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Activation of spinal trigeminal afferents innervating the cranial vasculature is likely to play a role in migraine, although some parts of the
clinical presentation may have a dopaminergic basis. The A11 nucleus, located in the posterior hypothalamus, provides the only known
source of descending dopaminergic innervation for the spinal gray matter. Extracellular recordings were made in the trigeminocervical
complex (TCC) in response to electrical stimulation of the dura mater. Receptive fields were characterized by mechanical noxious and
innocuous stimulation of the ipsilateral ophthalmic dermatome. Stimulation of the A11 significantly inhibited peri-middle meningeal
artery dural and noxious pinch evoked firing of neurons in the TCC. This inhibition was reversed by the D2 receptor antagonist eticlopride.
Lesioning of the A11 significantly facilitated dural and noxious pinch and innocuous brush evoked firing from the TCC. In previous work
using immunohistofluorescence, it was shown that D1 and D2 receptors were found in the rat TCC, and here we report, in addition, that D4

and D5 dopamine receptors are also present, whereas D3 receptors are not. No dopamine receptors were present in the A11 nucleus itself.
However, the A11 does contain dopamine and calcitonin gene-related peptide (CGRP) and, by this combination, is distinct from the
neighboring CGRPergic subparafascicular nucleus. Exploration of dopaminergic influences and mechanisms in migraine may open up an
almost untapped opportunity to pursue potential new therapeutic options for the disorder.

Introduction
Migraine is a common, chronic, often incapacitating brain disor-
der characterized by attacks of severe headache, with sensitivity to
sensory stimuli, such as light and sound, and in some cases neu-
rologic symptoms called aura (Goadsby et al., 2002; Headache
Classification Committee of the International Headache Society,
2004). Allodynia, whereby innocuous stimuli are felt as painful, is
a common feature of migraine that requires additional under-
standing (Selby and Lance, 1960; Burstein et al., 2000a; Bigal et
al., 2008).

Migraine involves activation of the trigeminovascular system
(Goadsby et al., 2002). This activation is associated with release of
calcitonin gene-related peptide (CGRP) (Goadsby et al., 1988, 1990;
Juhasz et al., 2003), which itself can trigger migraine (Lassen et al.,
2008), is involved in activation of neurons in the trigeminocervi-
cal complex (Storer et al., 2004), and blockade of its effects is
effective in acute migraine (Olesen et al., 2004; Ho et al., 2008).
Trigeminal primary afferents innervating dural vessels are mainly

nociceptive A�- and C-fibers of the ophthalmic (first) division of
the trigeminal nerve (Feindel et al., 1960).

Dopamine fibers and terminals are located throughout the spinal
gray matter (Strassman et al., 1996), as are dopamine receptors (Le-
vant and McCarson, 2001). Furthermore, D1 and D2 dopamine re-
ceptors have been identified in the trigeminocervical complex
(TCC) (Bergerot et al., 2007). Additionally dopamine exerts antino-
ciceptive effects when microiontophoresed directly into the TCC
(Bergerot et al., 2007). It has therefore been hypothesized that dopa-
mine binds inhibitory D2-like receptors in the TCC and prevents
transmission of nociceptive signals (Bergerot et al., 2007).

In the spinal cord, nociceptive signaling is modulated in part
by descending systems from the hypothalamus (Fleetwood-
Walker et al., 1988; Workman and Lumb, 1997; Holden and
Naleway, 2001), so it is likely that the hypothalamus also sends
inhibitory projections to the TCC. One possible hypothalamic can-
didate is the dopaminergic A11 nucleus, which sends direct inhibi-
tory projections to the spinal cord dorsal horn (Takada et al., 1988).
The A11 nucleus sits close to the third ventricle and is distributed
along the rostrocaudal axis, in the periventricular posterior region of
the hypothalamus and the periventricular gray of the caudal thala-
mus (Dahlstrom and Fuxe, 1964). The A11 was found to contain
dopamine cells (Dahlstrom and Fuxe, 1964; Takada et al., 1988) and,
more recently, dopamine cells colocalized with CGRP (Orazzo et al.,
1993), as well as CGRP-only cells (Yasui et al., 1989, 1991).

As yet, there is no evidence linking specific dopaminergic nu-
clei and migraine, but since the A11 provides the only known
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source of descending dopaminergic innervation for the spinal
gray matter (Holstege et al., 1996), we hypothesized that A11
projections would also have a descending modulatory effect on
nociceptive trigeminovascular traffic. We used a durovascular
model that has been highly predictive of translational outcomes
in migraine (Bergerot et al., 2006) to test this question. Addition-
ally, because CGRP has been reported in both the A11 and the
neighboring subparafascicular nucleus (Spf) (Yasui et al., 1989,
1991; Orazzo et al., 1993), and the literature is inconsistent about
whether the Spf is part of the A11 nucleus (Takada et al., 1988),
we used immunohistochemistry to characterize the area. We also
determined which dopamine receptor subtypes are present in the
rat TCC and in the A11 nucleus. This work was presented in
preliminary form at the Ninth International Headache Congress
(Stockholm, June 2007) (Charbit et al., 2007).

Materials and Methods
Surgery
All experiments were conducted under either the United Kingdom
Home Office Animals (Scientific Procedures) Act (1986) or in accor-
dance with guidelines of the University of California, San Francisco,
Institutional Animal Care and Use Committee. A total of 36 male
Sprague Dawley rats (250 – 450 g) were anesthetized for the experiments.
Anesthesia was induced with intraperitoneal pentobarbitone sodium
(Sigma-Aldrich), 60 mg kg �1 in saline, and maintained by slow intrave-
nous infusion of propofol (Rapinovet; Schering-Plough Animal Health),
20 –25 mg kg �1 h �1. A sufficient depth of anesthesia was judged from
the absence of withdrawal reflexes in the nonparalyzed state or from
fluctuations in blood pressure during muscular paralysis. The left femo-
ral artery and vein were exposed and cannulated for blood pressure re-
cording and intravenous infusion of anesthetic, respectively. The rats
were paralyzed with 1 mg kg �1 pancuronium bromide (Pavulon; Or-
ganon) and ventilated with oxygen-enriched air, 2 ml, 80 –100 strokes
per minute (model 7025; Ugo Basile). End-tidal CO2 was monitored
(Capstar 100; CWE) and maintained between 2.8 and 4.5%. Body tem-
perature was monitored via a rectal thermometer and kept within
physiological range at 36.9 –37.9°C, using a homeothermic blanket
system (homeothermic blanket system for rodents; Harvard Instru-
ments). Arterial blood gas parameters were measured on completion
of surgery and fell inside normal physiological parameters for rats, pH
7.35–7.45; pCO2, 2.7–5.7 kPa; pO2, 8 –25 kPa. At the end of the ex-
periment, animals were killed with an overdose of anesthetic (pento-
barbitone, 0.7 ml of 200 mg ml �1).

