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Abstract

Several lines of evidence suggest that the hypothalamus is involved in trigeminal pain processing. However, the
organization of descending hypothalamic projections to the spinal trigeminal nucleus caudalis (Sp5C) remains poorly
understood. Microinjections of the retrograde tracer, fluorogold (FG), into the Sp5C, in rats, reveal that five
hypothalamic nuclei project to the Sp5C: the paraventricular nucleus, the lateral hypothalamic area, the perifornical
hypothalamic area, the A11 nucleus and the retrochiasmatic area. Descending hypothalamic projections to the Sp5C
are bilateral, except those from the paraventricular nucleus which exhibit a clear ipsilateral predominance. Moreover,
the density of retrogradely FG-labeled neurons in the hypothalamus varies according to the dorso-ventral localization
of the Sp5C injection site. There are much more labeled neurons after injections into the ventrolateral part of the
Sp5C (where ophthalmic afferents project) than after injections into its dorsomedial or intermediate parts (where
mandibular and maxillary afferents, respectively, project). These results demonstrate that the organization of
descending hypothalamic projections to the spinal dorsal horn and Sp5C are different. Whereas the former are
ipsilateral, the latter are bilateral. Moreover, hypothalamic projections to the Sp5C display somatotopy, suggesting
that these projections are preferentially involved in the processing of meningeal and cutaneous inputs from the
ophthalmic branch of the trigeminal nerve in rats. Therefore, our results suggest that the control of trigeminal and
spinal dorsal horn processing of nociceptive information by hypothalamic neurons is different and raise the question
of the role of bilateral, rather than unilateral, hypothalamic control.

Citation: Abdallah K, Artola A, Monconduit L, Dallel R, Luccarini P (2013) Bilateral Descending Hypothalamic Projections to the Spinal Trigeminal Nucleus
Caudalis in Rats. PLoS ONE 8(8): e73022. doi:10.1371/journal.pone.0073022

Editor: Izumi Sugihara, Tokyo Medical and Dental University, Japan

Received January 29, 2013; Accepted July 17, 2013; Published August 7, 2013

Copyright: © 2013 Abdallah et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: The work was supported by Institut National de la Santé et de la Recherche Médicale (INSERM), Ministère de l'Enseignement Supérieur et de la
Recherche, Université d'Auvergne-Clermont-Ferrand and Région Auvergne. The funders had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Competing interests: The authors have declared that no competing interests exist.

* E-mail: radhouane.dallel@udamail.fr (RD)Philippe.luccarini@udamail.fr (PL)

Introduction

Pain is a complex experience that involves sensory-
discriminative, cognitive-evaluative, and affective-emotional
components. Transmission of nociceptive messages is thus
modulated by different central nervous system networks
according to the nature of the painful stimulus and behavioral
state of the individual [1]. For instance, descending pathways
from brainstem and hypothalamus are known to either inhibit or
facilitate transmission of nociceptive information at the level of
the spinal dorsal horn and the spinal trigeminal nucleus
caudalis (Sp5C).

The hypothalamus integrates multiple functions including
endocrine and autonomic control, thermoregulation, sleep,
appetite, emotional behavior and arousal, and governs the
rhythmicity and timing of many body functions [2]. Evidence
from neuroimaging studies in man suggest that hypothalamus
is also a key player in nociceptive processing, particularly in

trigeminal pain syndromes such as migraine [3] and trigeminal
autonomic cephalalgias [4] including cluster headache [5,6].
This prompted the use of deep-brain stimulations to modulate
this region in patients with refractory chronic cluster headache
[7–10]. Animal studies, using electrophysiological recordings in
rats [11–13] and cats [14] or Fos expression as a histochemical
marker of neuronal activity [15–17], suggest that the
hypothalamus is activated following trigeminal stimulation.

It is widely accepted that trigeminal sensory information can
reach the hypothalamus via multisynaptic pathways through
the brainstem, thalamus and cortex. Recently, however,
anatomical [18–21] and electrophysiological [22] studies
showed that a substantial number of Sp5C neurons directly
send their axons to hypothalamic regions. The hypothalamus
modulates the perception of trigeminal pain [23]. Stimulation or
lesion of the A11 nucleus decrease or increase, respectively,
dural stimulation-evoked responses of Sp5C neurons [24]. This
raises the question as to whether hypothalamic areas directly
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project to the Sp5C. To address this issue, we have carried out
an anatomical study in the hypothalamus: we microinjected the
retrograde tracer, Fluorogold (FG), into Sp5C and looked for
retrogradely FG-labeled neurons in hypothalamic nuclei.

