted in labeled terminals in the hypothalamus, contrary
to what happened after injections in the other nuclei. Fi-
nally, only injections confined to DRt and VRt have re-
sulted in labeled terminals at the telencephalic level. These
data reinforce the clear-cut distinction between the results
obtained by small well-delimited BDA injections applied to
the DRt and neighbor brain areas.

Specificity of the tract-tracing methodology

Dextran amines like BDA are among the best commercially
available tracers (Kdbbert et al., 2000) and, at least in
peripheral sensory pathways, BDA seems to be a more
powerful anterograde tracer than PHA-L (Novikov, 2001).
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Fig. 7. Photomicrographs (A, B) showing retrogradely labeled neurons in the DRt after the VLPAG injection of CTb presented in Fig. 3E. The low
magnification micrograph (A) shows the local anatomy of the caudal medulla and retrogradely labeled in the area. High magnification (B) micrograph
shows the area inside the rectangle in A. (C—F) Schemes adapted from Paxinos and Watson (2005) representing the central zone of the rostrocaudal
extension of the DRt; CTb retrogradely labeled neurons from 15 to 20 sections (50 um thickness each one separated by 150 um) are represented
by a single dot after tracer injection in the caudal VLPAG (see injection Fig. 2F) (C) in the rostral VLPAG (D) in the MPB (see injection Fig. 2D) (E)
and in the MGP (see injection Fig. 2H) (E). Scale bar=500 um in A; B, 125 um.

Although BDA can be incorporated into injured dendrites
and/or fibers at the injection site, labeling of en passage
fibers is reduced by small diameter micropipette tips during
the iontophoretic administration. This was the case of the
present study since virtually no labeled perikarya were
found along the brain of injected rats. Curiously, we have
found some discrepancies between our present data ob-
tained with BDA injections in the DRt and the data obtained
previously with PHA-L (see below; Bernard et al., 1990;
Villanueva et al., 1998) which might be explained by dif-
ferent cellular incorporation/uptaking mechanisms of the
tracers.

Our injections in the DRt resulted in a consistent effer-
ent projection pattern to the brainstem, thalamus, caudal
hypothalamus and nigral basal ganglia. Less consistently,
we have found after some BDA injections DRt-labeled
terminals in the rostral hypothalamus (preoptic area), basal

nuclei MGP and LGP, substantia innominata (Sl), some
lateral and medial septal nuclei and, in two rats, in the
Amy. In these cases some considerations should be made.
Firstly, injections of anterograde tracers in several levels/
laminae of the spinal cord confirmed the existence of spi-
nal projections to the above-mentioned areas (Cliffer et al.,
1991; Wang et al., 1999; Gauriau and Bernard, 2004). This
fact raises the question of whether our labeling in the
forebrain is due to the caption of BDA by DRt neurons or by
spinofugal en passage fibers coursing through the DRt.
However, we reject this possibility: (i) injections of retro-
grade tracers in some of these forebrain areas confirmed
the presence of small amounts of labeled cells in the DRY;
(ii) fiber tracts ascending from the spinal cord are mostly
concentrated in discreet areas of white matter located far
from the injected DRt areas (Paxinos and Watson, 1998).
Thus, it is possible that different neuronal populations co-
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Fig. 8. Schematic diagram summarizing the main DRt projections to the brain. The saggital section is adapted from Paxinos and Watson (1998).

exist in the DRt. This hypothesis is supported by other
retrograde (Li JL et al., 1997) and anterograde (Cliffer et
al., 1991; Wang et al., 1999; Gauriau and Bernard, 2004)
studies demonstrating the presence of forebrain-projecting
neurons in the upper cervical levels and in the caudal
medulla. Importantly, a similar hypothesis has been al-
ready ascribed to the DRt based on some intermittence
occurring with a few afferent projections to this nucleus,
which seemed to depend on local neuronal subpopulations
(Almeida et al., 2002).

CTb has the advantage of not being picked up by fibers
en passage (Lima and Coimbra, 1988; Tavares and Lima,
1994). Therefore, the presence of retrograde labeled cells
in the DRt after a CTb injection in another brain area is a
strong reinforcement that the latter is a DRt target. In fact,
all CTb injections applied to previously BDA labeled areas
resulted in perikarya labeling in the DRt.