The rats were placed in a stereotaxic frame (model 1600 stereotaxic
frame; David Kopf Instruments), the skull was exposed, and a craniot-
omy of the left parietal bone was performed with a saline-cooled drill
(MF-Perfecta with 945 hand piece; W&H) to expose the middle menin-
geal artery, which was then bathed in mineral oil to prevent dehydration.
The skin and muscles of the dorsal neck were incised and separated, and
a full C1 laminectomy was performed. The underlying dura mater was
incised (ophthalmic scissors; Fine Scientific Tools) and removed to ex-
pose the dorsal spinal cord. An additional craniotomy was performed
above the stereotaxic coordinates of the A11 nucleus (Paxinos and
Watson, 2005), targeting the larger, rostral part [anteroposterior (AP),
5.50 mm; dorsoventral (DV), 2.00 mm; mediolateral (ML), 0.50 mm]. As
these coordinates fall beside the midline, the superior sagittal sinus was
fully exposed to allow a clear view of the midline coordinates. The un-
derlying dura mater was pierced to allow penetration of the stimulating
electrode.

Electrical stimulation of the peri-middle meningeal artery
dura mater and recording from TCC
A bipolar stimulating electrode (NE-200; Harvard Apparatus) was placed
directly onto the dura mater, adjacent to or straddling the middle men-
ingeal artery, and square-wave stimuli (0.6 Hz) of 0.5 ms duration and
8 –16 V applied (Grass S88; Grass Instruments). Extracellular recordings
were made in the ipsilateral TCC from neurons with A�- or C-fiber, or

both, latency, responding to both electrical stimulation of the dura and
mechanical noxious and innocuous stimulation of the facial receptive
field, using a tungsten microelectrode of impedance 0.5–2 M� and tip
diameter of 0.5 �m (tungsten metal microelectrode; Harvard Appa-
ratus). The recording electrode, suspended on a piezoelectric micro-
drive (EXFO; Burleigh Products) attached to the stereotaxic frame,
was driven by a controller (EXFO Controller 8200; Inchworm). As the
electrode was lowered, neurons encountered were tested for conver-
gent input from the cutaneous receptive field, using noxious pinch
and innocuous brush, and using electrical stimulation from the dura
mater. The signal from the recording electrode was fed through an AC
preamplifier (Neurolog NL104; gain, 2000�; Digitimer), through fil-
ters (Neurolog NL125; bandwidth, 300 Hz to 20 kHz) and a noise
eliminator (Humbug; Quest Scientific), and through a second stage
amplifier (Neurolog NL106; gain, 200 –999�). The filtered and am-
plified electrical signal was routed to a loudspeaker, via a power am-
plifier (Neurolog NL120), and was displayed on analog and digital-
storage oscilloscopes (Goldstar; LG Precision; Metrix Electronics).
The signal was also fed to a gated amplitude discriminator (Neurolog
NL201) and then into a window discriminator, which displayed a
single voltage pulse (or spike) of given height and duration in re-
sponse to each action potential whose height fell within a preset win-
dow. The window discriminator output data were then displayed on
a computer as either a peristimulus histogram or a poststimulus
histogram.

Stimulation and lesioning of the A11 nucleus
A unipolar tungsten metal electrode (WPI) was plunged directly into the
chosen stereotaxic coordinates for the A11 (AP, 5.50 mm; DV, 2.00 mm;
ML, 0.45 mm). A pulse generator (Neurolog NL301) divided by a pulse
buffer (Neurolog NL510) activated a constant current stimulus isolator
(Neurolog NL800A).

Drugs
The D2-like receptor antagonist S-(�)-eticlopride hydrochloride (Sigma-
Aldrich) was dissolved in water for injection and administered at a dose of
3 mg kg�1 (Missale et al., 1998). The drug was made fresh on the morning of
the experiment and given at a volume of 0.3 ml.

Experimental protocols
Neuronal characterization. The recording electrode was advanced through
the spinal cord, and the receptive field was assessed in all three trigeminal
territories. The first step was to identify a neuron sensitive to stimulation
of the ophthalmic dermatome of the trigeminal nerve (V1) receiving
convergent input from the dura mater. Three stable baseline responses
were then recorded to peri-middle meningeal artery dural stimulation
(8 –16 V, 0.5 ms, 0.6 Hz for 20 sweeps) and cutaneous receptive field
stimulation. Stimulation and recording parameters then remained con-
stant throughout the experiment. Peristimulus histograms were used for
observing the evoked firing in response to noxious and innocuous cuta-
neous stimulation (pinch and brush) of the ophthalmic dermatome, and
poststimulus histograms were used for viewing units firing in response to
dural electrical stimulation.

A11 nucleus stimulation. The ipsilateral A11 was electrically stimulated
(5–50 �A, 0.5 ms duration, and 2–100 Hz) during TCC recording in
response to stimulation of the dura mater and cutaneous receptive field,
and the effect of A11 stimulation on evoked neuronal firing in the TCC
was observed (n � 16). A11 stimulation parameters were varied for each
experiment to optimize changes in TCC firing. In a subset of experiments
(n � 5), the D2-like receptor antagonist S-(�)-eticlopride was adminis-
tered (3 mg kg �1, i.v.), and the effect of the drug on the response of
evoked firing to A11 stimulation was monitored at 5 or 10 min intervals
over 40 min. In an additional set of experiments (n � 7), the D2-like
receptor antagonist S-(�)-eticlopride was administered (3 mg kg �1,
i.v.), and the effect of the drug on evoked firing in the TCC with no A11
intervention was monitored at 5 min intervals for 40 min. Control ex-
periments (n � 5) were performed in a separate group of animals, in
which saline was intravenously administered at the same volume as
S-(�)-eticlopride (0.3 ml), and evoked firing was observed at 5 min
intervals for 40 min.
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Microinjection of L-glutamate into the A11 nucleus. To explore the pos-
sibility that fibers of passage were activated during electrical stimulation,
L-glutamate (210 nl; n � 7) or vehicle control, saline (210 –250 nl; n � 6),
was microinjected into the A11, using a glass micropipette positioned in
the A11 nucleus, and the effect on evoked neuronal firing in the TCC in
response to stimulation of the dura mater and cutaneous receptive field,
was observed at 5 min intervals for 40 min.