Materials and Methods

Adult male Sprague Dawley rats were obtained from Charles
River laboratories (France) and maintained in a light- and
temperature controlled environment (lights on 19.00–7.00 h,
22° C) with food and water ad libitum. All efforts were made to
minimize the number of animals used. The experiments
followed the ethical guidelines of the International Association
for the Study of Pain [25] and ethical guidelines of the directive
2010/63/UE of the European Parliament and of the Council on
the protection of animals used for scientific purposes. Protocols
applied in this study have been approved by the local animal
experimentation committee: CEMEAA “Comité d’Ethique en
Matière d’Expérimentation Animale Auvergne (n° CE 28-12).

Fluorogold injection
Animals (250-300 g) were anesthetized with chloral hydrate

(400 mg/kg body weight, intraperitoneally (i.p.) and placed in a
stereotaxic frame. After surgical removing of the atlanto-
occipital membrane, glass micropipettes (30–40 µm diameter
tips) filled with a 2% solution of Fluorogold
(hydroxystilbamidine, Molecular Probes, Reference H22845),
diluted in 0.1 M cacodylic acid were positioned at 1–2.4 mm
caudal to the obex and inserted into the Sp5C, as lateral on the
right as possible (about 2.7 mm), according to Paxinos and
Watson [26] with an angle of 80° to the horizontal plane at
various depth to reach areas where ophtalmic, maxillar or
mandibullar primary afferents terminate. The actual position of
the iontophoretic injection was verified by recording the
extracellular neuronal response to cutaneous mechanical
stimulation (brush) of the corresponding dermatome: ophtalmic,
maxillar or mandibullar. Once the micropipette was in place,
direct positive current (5 µA) was applied for 30 s every 30 s for
15–20 min. The microelectrode was left in situ for a further 5
min before withdrawal from the brain. A single injection into the
Sp5C was performed in each animal.

Following a postoperative survival period of one week,
animals were deeply anaesthetized with urethane (1.5 g/kg i.p)
and perfused transcardially over a 15 min period with warm (37
°C) heparinized saline (25 IU heparin/mL) followed by cold (10
°C) phosphate-buffered solution (0.1 M, pH 7.6) containing 4%
paraformaldehyde and 0.03% picric acid. The brain and first
cervical segment (C1) were removed and then cryoprotected in
a buffered 30% sucrose solution containing a
paraformaldehyde-picric acid solution and left overnight.
Coronal sections were cut on a freezing microtome (40 µm
thick) and collected in a 0.05 M Tris-buffered saline (TBS). A
set of Sp5C sections was mounted on gelatin-coated slides
and viewed using a fluorescent microscope (Zeiss Axioplan 2
Imaging microscope; FG: excitation 365/10 nm, dichroic mirror
400 nm and barrier filter 520 ± 560 nm) in order to localize the
injection sites. Only diencephalic sections of animals in which

injection site was exclusively located within the Sp5C were
processed further.

Primary Antibody
A rabbit polyclonal anti-body against Fluorogold (Millipore;

Reference AB153; Lot LV1644476) [27] was used in order to
detect the retrogradely labeled cells in hypothalamus and the
tracer injection site in Sp5C.

Fluorogold injection site immunocytochemistry
Free-floating brainstem sections were placed in 1% normal

horse serum for 30 min before incubation in a rabbit polyclonal
antibody directed against Fluorogold (1:20000, Millipore,
Reference AB153) overnight at room temperature. Sections
were then washed in TBS and placed in biotinylated horse anti-
rabbit followed by avidin–biotin–peroxidase complex
(Immpress, Abcys Vector, 30 min at room temperature).
Immunoreactivity for Fluorogold was visualized in sections
using 3,3′-diaminobenzidene tetrahydrochloride (DAB) (kit
Vector Peroxydase substrate DAB).

Hypothalamic section immunocytochemistry
Free-floating diencephalic sections were placed in 1%

normal goat serum for 60 min before incubation in a rabbit
polyclonal antibody directed against FG (1:20000, Millipore,
Reference AB 153) overnight at room temperature.
Immunoreactivity was revealed using Cy3 conjugated goat anti-
rabbit secondary antibody (1: 200, Jackson Immunoresearch,
Reference 111-165-003) for 2 hours at room temperature. All
immunolabels were diluted in TBS containing 0.25% bovine
serum albumin and 0.3% Triton X-100. Specificity controls
consisted of the omission of the primary antibody and
incubation of sections in inappropriate secondary antibodies. In
all these control experiments, no specific staining was evident.
All sections were rinsed in TBS and transferred to gelatinized
slides before being coverslipped using DPX.