Anatomo-functional considerations

Brainstem. The major targets of DRt projections are
located in the brainstem. Fibers are distributed almost
ubiquitously along the reticular formation, ranging from
large amounts in areas such as the PCRt, NTS and LRt, to
moderate or small in areas as the pontine reticular nuclei,
cuneiform nucleus (CnF), DpMe, VTA (confirmed retro-
gradely by Herbert et al., 1997) and both colliculi. Except
for the PCRt and Gi (Bernard et al., 1990), none of the

other nuclei had been previously shown to receive antero-
grade projections from the DRt. The following discussion
on functional considerations of brainstem DRt efferents will
focus areas that have not been assigned in previous stud-
ies as DRt targets and/or when contradictory conclusions
exist among different studies.

Orofacial motor nuclei. The present results demon-
strate that the DRt is a major source of afferent input into
the orofacial motor nuclei, confirming previous retrograde
(Borke et al., 1983; Hinrichsen and Watson, 1983; Travers
and Norgren, 1983; Li et al., 1993; Li YQ et al., 1997) and
anterograde (Bernard et al., 1990) tracing studies. All the
three orofacial motor nuclei Mo5, 7 and 12 receive bilateral
projections with ipsilateral prevalence. This same pattern
was also obtained after PHA-L administration to the rostral
continuation of the DRt, the PCRt (Ter Horst et al., 1991)
and in the retrograde studies cited above. Differently,
PHA-L injections in the DRt performed by Bernard et al.
(1990) resulted in contralateral projections to the Mo5 and
12 and bilateral projections to the 7, constituting the sole
exception to the pattern described.

Orofacial motor behavior results from the complex in-
teraction between jaw, facial and lingual muscles (Fay and
Norgren, 1997a,b,c), which are controlled, respectively, by
brainstem motoneurons located in the Mo5, 7 and 12
nuclei. There is presently no indication of any large inter-
connectivity between these motoneurons and thus a reg-
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ulatory role is necessarily attributable to premotor neurons
and other hierarchically superior neurons. It is possible that
DRt premotor neurons might be involved in the organiza-
tion of facial expressions and vocalization triggered by
noxious stimulation. Firstly, DRt neurons are activated al-
most exclusively by noxious stimulation (Villanueva et al.,
1988). Secondly, double-labeling tracing studies showed
that a single DRt neuron can project simultaneously to
Mo5/7, Mo5/12 or 7/12 motoneurons (Li et al., 1993; Dau-
vergne et al., 2001; Popratiloff et al., 2001). Lastly, the DRt
receives afferent input from the somatosensory and motor
cortices (Almeida et al., 2002; Hattox et al., 2002), adding
further complexity to this circuitry.

Endogenous pain control circuitry. Our results on
DRt projections to the RVM are largely confirmed by the
retrograde work by Hermann et al. (1997), where system-
atic injections of CTb in the rostral and caudal raphe nu-
cleus and in the GiA resulted in a moderate number of
retrogradely labeled neurons in the DRt. No projections to
PAG have been demonstrated before, but the efferent
projections from the DRt to the PAG are confirmed by our
own retrograde control injections of CTb in the PAG. Both
the PAG and the RVM are recognized as major players in
the pain descending modulatory axis. It is known that
electrical stimulation of the PAG can elicit generalized
analgesia without loss of any other sensitive or motor
function in rats (Reynolds, 1969) and humans (Hosobuchi
et al.,, 1977; Richardson and Akil, 1977; Young et al.,
1985). This effect is mediated via RVM, which projects to
the spinal cord and modulates spinal nociceptive transmis-
sion (see references in Basbaum and Fields, 1984; Jones,
1992). Additionally, besides a pain inhibitory action, the
RVM can also facilitate pain (Zhuo and Gebhart, 1997;
Porreca et al., 2002). Neural tracing studies indicate that
the DRt projects to (present data; Tavares and Lima, 1994;
Hermann et al., 1997) and receives projections from
(Almeida and Lima, 1997; Almeida et al., 2002) the PAG—
RVM-dorsal horn circuitry. These anatomical data are per
se suggestive of some functional interaction between
these areas in pain supraspinal processing (Pertovaara,
2000; Lima and Almeida, 2002; Porreca et al., 2002), even
though electrophysiological studies are required to clarify
the extension of this reciprocity and its role in pain
modulation.