A11 nucleus lesioning. The ipsilateral A11 nucleus was electrically le-
sioned (200 �A, 0.5 ms, 20 Hz for a total duration of 2–3 min), and the
effect on evoked firing in the TCC was observed at 5 min intervals for 40
min (n � 8). An increase in the lesioning parameters (�200 �A, or �20
Hz, or for a total duration of �3 min) resulted in cell death in the
trigeminal nucleus and abortion of the experiment. Additionally, a sud-
den blood pressure increase occurred, when both the current and fre-
quency were increased above these parameters, and with the electrode
correctly in the A11, so an increase in the parameters was momentarily
allowed (�5 s), to confirm the correct placement of a functioning elec-
trode. Sham experiments (n � 5) were performed in a separate group of
animals in which the lesioning electrode was placed in the ipsilateral A11
and was not activated, and evoked firing was observed at 5 min intervals
for 40 min.

Data analysis
Cells that fired with a poststimulation latency of 5–20 ms were classified
as being activated by A�-fiber inputs and those that fired with a latency of
30 – 60 ms were classified as being activated by C-fiber inputs. At the start
of each experiment, three consistent baseline recordings of trigeminal
firing evoked by stimulation of the peri-middle meningeal dura mater
and cutaneous receptive fields (noxious pinch and innocuous brush)
were made. All subsequent data were normalized and expressed as a
percentage of those baselines. To test for an effect of frequency or ampli-
tude of stimulation, the data were collapsed across the animals tested and
linear regression applied. ANOVA for repeated measures was performed
on data with pharmacological intervention or A11 lesioning. Bonferro-
ni’s post hoc correction for multiple comparisons was used routinely. If
Mauchly’s test of sphericity was violated appropriately degrees of free-
dom according to Greenhouse-Geisser are reported (SPSS, version 14).
Student’s paired t test with post hoc correction was used to test for the
individual time points of significance, using the average of the three
baselines for comparison, and all data are expressed as the mean � SEM.
Significance was assessed at the p � 0.05 level.

Postsurgical examination of tissue
In all experiments, the recording site was marked by lesioning the TCC
(10 –20 �A, 20 Hz, 0.5 ms for 120 s) just before terminal anesthesia. In
A11 stimulation experiments, a lesion was also made in the A11 (100 �A,
20 Hz, 0.5 ms for 120 s). After perfusion and fixation with formaldehyde
(4%) solution, the brain was removed and coronal sections (60 �m
thick) were cut and visualized under a light microscope (Zeiss; Axioplan
Microscope). Using the rat brain atlas (Paxinos and Watson, 2005) for
reference, lesion marks identified the locations of both the recording
electrode in the TCC and the stimulating electrode in the A11.

To further determine the location of the stimulating electrode in the A11
dopaminergic cell group, some of the coronal sections were immunostained
with antibodies specific to tyrosine hydroxylase (TH) (1:1000 anti-TH;
raised in rabbit; Millipore Bioscience Research Reagents), the enzyme that
converts tyrosine to L-DOPA in the synthesis of dopamine (Nagatsu and
Stjarne, 1998). Dopamine also acts as a precursor to the norepinephrine
and epinephrine, so a subset of tissue sections were double-stained with
antibodies specific to dopamine-�-hydroxylase (DBH) (1:300; raised in
mouse; Millipore Bioscience Research Reagents), the enzyme that coverts
dopamine to norepinephrine (Nagatsu and Stjarne, 1998). The presence
of TH and the absence of DBH were used to identify the area as purely
dopaminergic.

Immunohistofluorescence characterization of the A11 and
trigeminocervical complex
Male Sprague Dawley rats (n � 8) weighing 300 – 400 g were deeply
anesthetized with sodium pentobarbital (Lethobarb; 80 mg/kg) and tran-

scardially perfused with cold 1% heparinized saline solution, followed by
4% formaldehyde. The lower brainstem was removed and postfixed in
the same fixative for 1 h at room temperature, and then cryopreserved at
4°C, in a 30% sucrose solution, and left to sit until saturated. Serial
coronal sections (40 �m thick), from the caudal to the rostral A11, and
from the cervical spinal cord to the rostral medulla, were cut and col-
lected in a free-floating state.

Dopamine and CGRP
For characterization of dopamine and CGRP in the A11/subparafasicular
area, A11 coronal sections were reacted with the antibody specific to TH,
and then double-stained with an antibody specific to CGRP. Both reac-
tions were by direct immunofluorescence. After 1 h incubation at room
temperature in blocking solution PB�� (phosphate buffer containing
0.5% Triton X-100 and 5% normal goat serum), the sections were incu-
bated overnight with a solution of antibody specific to TH (1:1000 anti-
TH; raised in rabbit; Millipore Bioscience Research Reagents) made up in
PB� (phosphate buffer containing 0.5% Triton X-100 and 2% normal
goat serum). This was followed by three washes with PB and incubation
for 2 h at room temperature with fluorescent secondary antibody (1:500
anti-rabbit conjugated with fluorescein; raised in goat; Vector Laborato-
ries) in PB�. After washes in PB, the sections were incubated for 1 h at
room temperature in blocking solution PB�� (phosphate buffer con-
taining 0.5% Triton X-100 and 5% normal donkey serum), followed by
overnight incubation in a solution of antibody specific to CGRP (1:1000
anti-CGRP; raised in sheep; Abcam), in PB� (phosphate buffer containing
0.5% Triton X-100 and 2% normal donkey serum). This was followed by
three washes with PB and incubation for 2 h at room temperature with
fluorescent secondary antibody (1:400 anti-sheep conjugated with Alexa-
Fluor-568; raised in donkey; Vector Laboratories) in PB�.