Cresyl violet staining
In order to define the cytoarchitecture of paraventricular

nucleus (PVN) subdivisions [28–30], a few selected sections
were mounted separately and stained with a 0.5% cresyl violet
solution for 10 min. Sections were than rinsed with distilled
water and dehydrated in graded dilutions of ethanol before
being cleared with xylene and coverslipped using DPX.

Data analysis
Computer-assisted bright-field images of injection sites were

obtained using a CCD color video camera (Sony DXC-950P)
connected to a Nikon Optiphot-2 microscope at 4×
magnification. Each injection site was analyzed using coronal
sections processed with DAB. The delineation of the Sp5C was
based on our own myeloarchitecture atlas adapted from
Strassman and Vos [31] and Molander, et al. [32]. Brainstem
sections were categorized according to their approximate
rostrocaudal location in the Sp5C (from +0.4 µm to -3.2 µm, 10
levels) relative to the most caudal tip of the subnucleus
interpolaris⁄Sp5C transition region, as described by Yoshida, et
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al. [33] which corresponds approximately to obex.
Representation of injection sites were grouped on standard
drawings of Sp5C. The volumes of injection sites were
computed out of their measured rostrocaudal, mediolateral and
dorsoventral extents.

Retrogradely labeled neurons were counted in altogether 17
coronal sections throughout the whole antero-posterior extent
of hypothalamus. These sections were selected as following.
First, every third section from the entire set of microtome
sections containing the hypothalamic region was examined
with a fluorescence microscope. Sections which appeared to
be the closest to the coronal planes -0.9, -1.2, -1.6, -1.8, -1.9,
-2.1, -2.3, -2.6, -2.8, -3.1, -3.3, -3.6, -3.8, -4.2, -4.3, -4.5 and
-4.8 mm posterior to bregma of the Paxinos and Watson atlas
[26] were then selected. In each selected section,
immunofluorescence was analyzed with a motorized Zeiss
Axioplan 2 Imaging microscope coupled with a Hamamatsu
C4742-95 digital camera, by using Texas Red filter set. Images
of ipsilateral and contralateral hypothalamic nuclei were
captured separately with a x10 objective, resulting in an image
size of 1280x1024 pixels. Retrogradely labeled cell bodies
within the different hypothalamic nuclei were identified and
counted manually with the aid of ImageJ cell counter plugin.
The delineation of the hypothalamus was based upon Paxinos
and Watson [26], Swanson and Kuypers [28], Skagerberg and
Lindvall [34], Cechetto and Saper [29], Swanson, et al. [35].
Representative examples of retrogradely labeled cell bodies
distribution were grouped on standard drawings illustrating the
rostrocaudal levels of hypothalamus. Images were exported to
Adobe PhotoShop (v 5.5) to adjust brightness and contrast
before adjusting the image scale by using ImageJ 1.45
software. The images were imported into Coral Draw 12 to
insert additional indications and⁄or anatomical landmarks.

Data in the text, figures and table are expressed as mean ±
SEM. Statistical analyses were performed using Sigma Plot
software. Either the Student t-test, Mann-Whitney rank sum
test, when data were not normally distributed, and one Way
ANOVA followed by post hoc Tukey’s multiple comparison
tests were used as specified in the text. Significance level was
set at p <0.05.

Results

Localization and extent of injection sites
The present data were collected from 21 rats, in which the

injection of FG, manifest as a dense core of intense
fluorescence, was restricted to Sp5C. The Sp5C localization of
FG injections was confirmed by using DAB: each injection
appeared as a center of dense FG immunoreactivity
surrounded by, first, a halo of staining with strongly FG
immunoreactive neurons and then, more peripherally, less
stained neurons (Figure 1). Coronal levels at which tracer
deposition was maximal were at about -1.2 mm (n = 2), -1.6
mm (n = 10), -2.0 mm (n = 6) and -2.4 mm (n = 3) relative to
the most caudal tip of the subnucleus interpolaris⁄Sp5C
transition region (Figure 1B). Mean rostrocaudal, mediolateral
and dorsoventral extents of injection sites (area of strongly

immunostained neurons) were 965 ± 62 µm, 562 ± 48 µm and
503 ± 39 µm, respectively.