A retrograde study by Luppi et al. (1995) shows that
CTb injections restricted to LC core plus pericoerular area
resulted in a higher number of cells labeled back in DRt
than those restricted to the LC core. Our anterograde data
in the present study confirm the existence of DRt projec-
tions to the LC and pericoerular area. Additionally, we also
demonstrate the existence of DRt efferents to the pontine
lateral tegmental cell groups A5 and A7. These data indi-
cate an extensive connectivity between the DRt and the
supraspinal antinociceptive noradrenergic system (re-
viewed by Proudfit, 1988; Berridge and Waterhouse, 2003;
Aston-Jones, 2004). In parallel with the spino-PAG-LC
(Luppi et al., 1995) and the spino-VLMIlat-A5 (Tavares et
al., 1996) pathways, DRt projections to LC/pericoeruleus,
A5 and A7 represent another possible route through which

ascending nociception can reach these noradrenergic
areas.

Diencephalon. DRt diencephalic projections were
studied in detail after PHA-L administration to the DRt
(Villanueva et al., 1998) and, except for some specific
areas, no major differences exist between this and the
present study with regard to thalamic projections. Further-
more, an exhaustive retrograde study covering a wide
range of thalamic areas (Krout et al., 2002) gives a strong
support to both anterograde studies. Nonetheless, some
exceptions are worth mentioning. With regard to the Re,
not all of our BDA injections in the DRt have resulted in
labeled terminals in this area and, when they did, only a
minor number of terminals were visualized. Similarly, two
retrograde works have found few (Krout et al., 2002) or no
(McKenna and Vertes, 2004) cells labeled in the DRt after
CTb injections in the Re. Contrastingly, Villanueva’s group
described a considerable amount of labeled terminals in
the Re, especially in its caudal aspect, after PHA injections
in the DRt (Villanueva et al., 1998). With regard to the
thalamic Rh, we show projections to this nucleus, which is
supported by the retrograde (Krout et al., 2002) but is in
disagreement with the other anterograde (Villanueva et al.,
1998) study.

At the hypothalamic level we have found a number of
areas that, with the exception of the LH (Villanueva et al.,
1998), are shown here, for the first time, to receive projec-
tions from the DRt using anterograde tracing. Previous
retrograde studies had already given indications of DRt
projections to the Arc, PVN nuclei and LH, areas impli-
cated in supraspinal pain modulation (Aimone et al., 1988;
Yirmiya et al., 1990; Bach, 1997).

Telencephalon. We report here, for the first time,
projections from the DRt to the basal ganglia, namely to
the SN, MGP and LGP. Additionally, we also report pro-
jections to medial/lateral septal areas and, in two cases,
projections to the Amy. Injection of the retrograde tracers
wheat germ agglutinin—horseradish peroxidase (WGA-
HRP; Vertes, 1988) and FG (Li JL et al., 1997) in septal
areas resulted in contradictory data in respect to
the existence of DRt neurons projecting to the septum. In
the first report, no labeled neurons were found in the DRt
while in the second study a small number of neurons were
present in the caudal DRt after FG injection in the VDB/
HDB. Differences between the two tracers and/or in the
exact areas to which the tracers were administrated might
explain the two apparently contradictory results. In the
case of the Amy we have not found retrograde information
supporting our data.

From the functional point of view, these areas have
been directly or indirectly involved in pain modulation. The
basal ganglia, besides their well-known commitment with
motor behavior (reviewed by Takakusaki et al., 2004) has
also been associated with pain modulation (reviewed by
Chudler and Dong, 1995). In the case of septal nuclei, two
reports have shown that changes in the hippocampal cell
activity induced by noxious stimulation are impeded by
VDB lesions (Khanna, 1997; Khanna and Zheng, 1999).
Finally, the Amy has a well-known role as a higher center
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in the regulation of brainstem endogenous pain control
system (Neugebauer et al., 2004) and is the main regulator
of the emotional component of pain. Taking into account
these data from other groups, the anatomical data reported
here and the well-known role of DRt in pain modulation
(Villanueva et al., 1996; Lima and Almeida, 2002), it is
possible to speculate that peripheral noxious information
may be relayed, at least in part, in the DRt before trans-
mission to forebrain centers. What is the exact role of
these circuits in pain modulation (or in other functions) and
how these areas interact in order to produce an output
(ultimately a behavior or a sensation) are yet to be found.
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