Dopamine receptors
For characterization of dopamine receptors, TCC sections were reacted
with antibodies specific to D3, D4, or D5 receptors. Antibodies specific to
D2 receptors were used as a positive control, as D2 had been demon-
strated to be more abundant than D1 receptors in the TCC (Bergerot et
al., 2007). A11 sections were reacted with antibodies specific to D1, D2,
D3, D4, and D5 receptors. We selected antibodies that have previously
been proven by Western blot analyses to identify specifically their target
proteins: D1 (Huang et al., 1992), D2, D3, D4 (Mignini et al., 2000), and
D5 (McKenna et al., 2002) receptors. Our reactions were then performed
using indirect immunofluorescence. After 1 h incubation at room tem-
perature in a blocking solution of PB�� [phosphate buffer containing
0.5% Triton X-100 (Sigma-Aldrich) and 5% normal goat serum (Milli-
pore)], followed by a two-step avidin– biotin blocking solution (Vector
Laboratories) for 30 min to block nonspecific binding sites, the sections
were incubated overnight with a solution of antibody specific to D1 (8
�g/ml; raised in rabbit; Millipore Bioscience Research Reagents), D2

(1:12,000; raised in rabbit; Calbiochem), D3 (1:5000; raised in rabbit;
Calbiochem), D4 (1:3000; raised in rabbit; Calbiochem), or D5 (1:1000;
raised in rabbit; Calbiochem) receptors made up in PB� (phosphate
buffer containing 0.5% Triton X-100 and 2% normal goat serum). This
was followed by three washes with PB and incubation for 2 h at room
temperature with biotinylated secondary antibody (1:500 anti-rabbit;
raised in goat; Vector Laboratories) in PB�. After washes in PB, the
sections were incubated for 30 min with an avidin biotinylated peroxi-
dase complex (Vector Laboratories), washed, and further incubated with
the biotinylated tyramide solution (PerkinElmer). Finally, sections were
incubated for 1 h at room temperature with avidin coupled to fluorescein
isothiocyanate (1:500; Vector Laboratories) in PB�.

Receptor localization: soma versus fibers
To confirm the location of dopamine receptors in neurons, these sections
were double-stained using direct immunofluorescence with an antibody
specific to DNA-binding neuron-specific nuclear protein (NeuN), which
is present in the soma of most CNS and PNS neurons (Wolf et al., 1996;
Polgár et al., 2005). After the blocking step in PB��, the sections were
incubated in primary antibody (1:500 anti-NeuN; raised in mouse; Mil-
lipore Bioscience Research Reagents) in PB�, washed, and then incu-
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bated in a solution of fluorescent secondary antibody (1:500 anti-mouse;
Alexa Fluor 568; Invitrogen) in PB�.

Receptor localization on fibers: dendrites versus axons
Where staining was located in fibers, we determined whether these fibers
were dendrites or axons by double-staining sections using direct immu-
nofluorescence with either an antibody specific to microtubule-
associated protein (MAP2) (1:500; raised in mouse; Millipore
Bioscience Research Reagents) found in dendrites (Harada et al., 2002;
Kuboyama et al., 2005), or with an antibody specific to axonal neurofila-
ments [neurofilament heavy protein (NF-H)] (1:2000; raised in chicken;
Millipore Bioscience Research Reagents) (Perry et al., 1991; Shaw et al.,
2005).

Controls
Negative control samples were obtained by
omitting the primary antibodies and positive
controls by staining brain areas known to con-
tain the relevant receptor. Fluorescent staining
was visualized using a Zeiss Axioplan Universal
microscope (Zeiss).

Results
Effect of electrical stimulation of the
A11 nucleus on neuronal firing in the
TCC in response to electrical
stimulation of the dura and
mechanical stimulation of the
ophthalmic dermatome
Location and properties of the stimulating
and recording electrodes
Extracellular recordings in the TCC were
made from a total of 28 wide-dynamic
range neurons (n � 20 rats), responsive to
peri-middle meningeal artery/dural stim-
ulation (8 –16 V, 0.2–1.0 ms, 0.5– 0.8 Hz),
and with cutaneous receptive fields in the
ophthalmic division of the trigeminal nerve
(V1) (Fig. 1A). Neurons responding to du-
ral stimulation responded at latencies of
5–23 ms with input from A�-fibers (Fig.
1B). The location of these neurons ranged
from superficial to deep layers (laminae
I–V) of the dorsal horn of the TCC, at
depths ranging from 200 to 1205 �m (Fig.
1C,D). Electrical stimulation in the A11
cell group (5–50 �A, 0.5 ms, 2–100 Hz) was
performed in 21 rats (Fig. 1E), and in each
case the tip of the electrode track could be
visualized in the A11 region (Fig. 1G).

Effect of electrical stimulation of A11
neurons on evoked neuronal firing in
the TCC
Electrical stimulation of the A11 nucleus
significantly inhibited firing in the TCC
evoked by electrical stimulation of the
dura by 14 � 1% (F(1.0,213.0) � 182.36; p �
0.05; n � 218 units) and by noxious pinch
stimulation of the ophthalmic der-
matome by 25 � 1% (F(1.0,232.0) � 361.13;
p � 0.05; n � 232), but not by stimulation
of the ophthalmic dermatome using in-
nocuous brush (F(1.0,161.0) � 2.49; p �
0.116; n � 161), at all amplitudes from 5
to 50 �A, and within a frequency range of
2–50 Hz. In each case, using amplitude or
frequency as a between-subjects factor did

not show any significant differences. When all the data for A11
electrical stimulation were grouped, there was no significance
across all frequencies (F(1,216) � 0.21; p � 0.65; for 2–50 Hz; n �
218) or all amplitudes (F(1,216) � 0.61; p � 0.435; for 5–50 �A;
n � 218). This was also the case with stimulation of the ophthal-
mic dermatome using both noxious pinch (F(1,235) � 0.12, p �
0.732, for 2–50 Hz, n � 237; F(1,235) � 3.11, p � 0.079, for 5–50
�A, n � 237) and innocuous brush (F(1,164) � 0.0, p � 0.99, for
2–50 Hz, n � 166; F(1,164) � 3.23, p � 0.074, for 5–50 �A, n �
166) for differences in amplitude and frequency; therefore, the
data were pooled for subsequent analysis.