In most animals (n = 15), FG injections were confined to
either the dorsomedial (n = 3) or intermediate (n = 8) or
ventrolateral (n = 4) area of Sp5C (Figure 1B). These areas are
innervated by the mandibular (V3), maxillary (V2) and
ophthalmic (V1) branch of the trigeminal nerve (V),
respectively. Therefore, it has been possible to also study the
organization of hypothalamic projections to each specific Sp5C
areas. Representative examples on FG injections into the V3,
V2 and V1 areas are illustrated in Figure 1A. In the remaining 6
rats, FG injection were either between the intermediate and
ventrolateral areas (n = 2) or involved the three areas (n = 4).

Distribution of FG Neurons in the Hypothalamus
FG neurons were predominantly found in the paraventricular

nucleus (PVN), lateral hypothalamic area (LH), perifornical
hypothalamic area (PFX), A11 nucleus and retrochiasmatic
area (RCA) (Figures 2-5). The number of FG neurons was high
in the PVN, intermediate in the LH, A11 and PFX, and low in
the RCA. Some neurons were scattered throughout the
remainder of hypothalamic nuclei.

FG neurons in the paraventricular nucleus (PVN)
The largest number of descending hypothalamo-trigeminal

neurons was observed in the PVN. FG neurons were found in
both the ipsilateral and contralateral PVN with nevertheless a
clear ipsilateral predominance: the number of FG neurons was
much higher in the ipsilateral than in the contralateral PVN
(75.5% and 24.5%, respectively of the total number of FG
neurons in PVN; Mann-Whitney rank sum test, n = 21, p <
0.001) (Figures 2B, 3A, 4B).

FG neurons were not uniformly distributed throughout the
PVN but mainly restricted to its caudal part, between -1.8 and
-2.1 mm posterior to bregma. They were thus preferentially
located in some of PVN subdivisions in a pattern that was
similar in all investigated animals. The PVN is known to include
two clusters of large (magnocellular) and small to medium-
sized (parvicellular) neurons [36]. The parvicellular part is
subdivided into five subnuclei, the periventricular (pv), anterior
(ap), medial (mp), lateral (lp) and dorsal (dp) subdivisions, and
the magnocellular part, into three subnuclei, the anterior (am),
medial and posterior (pm) groups. FG neurons were
concentrated within the lateral and medial parvicellular
subdivisions and, less, in the dorsal parvicellular subdivision.
Numerous FG neurons were also observed in the posterior
magnocellular subdivision (Figure 5, Table 1).

FG neurons in the lateral hypothalamic area (LH) and
perifornical hypothalamic area (PFX)

There were many FG neurons in bilateral LH and PFX
(Figures 2C, 2D, 3A, 4C). Whereas, in LH, the number of FG
neurons was slightly higher in the ipsilateral than in the
contralateral side (63.6 and 36.4%, respectively, of the total
number of FG neurons in LH; Mann-Whitney rank sum test, n =
21, p < 0.001), in PFX, there was no significant difference
between the ipsilateral and contralateral sides. FG neurons
were observed throughout the LH, between -2.1 and -4.3 mm
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posterior to bregma and in PFX, between -2.8 and -3.6 mm
posterior to bregma (Figure 2C, D).

FG neurons in the hypothalamic A11 nucleus (A11)
Many FG neurons were also observed in the hypothalamic

A11 nucleus (Figures 2E, 3A, 4D). There were slightly more FG

neurons in the contralateral, this time, that in ipsilateral A11
nucleus (58.3 and 41.7% respectively, of the total number of
FG neurons in A11; Mann-Whitney rank sum test, n = 21, p =
0.037). FG neurons were evenly distributed throughout the
rostrocaudal extent of the A11 area; that is, in the dorsal and
posterior hypothalamus, extending caudally and dorsally along

Figure 1.  Localization of Fluorogold (FG) injection sites within the spinal trigeminal nucleus caudalis (Sp5C).  A: Digitized
photomicrographs of bulbo-cervical coronal sections showing examples of FG injection sites into the mandibular (V3), maxillary (V2)
and ophthalmic (V1) areas of Sp5C; Scale Bar = 300 µm. B: Schematic representation illustrating the rostrocaudal distribution of all
FG injection sites (n = 21) – confined to V1 (n = 4; red) V2 (n = 8; blue) or V3 (n = 3; green) areas or more spread (n = 6; grey), from
-1.2 to -2.4 mm relative to the most caudal tip of the subnucleus interpolaris⁄Sp5C transition region and their ventro-dorsal extent
within the Sp5C.
doi: 10.1371/journal.pone.0073022.g001
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Figure 2.  Rostrocaudal distribution of retrogradely FG-
labeled cells in the hypothalamus following FG injections
in Sp5C.  A–E: Bar histograms of the number of FG neurons
(mean ± SEM; n = 21) at the ipsilateral (filled bars) and
contralateral (empty bars) side on coronal sections plotted as a
function of the posterior distance (mm posterior to bregma)
within the five hypothalamic nuclei: RCA: retrochiasmatic area
(A), PVN: paraventricular nucleus (B), LH: lateral hypothalamus
area (C), PFX: perifornical area (D) and A11 (E). Abscissa in
black are for the maximum rostrocaudal extent (mm posterior
to bregma) of each hypothalamic nucleus: RCA (-1.6 to -1.8
mm), PVN (-0.9 to -2.1 mm), LH (-1.6 to 4.8 mm), PFX (-2.8 to
-3.6 mm) and A11 (-3.3 to -4.8 mm). A-E right: Pie charts of the
bilateral distribution of FG neurons in each hypothalamic
nuclei.
doi: 10.1371/journal.pone.0073022.g002

the periventricular grey of the caudal thalamus, between plans
3.3 to -4.8 mm posterior to bregma [34].

FG neurons in the retrochiasmatic area (RCA)
The lowest number of descending hypothalamo-trigeminal

neurons was in the RCA (Figures 2A, 3A, 4A). There was no
lateral predominance. FG neurons were observed between
plans -1.6 to -1.8 mm posterior to bregma (Figure 2A).

Distribution of FG neurons in the hypothalamus as a
function of the localization of the injection site

There was no variation in the number of retrogradely FG-
labeled neurons according to the rostrocaudal localization of
the injection site. On the other hand, the number of
retrogradely FG-labeled neurons in the hypothalamus varied
with the location of the injection site within Sp5C: V1, V2 or V3.
There were many more FG neurons in hypothalamic nuclei
following injections into the V1 area of Sp5C than after
injections into V2 and V3 areas (One-way ANOVA and post
hoc Tukey’s multiple comparison tests, V1 vs. V2: p = 0.004,
V1 vs. V3: p = 0.036, n = 15; Figure 6). Moreover, FG neurons
could only be observed in RCA following injections in the V1
area: there were no or very few neurons when injections were
located in other Sp5C areas (Figure 6). This was not due to
larger injections in the V1 area compared with V2 or V3 areas
since the volumes of injection sites in V1, V2 and V3 areas
(0.30 ± 0.14, n=3; 0.21 ± 0.28, n=8; and 0.40 ± 0.14 mm3, n=4;
respectively) were not different (see Figure 1). Finally, it has
been noted that the heaviest hypothalamic projection to the
spinal dorsal horn are to lamina I [37]. However, we could not
assess the laminar distribution of hypothalamic projections to
the Sp5C as most of our Sp5C injections involved all laminae
(see Figure 1).

Discussion

Here, we used the retrograde tracer FG to delineate the
organization of hypothalamic projections to the Sp5C. We
present the first evidence in rats that mainly five hypothalamic
nuclei, the PVN, LH, PFX, A11 and RCA, project to the Sp5C.
Hypothalamic projections to Sp5C are bilateral, with,
nevertheless, a clear ipsilateral predominance for those
originating from the PVN. Interestingly, hypothalamic
projections vary between Sp5C areas. The V1 area appears to
receive massive hypothalamic projections and it is the only
Sp5C area to get inputs from the RCA.