Figure 1. Localization and neuronal characteristics for experiments. A, The cutaneous receptive field of all neurons studied was
in the first (ophthalmic) division of the trigeminal nerve. B, An original tracing from a typical unit responding to middle meningeal
artery/dural stimulation (the arrow represents the stimulus artifact). C, Summary of the locations of recording sites in the TCC. The
locations were reconstructed from lesions (closed circles) or from microdrive readings (open circles). D, Example of a lesioned
recording site in the dorsal horn (indicated by arrow; lesioned at 10 –20 �A, 20 Hz, 0.5 ms for 120 s). The section was counter-
stained with Nuclear Fast Red (50� magnification). E, Summary of the locations of stimulating sites in the A11 nucleus. The
locations were constructed from lesions. The closed circles show effective stimulation; the open circles show ineffective stimula-
tion. F, Summary of the locations of lesioning sites in the A11 nucleus. G, Example of a lesioned stimulating site in the A11 nucleus
(indicated by arrow; lesioned at 100 �A, 20 Hz, 0.5 ms for 120 s). The section was counterstained with Nuclear Fast Red (12.5�
magnification). mt, Mammillothalamic tract; 3v, third ventricle; PH, posterior hypothalamus; PE, periventricular hypothalamic
nucleus; VM, ventromedial thalamic nucleus.
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Effect of intravenous administration of a
D2 receptor antagonist on the inhibitory
effect of A11 stimulation on neuronal
firing in the TCC in response to dural
electrical stimulation
After intravenous administration of the
D2-like receptor antagonist S-(�)-
eticlopride (3 mg kg �1), there was a
transient drop in blood pressure by
30 –34 mmHg that fully recovered after
12–14 s. The inhibitory effect of A11
stimulation on both durally evoked re-
sponses in the TCC and stimulation of
the ophthalmic dermatome using nox-
ious pinch was abolished at all time
points from 5 to 40 min within the pres-
ence of the D2 receptor antagonist, and
was no different to baseline response be-
fore A11 stimulation (F(1.4,4.3) � 0.38, p
� 0.642, for dural, n � 5; F(1.5,4.4) �
1.15, p � 0.372, for noxious pinch, n �
5). At 30 min the D2-like effect began to
wear off and the A11 inhibitory effect
returned, particularly in the case of nox-
ious pinch evoked firing, which was re-
duced to 88 � 5% of baseline (t(5) �
2.46; p � 0.07; n � 5). As mentioned
above, A11 stimulation had no effect on
firing in the TCC in response to innoc-
uous stimulation of the ophthalmic der-
matome, this was not altered by
administration of the D2 receptor antag-
onist, eticlopride (Fig. 2 A, B, E, F ).

After administration of the D2-like re-
ceptor antagonist alone, without A11
stimulation, there was a similar transient
drop in blood pressure. Neuronal firing
evoked by electrical stimulation of the
dura mater was significantly facilitated at
5 min, by 17 � 5% above baseline firing
(t(6) � 3.74; p � 0.05; n � 7). This dural
evoked neuronal firing showed significant
facilitation by 14 � 3% (F(15,30) � 2.73;
p � 0.05; n � 7) over a 25 min period.
Firing evoked by noxious pinch of the
ophthalmic dermatome showed a trend
for facilitation, although this was not sig-
nificant over a 25 min (F(2.3,13.9) � 0.99;
p � 0.409; n � 7) or a 40 min period.
Innocuous brush evoked firing of the ophthalmic dermatome
continued to remain at baseline throughout (Fig. 2C). The intra-
venous saline control, without A11 stimulation, did not signifi-
cantly affect dural, noxious pinch, or innocuous brush evoked
firing in the TCC from 5 to 40 min (Fig. 2D).

Effect of microinjection of L-glutamate into the A11 nucleus
on evoked neuronal firing in the TCC
Direct microinjection of 5 mM L-glutamate into the A11 nucleus
significantly inhibited firing in the TCC evoked by dural stim-
ulation, by a mean of 27 � 3% below baseline over a 40 min
cohort (F(2.5,12.6) � 5.01; *p � 0.05; n � 6) and noxious pinch
of the ophthalmic dermatome by a mean of 24 � 3% over a 30
min cohort (F(2.9,14.6) � 2.57; *p � 0.05; n � 6). Firing evoked

by innocuous brush of the ophthalmic dermatome remained
around baseline, with no significant effects to 40 min. These
results are comparable with the electrical stimulation data.

Effect of electrical lesioning of the A11 nucleus on evoked
firing in the trigeminocervical complex
Location and properties of the stimulating, lesioning and
recording electrodes
Extracellular recordings in the TCC were made from a total of
eight wide-dynamic range neurons (n � 8 rats) responsive to
dural stimulation (8 –16 V, 0.2–1.0 ms, 0.5– 0.8 Hz), and with
cutaneous receptive fields in the ophthalmic division of the tri-
geminal nerve. Neurons responding to electrical stimulation of the
dura mater responded at latencies of 5–10 ms, so were receiv-
ing input from A�-fibers. In four of the eight cells recorded,

Figure 2. Effect of A11 electrical stimulation on neuronal firing in the TCC in response to electrical stimulation of the dural
vasculature including middle meningeal artery and receptive field characterization using noxious pinch and innocuous brush.
A, Electrical stimulation of the A11 inhibits nociceptive evoked firing in the TCC. B, Electrical stimulation of the A11 no longer
inhibits nociceptive evoked firing in the TCC, after intravenous administration of D2 receptor antagonist eticlopride (3 mg/kg, i.v.).
C, Intravenous administration of D2 receptor antagonist, and no A11 stimulation, results in facilitation of nociceptive evoked firing
in the TCC. D, Intravenous saline has no effect on evoked firing in the TCC. E, Poststimulus histograms showing baseline responses
to stimulation of the dura mater (left), the inhibitory effect of A11 stimulation on dural evoked firing (middle), and reversal of the
A11 effect after administration of the D2 receptor antagonist eticlopride intravenously (right). F, Peristimulus histograms showing
baseline responses to cutaneous stimuli (left), the inhibitory effects of A11 stimulation on noxious cutaneous evoked firing
(middle), and then reversal of inhibition after intravenous D2 receptor antagonist eticlopride (right). *p � 0.05, significance
compared with baseline response. Error bars indicate SEM.
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evoked firing consistent with input from C-fibers also was
noted after lesioning of the A11, and this was stable for the re-
mainder of the experiment. The location of these neurons ranged
from superficial to deep layers (laminae I–V) of the dorsal horn of
the TCC, at depths ranging from 105 to 913 �m (Fig. 1C). Lesions
of the A11 dopaminergic cell group (200 �A, 0.5 ms, 20 –50 Hz
for a total duration of 2–3 min) were performed in each of
these eight rats (Fig. 1 F).