Technical Considerations
To identify hypothalamic projection neurons, we used

Fluorogold, a well-known and effective retrograde tracer [39].
However, the results of this study should be interpreted with
the following reservations: (i) though electrophoretic ejections
of FG were made small enough to be specific of the V3, V2 and
V1 areas of Sp5C, it is possible that some injections had
slightly diffused to adjacent Sp5C areas; (ii) since Fluorogold
can be taken up and transported by axons of passage [40,41],
some of the labeled neurons in the hypothalamus might
actually not project to the Sp5C but have their axons passing
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Figure 3.  Rostrocaudal distribution of retrogradely FG-labeled neurons in the hypothalamus after a large FG injection into
the Sp5C.  A: Semi-schematic drawings of coronal sections at different levels, from -1.8 to -4.5 mm posterior to bregma.
Retrogradely FG-labeled neurons in the hypothalamus and adjacent areas are indicated by red dots. B: A representative injection
site of FG in Sp5C. PVN: paraventricular nucleus, RCA: retrochiasmatic area, LH: lateral hypothalamus area, PFX: perifornical area.
Scale bar: 300 µm.
doi: 10.1371/journal.pone.0073022.g003
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Figure 4.  Examples of retrogradely FG-labeled neurons in the PVN, RCA, LH, PFX and A11 hypothalamic nuclei following a
large FG injection into the Sp5C.  A–D: Representative photomicrographs of coronal sections showing retrogradely FG-labeled
neurons in the RCA (A), PVN (B), LH and PFX (C) and A11 (D) following a large FG microinjection into the Sp5C (the same as
Figure 3). These photomicrographs show clearly that FG-labeled neurons are present on both ipsilateral (on the right in A, B C, and
D) and contralateral sides (on the left in A, B C, and D). 3V: third Ventricle, mt: mammillothalamic tract, fx: fornix, Fr: Fasciculus
retroflexus. Scale bar: 50 µm.
doi: 10.1371/journal.pone.0073022.g004
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Figure 5.  Example of retrogradely FG-labeled neurons in the ipsilateral PVN following a large FG microinjection into the
Sp5C.  A–D: Representative photomicrographs of coronal sections showing the retrogradely labeled neurons (left) and the
corresponding cresyl violet stainings (right) through the parvi- and magnocellular PVN at -1.6 (A), -1.8 (B), -1.9 (C) and -2.1 mm (D)
posterior to bregma following large FG microinjection into the Sp5C (the same as Figure 3). pv: periventricular part; am: anterior
magnocellular part; ap: anterior parvicellular part; lp: lateral parvicellular part; pm: posterior magnocellular part, mp: medial
parvicellular part; dp: dorsal parvicellular part of PVN. Scale bar: 50 µm.
doi: 10.1371/journal.pone.0073022.g005
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through the injected areas on their way to more caudal spinal
cord segments. It has to be noted however that hypothalamic
projections to the spinal cord are exclusively ipsilateral
[29,36,42]. Therefore, provided that some ipsilateral
hypothalamic labeled neurons actually project to the spinal
cord, ipsilateral hypothalamic projections to the Sp5C would
have been overestimated and conversely contralateral ones
underestimated. This would make our conclusion that the
organizations of hypothalamic projections to the Sp5C and
spinal cord are different even stronger.

Anatomical considerations
The Paraventricular nucleus (PVN).  The projections of

magnocellular and parvicellular PVN in rats are different.

Table 1. Distribution of retrogradely fluorogold labeled
neurons within the different subnuclei of parvi- and
magnocellular PVN following fluorogold injections into the
Sp5C (mean: average number of fluorogold labeled
neurons per section; mean ± SEM, n = 21). ns: non
significant.

PVN subdivisions Ipsilateral Contralateral P values
Anterior parvicellular part 0.5±0.2 0.1±0.1 ns
Medial parvicellular part 13.8±1.9 4.5±0.9 P<0.001
Dorsal parvicellular part 4.8 ±1.0 1.5±0.5 P<0.01
Lateral parvocellular part 11.7±2.0 3.4±0.6 P<0.001
Periventricular part 0.1±0.1 0.2±0.2 ns
Anterior magnocellular part 0.0±0.0 0.0±0.0 ns
Medial magnocellular part 0.0±0.0 0.0±0.0 ns
Posterior magnocellular part 10.7±1.6 3.7±0.6 P<0.001

Magnocellular neurons project directly to the posterior lobe of
the pituitary and parvicellular ones to lower brainstem and
spinal cord [29,37–39,42–44]. PVN projections to the spinal
cord are mostly ipsilateral.

The present results indicate that PVN also projects directly to
the Sp5C. PVN projections to Sp5C are bilateral with,
nevertheless, a clear ipsilateral predominance, and, as those to
the spinal cord [29,44], originate mainly from the lateral, medial
and dorsal subdivisions of parvicellular PVN. Interestingly, a
significant number of magnocellular neurons were also
retrogradely labeled. Whether magnocellular neurons project to
the spinal cord is still a matter of discussion as no [45,46] as
well as few [28,47] and significant [30,48,49] magnocellular
projections to the spinal cord have been reported. Anyhow,
both parvicellular and magnocellular PVN appear to project to
the Sp5C. Further studies involving for instance
electrophysiological recordings will be needed to determine the
actual functional role of such heterogeneous PVN projections
to the Sp5C.

The lateral hypothalamus (LH) and perifornical
hypothalamic areas (PFX).  LH and PFX project to other
hypothalamic areas as well as to the cortex and spinal cord [2].
Actually, LH and PFX projections to the spinal cord are larger
than PVN ones [38]. We show that LH and PFX strongly project
to the Sp5C, too. It is interesting to note that, whereas LH and
PFX projections to the spinal cord are ipsilateral [38,42,45],
those to Sp5C are bilateral with, nevertheless, a slight
ipsilateral predominance for LH ones. Using anterograde
autoradiographic tracing, Hosoya and Matsushita [50] similarly
found sparse labeled fibers in bilateral Sp5C following [3H]
amino acid injection into LH and PFX.

The hypothalamus A11 nucleus.  The A11 cell group
consists of large neurons that are clustered in the dorsocaudal

Figure 6.  Distribution of FG neurons in both the ipisilateral and contralateral hypothalamus as a function of the injection
site in Sp5C.  Bar histogram of the number of FG neurons (mean number of neurons per section ± SEM; n = 15) in the five
hypothalamic nuclei (PVN, LH, PFX, A11 and RCA) as a function of the localization of the Sp5C injection site: mandibular (V3, n=3),
maxillary (V2, n=8) and ophthalmic (V1, n=4) areas.
doi: 10.1371/journal.pone.0073022.g006
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region of diencephalon [51]. A11 neurons project primarily to
the spinal dorsal horn, with minor projections to the
intermediolateral cell column and ventral horn, along the entire
spinal cord [52,53]. Our study demonstrates that the A11
nucleus also densely projects to Sp5C. A11 projections to
Sp5C are bilateral. This organization is thus different from that
of A11 projections to the spinal cord which are predominantly
ipsilateral in rats [34], mice [54,55] and monkeys [56].

The retrochiasmatic hypothalamic area (RCA).  The RCA
is constituted of small and medium-sized neurons located just
behind the suprachiasmatic nucleus and in front of the arcuate
median eminence complex [57]. In addition to thalamic
intergeniculate leaflet afferents, the RCA receives projections
from the retina, through the retinohypothalamic tract and from
the suprachiasmatic nucleus [58–62]. The RCA projects to
numerous areas in the central nervous system, including the
hypothalamus [63], intergeniculate leaflet [64], and spinal cord
[42,43,65]. Our results indicate that RCA also bilaterally
projects to Sp5C, but, interestingly, exclusively to the V1 area.

Altogether, our results indicate that the hypothalamic nuclei
which send axons to the spinal cord, do also project to the
Sp5C. However, the organization of hypothalamic projections
to the spinal cord and Sp5C are different: while the former are
ipsilateral, the latter are mostly bilateral. Our results show in
addition that hypothalamic nuclei do not evenly project to the
Sp5C but preferentially to the V1 area, where meningeal and
cutaneous inputs from the ophthalmic branch of the trigeminal
nerve terminate.

Functional considerations
Sp5C receives direct inputs from trigeminal primary afferent

fibers and contains neurons that respond to noxious and/or
innocuous mechanical or thermal stimulations of the cornea
[66], temporomandibular joint [67], facial skin [68,69], and
intracranial dura [70]. Sp5C neurons are known to directly
project to the hypothalamus [18–22]. Together with our
evidence for direct hypothalamic projections to the Sp5C, this
suggests that connections between the hypothalamus and
Sp5C are reciprocal. Hypothalamus might thus be a key
element in feedback loops that regulate trigeminal
somatosensory inflow. However, whether nociceptive stimuli
activate the very hypothalamic neurons that project to Sp5C is
still unknown.

The Paraventricular nucleus (PVN).  In addition to
regulating the autonomic nervous system [2], PVN also
modulates spinal nociception. Both electrical and chemical
stimulation of PVN produce spinal antinociception [71–76],
whereas its lesions conversely facilitates nociception [75] and
attenuates stress-induced analgesia [71].