Effect of electrical lesioning of A11 neurons on evoked neuronal
firing in the TCC
Electrical lesioning in the region of the ipsilateral A11 nucleus
significantly facilitated firing in the TCC evoked by electrical
stimulation of the dura mater by 48 � 6% (F(2.3,13.6) � 3.62;
p � 0.05; n � 8), by noxious pinch of the ophthalmic der-
matome by 34 � 4% (F(3.5,17.4) � 3.49; p � 0.05; n � 8), and by
innocuous brush of the ophthalmic dermatome by 29 � 5%
(F(4.0,23.8) � 2.43; p � 0.05; n � 8) across the 40 min cohort
(Fig. 3A–D). Placement of an electrode in the A11 with no
electrical stimulation (data not shown) or lesion (sham; n � 5)
did not show any significant changes from baseline across the
cohort for durally evoked firing (F(3.3,13.2) � 1.19; p � 0.355;
n � 5), noxious pinch evoked firing (F(2.8,11.0) � 0.80; p � 0.512;
n � 5), or innocuous brush evoked firing (F(2.9,11.7) � 0.63; p �
0.61; n � 5) across the 40 min of data collection.

Facilitation of durally evoked firing was significant at all time
points, 5– 40 min, when compared with baseline. Maximal facil-
itation was at 30 min, 58 � 16% above baseline (t(7) � 3.53; p �

0.05; n � 8) (Fig. 3A), although responses
at all time points were similarly facilitated
starting from 10 min after lesion. Facilita-
tion of noxious pinch evoked firing in the
TCC, was significant at all time points
when compared with baseline, with the
maximal effect at 10 min, at 46 � 13%
increase in firing (t(7) � 3.76; p � 0.05;
n � 8) (Fig. 3B). Facilitation of innocuous
brush evoked firing in the TCC was sig-
nificant at all time points, with the max-
imal facilitation also at 10 min, at 41 �
14% increase (t(7) � 3.08; p � 0.05; n � 8)
(Fig. 3C).

At zero minutes after lesion, dural
evoked firing and receptive fields were not
significantly different from baseline.

Immunohistofluorescence studies
Immunofluorescent staining for TH
(green) and CGRP (red) in the A11
Throughout the caudal A11/Spf region
(4.64 –5.16 mm), staining was as follows:
the A11 contained two types of cells, larger
TH (green) plus CGRP (red) cells, ranging
in size from 22 to 46 �m, and smaller
CGRP-only (red) cells, ranging in size
from 13 to 27 �m. The Spf contained only
small CGRP-only (red) cells, ranging in
size from 12 to 25 �m. The A11 and Spf
are therefore distinct from one another
(Fig. 4A,B). Throughout the rostral A11
region (5.28 – 6.00 mm), the A11 con-
tained those same two types of cells as the
caudal A11. There was no Spf at those lev-
els (Fig. 4D,E). At all levels of the A11,

there was greater density of CGRP-only neurons over TH plus
CGRP neurons, with a 5:1 ratio.

Immunofluorescent staining for dopamine receptors in the TCC
D2 receptors (green labeling), as positive controls, were clearly
visible in the dorsal horn of the TCC. These were colocalized with
NeuN (neuronal marker; red), thus indicating the presence of D2

receptors in neuronal cell bodies of the TCC (Fig. 5A). D4 recep-
tors (green) were expressed throughout the entire rostrocaudal
extent of the TCC, although D4 receptor density was not possible
to establish, as the receptor was also seen in dense fibers (Fig. 5B).
The D4 receptors in fibers were colocalized with NF-H (red) and
not MAP2, and were thus identified as being in axons (Fig. 5C).
Additionally D4-stained (green) cell bodies were visible at high
magnification colocalized with NeuN (red), indicating the pres-
ence of D4 receptors in neuronal cell bodies in the TCC (Fig. 5D).
D5 receptors (green) were located in cell bodies at a density of
118 � 16 cells per hemisection and were also colocalized with NeuN,
showing that these too exist in neuronal cell bodies of the TCC (Fig.
5E,F). The D3 receptor was absent in the TCC, with the positive
control of thalamus and hypothalamus (data not shown). The A11
nucleus did not express any dopamine receptors (data not shown).

Discussion
Electrical stimulation in the region of the A11 dopaminergic nu-
cleus significantly inhibited firing in the trigeminocervical com-
plex, evoked by electrical stimulation of the dura mater and

Figure 3. Effect of A11 lesioning on neuronal firing in the TCC in response to electrical stimulation of the dural vasculature
including middle meningeal artery, and facial receptive field characterization using noxious pinch and innocuous brush. A, Lesion-
ing of the A11 nucleus resulted in facilitation of dural-evoked firing in the TCC, compared with sham experiments. B, Lesioning of
the A11 nucleus resulted in facilitation of firing in the TCC evoked by noxious pinch of the ophthalmic dermatome. C, Lesioning of
the A11 nucleus resulted in facilitation of firing in the TCC evoked by of innocuous brush of the ophthalmic dermatome, compared
with sham experiments. D, Poststimulus (top, dural stimulation) and peristimulus (bottom, cutaneous stimulation) histograms
showing the facilitatory effect after A11 lesioning. For each input, baseline prelesion responses are seen on the left and postlesion
effects on the right. *p � 0.05, significance compared with baseline or sham. Error bars indicate SEM.
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noxious pinch of the ophthalmic der-
matome, but not innocuous brush of the
ophthalmic dermatome. This effect was
reversed by a D2-family receptor antago-
nist. Moreover, lesioning of the A11 re-
gion facilitated dural and noxious pinch
inputs and revealed otherwise silent noci-
ceptors with C-fiber inputs. Furthermore,
the data demonstrate that the A11 neurons
under study are tyrosine hydroxylase-
positive and dopamine �-hydroxylase-neg-
ative: true dopaminergic neurons. In
addition, the A11 neurons stain for CGRP,
whereas the close-by subparafascular nu-
cleus does not. Last, we confirm the pres-
ence of D2, D4, and D5 receptors but not D3

receptors in the trigeminocervical complex,
and the absence of any of dopamine recep-
tors in the A11 nucleus. The data are consis-
tent with the A11 providing a descending D2

receptor family-mediated tonic modulation
of ophthalmic division trigeminal nocicep-
tive afferents. The data are consistent with
rat and cat spinal cord studies in which focal
electrical stimulation in the region of the
A11 dopamine cell group suppressed the
nociceptive but not non-nociceptive re-
sponses of multireceptive neurons in the
spinal cord dorsal horn (Fleetwood-Walker
et al., 1988). The colocalization of CGRP in
the A11 and the recently confirmed role for
CGRP in migraine (Bigal et al., 2008; Ho et
al., 2008), taken with other data on dopa-
mine in migraine (Peroutka, 1997), suggest
a possible role for the A11 in the disorder.

The inhibitory effect of the A11 on
evoked firing in the TCC was abolished by
the selective D2-like receptor antagonist,
S-(�)-eticlopride. As D2-like receptors
(D2, D3, D4 receptors) normally cause hy-
perpolarization and inhibit cell firing via an inhibition of cAMP
formation (Missale et al., 1998), this suggests the A11 inhibitory
effect is mediated by activation of D2-like receptors in the TCC.
This interpretation is supported by data in the rat and cat spinal
cord, in which the stimulus-evoked A11 effect was consistently and
rapidly reversed by iontophoresis of a selective D2 receptor an-
tagonist (sulpiride) in the vicinity of the dorsal horn neurons
tested (Fleetwood-Walker et al., 1988). Furthermore, ionto-
phoretically applied dopamine or a D2 receptor agonist (RU24213
[N-n-propyl-N-phenylethyl-4(3-hydroxyphenyl)ethylamine hy-
drochloride]) in the rat and cat spinal cord caused inhibition of
nociceptive responses in these spinal cord neurons, reversed by a
selective D2 receptor antagonist. In another study, Tamae et al.
(2005) demonstrated with whole-cell patch-clamp recordings
from spinal cord substantia gelatinosa neurons, that bath appli-
cation of dopamine hyperpolarized the membrane potential of
these neurons and suppressed stimulation-evoked action potentials.
This effect was mimicked by a selective D2-like receptor agonist
(quinpirole), and abolished by a selective D2-like receptor antago-
nist, but not by a D1-like receptor antagonist (Tamae et al., 2005).
Intravenous administration of a selective D2-like receptor antago-
nist, without A11 stimulation, significantly facilitated durally evoked
firing in the TCC, suggesting a tonic descending inhibition. Previous

studies have shown that eticlopride is effective at facilitating neuro-
nal firing from 2 to 30 min (Henry et al., 1998; Ruskin et al., 1999;
Morzorati and Marunde, 2006), and our results mirrored these
findings.

Electrical lesioning in the region of the A11 significantly facil-
itated firing in the TCC, evoked by dural stimulation, noxious
pinch, and innocuous brush. In four of eight experiments,
evoked firing consistent with C-fiber inputs was uncovered that
was not apparent during the prelesion baseline recordings, im-
plying a tonic inhibitory role for A11. It is noteworthy that acute
activation of G-protein-coupled receptors in CNS by either en-
dogenous or exogenous ligands leads to internalization of those
receptors from the surface of the neuron to the cytoplasm, which
leads, within minutes, to decreased receptor abundance at the
cell membrane (Mantyh et al., 1995; Dumartin et al., 2000).
The reverse also applies; when faced with a decrease in extra-
cellular ligands, excess G-protein-coupled receptors are traf-
ficked from the cytoplasm to the cell membrane (Dumartin et
al., 2000). This may contribute to the effect observed of a less
substantial response to A11 stimulation compared with the
facilitation since internalization of dopamine receptors
caused by A11 stimulation would reduce the impact of excess
dopamine signaling, whereas an increase in dopamine receptors

Figure 4. Immunofluorescent staining for TH (green) and CGRP (red) and colocalization of TH and CGRP (green and red together
giving a yellow coloration) in the A11. A, Light image of the caudal A11/Spf area at 4.90 mm relative to lambda (25� magnifica-
tion). B, Immunofluorescent TH (green) and CGRP (red) staining in the caudal A11/Spf area at 4.80 mm relative to lambda, showing
the Spf with CGRP-only neurons (* with arrowhead) and the A11 with both CGRP-only neurons (# with arrowhead) and dopamine
colocalized with CGRP neurons (yellow cells indicated by arrow). C, Inset, Top right, Example of a lesioned site (200 �A, 0.5 ms, 20
Hz for total duration of 2–3 min) in the A11 nucleus plus immunostaining for tyrosine hydroxylase (green for visualization of
dopaminergic neurons) (25� magnification). D, Light image of the rostral A11 area at 5.60 mm relative to lambda (25�
magnification). E, Immunofluorescent TH and CGRP staining in the rostral A11 area at 5.60 mm relative to lambda (100�
magnification) showing the two types of neurons in the A11: CGRP-only (# with arrowhead) and dopamine colocalized with CGRP
(yellow cell indicated by arrow). mt, Mammillothalamic tract; 3v, third ventricle.
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caused by A11 lesioning would be irrelevant without the presence of
dopamine.

Innocuous brush evoked firing, which was unaffected during
electrical stimulation of the A11, was significantly facilitated dur-
ing lesioning of the A11 nucleus, suggesting a possible role in
allodynia. Both peripheral and central sensitization is classically
triggered by repeated high-frequency stimulation of neurons
(Woolf and Salter, 2000; Bolton et al., 2005). In migraine, the
trigeminal nerve is activated, or certainly perceived to be acti-
vated (Goadsby et al., 2002), and when trigeminal activation is
not interrupted it has been hypothesized that peripheral sensiti-
zation rapidly progresses to central sensitization, causing cutane-
ous allodynia in the ipsilateral head (Burstein et al., 2000b). It is
plausible for the A11 to have a role in this process. Dopamine is
not the only inhibitory transmitted in the TCC (Bergerot et al.,
2007), as notably 5HT (Longmore et al., 1997; Smith et al., 1998)
is also present, and additional work would involve immunohis-
tochemical staining to test for colocalization. Given that premon-
itory symptoms antecede pain by many hours (Giffin et al., 2003)
and some, such as yawning, point to dopamine involvement
(Peroutka, 1997), one could advance the hypothesis that these
neurons may be involved in the early stages of an attack.