Whether PVN also modulates trigeminal nociception is still a
matter of discussion. On the one hand, studies using Fos
expression have provided inconsistent results. Stimulation of
the dura mater has been found to either increase [16] or not
change [15,17] Fos expression. And noxious electrical
stimulation of tooth pulp fails to enhance Fos expression [77].
But, on the other hand, PVN neurons synthesize and secrete
neuropeptides including oxytocin and arginine vasopressin [2].
These peptides are involved in spinal pain processing [78–80]

and also interfere with trigeminal pain. When centrally applied,
oxytocin reduces the trigeminal reflex triggered by noxious
tooth pulp stimulation [81,82] and, when systemically applied, it
attenuates electrical whisker pad stimulation-induced pain-
vocalization in newborn rats [83]. Similarly, vasopressin, either
centrally applied [81,82] or microinjected into the spinal
trigeminal nucleus [84], reduces the amplitude of trigeminal
reflex induced by noxious tooth pulp stimulation.

The lateral hypothalamus area (LH) and perifornical
hypothalamic area (PFX).  LH and PFX interfere with spinal
cord nociception. For instance, electrical stimulation or
microinjection of morphine in LH increases the latency of the
tail-flick test [85,86]. And a noxious tooth pulp stimulation
activates LH neurons [12,13]. However, it has to be noted that
noxious stimulation of the dura mater fails to enhance Fos
expression in LH [15–17].

LH and PFX neurons projecting to the spinal cord contain
orexin [87,88]. Orexin neurons are primarily known to control
sleep and wakefulness, energy metabolism, reward, and
addiction [89]. They are also involved in nociception and
stress-induced analgesia [90]. The descending orexin system
might also modulate trigeminal pain. There is a high density
orexin-immunoreactive fibers in superficial Sp5C [87,88].
Interestingly, orexin peptides have been shown to selectively
modulate responses to noxious dural but not facial cutaneous
stimulation [91]. Together with recent evidence for an
association between the orexin receptor 1 gene and migraine
[92], this suggests that the orexin system has a specific role in
the physiopathology of migraine.

The hypothalamus A11 nucleus.  The A11 nucleus is
involved in the processing of both spinal [91–95] and trigeminal
[24] nociceptive information. Direct stimulation and lesion of the
A11 nucleus decreases and increases, respectively, the
response of Sp5C neurons to dural stimulation [24]. Pain
modulation by A11 descending dopaminergic projections is
specifically mediated by D2-like receptors [24,93,96]. Directly
activating these D2-like receptors inhibits, whereas blocking
them enhances, both formalin- and capsaicin-evoked pain
behavior as well as C-fiber-evoked action potential firing of
trigeminal wide dynamic range (WDR) neurons [96]. Sp5C and
spinal dorsal horn both exhibit a strong dopamine labeling,
consisting of many varicose fibers, especially in rats and
monkeys [53]. Altogether, these results suggest that A11
neurons are the major source of dopamine input to both Sp5C
and spinal cord neurons [34].

The retrochiasmatic hypothalamic area (RCA).  Our
results show, for the first time, that RCA projects exclusively to
the V1 area. This Sp5C region receives sensory inputs from
cranial blood vessels [23] and contains neurons with both dural
and peri-ocular receptive fields [70]. RCA projections to Sp5C
might thus be specifically involved in the control of migraine
pain.

The function of RCA is poorly known. RCA neurons which
innervate the spinal cord are alpha melanocyte-stimulating
hormone-immunoreactive (α-MSH) [29]. Alpha-MSH has been
shown to interfere with pain [97]. Moreover, α-MSH neurons in
RCA are activated by leptin [65], an adipocyte-derived
hormone which decreases body weight. Interestingly,
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epidemiologic studies suggest that migraine and chronic daily
headache are associated with obesity [98].

Conclusion

Our results demonstrate that, though hypothalamic
projections to the spinal cord and the Sp5C originate from the
very same hypothalamic nuclei, the former are ipsilateral
whereas the latter are bilateral. Furthermore, these
hypothalamic nuclei preferentially, if not exclusively, project to
the V1 area. This suggests not only that the hypothalamus
differentially modulates trigeminal and spinal somatosenrory
information but also that it primarily modulates meningeal one.
For over 10 years now, hypothalamic stimulation has been
used to treat drug-resistant chronic cluster headache with very
encouraging results. However, how this stimulation works is not
clear and the exact localization of the electrode tip to produce

pain relief still a matter of discussion [8,10]. Therefore, focusing
on the organization of hypothalamic projections to the Sp5C is
pivotal to get insights into the organization of hypothalamic
controls on trigeminal pain, including primary headache
disorders.
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