Electrical stimulation or lesioning in the A11 nucleus may
have created current spread to adjacent brain regions (Ranck,
1975; McIntyre et al., 2004). Evoked firing in the TCC was signif-
icantly inhibited by direct injection of L-glutamate into the A11

nucleus, which implies that the inhibitory
effect seen during stimulation of the A11
was attributable to direct activation of the
A11 nucleus and not fibers of passage. Fi-
bers of passage are not activated in this
method nor are surrounding nuclei; as a
consequence, the electrical stimulation
data are likely to be A11 specific. It is also
important to note that the A11 nucleus is
the sole dopaminergic projection to the
spinal cord; as such, the inhibitory re-
sponse in the trigeminocervical complex
is likely dopaminergic. Inhibition of the
A11 effect with a dopamine D2 receptor
antagonist is consistent with dopaminer-
gic mediation at the level of the trigeminal
nucleus.

Dahlstrom and Fuxe (1964) originally
described the A11 as dopaminergic nu-
cleus. These diencephalic neurons seem
solely responsible for dopamine innerva-
tion of the dorsal horn and straddle the
region of the mammillothalamic tract
(Skagerberg et al., 1982). At one point, the
A11 has been described as part of the Spf
(Takada et al., 1988). The Spf is known to
be CGRP-containing (Yasui et al., 1991;
van Rossum et al., 1997; Coolen et al.,
2003), and more recently it has been re-
ported that the neighboring A11 also con-
tains CGRP (Yasui et al., 1989, 1991).
Finally, one study confirmed that A11 do-
paminergic neurons were colocalized with
CGRP (Orazzo et al., 1993). Immunohist-
ofluorescence was therefore performed to
confirm the distinction between the two.
The Spf contained just CGRP-only neu-

rons, whereas the A11 contained two types of neurons; dopamine
colocalized with CGRP and also CGRP-only neurons, with
CGRP-only neurons being approximately five times more abun-
dant than dopamine/CGRP neurons. Hence all A11 dopaminer-
gic cells were colocalized with CGRP. The data support a view
that the A11 nucleus is distinct from the Spf.

Immunohistofluorescence also showed D4 and D5 receptors
located in cell bodies in the TCC, in addition to the D1 and D2

receptors that have been previously identified (Bergerot et al.,
2007). D4 belongs to the family of D2-like receptors, which, as
demonstrated with the D2-like receptor antagonist eticlopride,
are involved in the modulation of TCC firing. It is possible that
one or both D2-like receptor subtypes are located postsynapti-
cally on second-order neurons in the TCC, and mediate the ob-
served inhibitory effect of dopamine on firing of second-order
neurons from the TCC. Localization of receptors in the soma is
potential evidence of postsynaptic activity, and this is supported
by the study in which microiontophoresis of dopamine directly
into the TCC produced inhibition of L-glutamate-evoked firing
in the TCC (Bergerot et al., 2007). D4 receptors were also seen in
axons. It may be important to note that none of the other dopa-
mine receptors have been identified in fibers, including D1 and
D2 receptors (Bergerot et al., 2007), suggesting the presence of
autoreceptors in the TCC. Dopamine release is modulated by
D2-like autoreceptors on dopamine terminals (Polak, 1971;
Starke, 1977), so it could be that the D4-stained fibers represent

Figure 5. Immunofluorescent staining for dopamine receptors (all green labeling) in the TCC. A, D2 receptors in the TCC, as
positive control (green), colocalized with NeuN (neuronal marker) (red; 100� magnification). B, D4 receptors (green) in the TCC
colocalized with NF-H, as a marker for axonal neurofilaments, identifying D4 receptors in axonal fibers (red; 100� magnification).
C, High-power image of D4 receptors (green) colocalized with NF-H (red; 400� magnification). D, High-power image of D4

receptors (green) also colocalized with NeuN (red; 400� magnification), indicating their presence on neurons. E, D5 receptors
(green) in the TCC (100� magnification). F, D5 receptors (green) colocalized with NeuN (red; 400� magnification), indicating
their presence in neurons. Examples in each image are indicated by arrows.
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autoreceptors belonging to descending A11 fibers. An increased
frequency of certain alleles of the D2 receptor gene has been
found in migraine with aura (Peroutka, 1997) and offers an in-
triguing possible basis for an inherited dopaminergic basis for
some part of the migraine phenotype.

The A11 is primarily known for its role in restless legs syn-
drome (RLS) (Allen et al., 2003), a sensorimotor disorder clini-
cally characterized by uncomfortable and unpleasant sensations
in the limbs (Ekbom, 1960), relieved by movement and worsened
during periods of inactivity such as sitting or lying down. Dopa-
mine, and specifically the D2-like receptor, was identified as hav-
ing an important role in this disorder when it was found that
low-dose dopaminergic agonists provided relief in patients with
RLS (Hening et al., 1999; Montplaisir et al., 1999), whereas symp-
toms worsened when patients were given D2-like receptor antag-
onists, such as olanzapine (Kraus et al., 1999). Additionally, RLS
patients exhibited static mechanical hyperalgesia to pinprick
stimuli, which was alleviated by long-term dopaminergic treat-
ment (Schattschneider et al., 2004; Tribl et al., 2005). In animal
studies of RLS, D3KO mice exhibited excessive locomotor behav-
ior (Clemens et al., 2006), and destruction of the diencephalo-
spinal dopaminergic neurons of the A11 led to increased motor
activity similar to RLS (Ondo et al., 2000). On this background,
Rhode et al. (2007) report a comorbidity of RLS and migraine.
There are some noteworthy comparisons: both syndromes are
more common in females; both are affected by sleep; both are
influenced by pregnancy, albeit in opposite directions; both have
the same regional epidemiology (i.e., more common in Cauca-
sians and less common in Asians); and both are clinically influ-
enced by drugs acting at dopamine receptors. The overlap
reinforces the utility of better understanding the A11 nucleus.

In conclusion, these studies present data showing that modu-
lation of neurons in the A11 dopaminergic and CGRPergic nu-
cleus affects trigeminovascular traffic, and this may be through a
dopaminergic mechanism involving activation of inhibitory D2-
like receptors in the dorsal horn of the TCC. We also demonstrate
that the A11 nucleus may act tonically to modulate trigeminal
nociceptive transmission and that neurons in the A11 may mod-
ulate both nociceptive and non-nociceptive trigeminovascular
traffic. Finally, it is possible that a dysfunction in the A11 nucleus
in migraineurs may provide an explanation for the allodynia that
frequently accompanies migraine.
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