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Abstract Migraine is a common neurological condition,

causing high disability, but the pathomechanism of the

disease is not yet fully understood. Activation of the

trigeminovascular system could play a crucial role in

the manifestation of the symptoms, but initial step of this

activation remains unknown. Functional imaging studies

have revealed that certain brainstem areas, referred to as

migraine generators, are activated during a migraine attack,

including the dorsal raphe, the periaqueductal gray, the

locus coeruleus, and the nucleus raphe magnus. However,

the studies performed to date have not demonstrated

whether this activation is a trigger or a consequence of the

migraine attack. With the aim of evaluating the functional

relationship between activation of the trigeminal system

and migraine generators, we examined the changes in c-Fos

immunoreactivity in the above-mentioned nuclei after

stimulation of the trigeminal ganglion, an animal model for

trigeminovascular activation. The stimulation led to sig-

nificant increases in the number of c-Fos immunoreactive

cells in the nucleus raphe magnus and in the caudal part of

the spinal trigeminal nucleus, 2 and 4 h after the stimula-

tion. Activation of the trigeminal system failed to exhibit

uniform activation of the brain stem nuclei related to

migraine. Our results suggest that the activation of the

trigeminal system in the rat by electrical stimulation of

the trigeminal ganglion leads to the activation of the

descending pain modulatory system, but not to the acti-

vation of ‘‘migraine generator’’ nuclei. Therefore, the

activity pattern seen in functional studies may reflect a

unique feature, exclusively present in migraine.
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stimulation of the trigeminal ganglion � Rat

Introduction

Migraine is a neurological disorder, with an unrevealed

pathomechanism. Over the years, many theories have

emerged as the cause of the disease; vascular, neurogenic,

and genetic processes have been proposed, but none of

these could provide a reliable explanation of all the events

related to this disorder [1].

During a migraine attack, the trigeminovascular system

is activated, neuropeptides and inflammatory mediators are

released, leading to neurogenic inflammation with vasodi-

lation and plasma extravasation which can activate the

trigeminal nociceptors and cause pain [2].

The activation and sensitization of the trigeminal system

play a crucial role in migraine pathomechanism. These

activation processes affect the caudal part of the spinal

trigeminal nucleus (TNC); therefore, numerous studies

have examined the activation pattern of this nucleus in

different animal models [3], but the very first step, which

leads to these phenomena, remains unexplained.

Functional imaging studies have revealed activation of

the dorsolateral pons and the dorsal midbrain during a
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migraine attack, this activation persisting even after suc-

cessful treatment with antimigraine agents [4], which

suggests that this brainstem activation is not related to the

perception of pain itself. The experimental results tend to

support this view since cranial pain elicited by capsaicin

did not give rise to brainstem activation [5]. The data

suggest that the dorsal midbrain and dorsolateral pons,

including the periaqueductal gray (PAG), the dorsal raphe

(DR), the nucleus raphe magnus (NRM), and the locus

coeruleus (LC), are involved in migraine headache. Since

most of the reported functional imaging studies were car-

ried out in the course of a migraine attack, it has not been

ascertained whether the activation of this region is a cause

or an effect of the attack.

The NRM comprises part of the descending pain mod-

ulatory system receiving strong input from the cerebral

cortex [6]. Stimulation of the NRM can modify the noci-

ceptive input at the level of the spinal trigeminal nucleus

[7], and the activity of the NRM can be modulated by

agents effective in migraine therapy, suggesting a crucial

role in the pathomechanism of migraine [8].

The DR, one of the largest serotonergic nuclei in the

central nervous system, plays an important part in noci-

ceptive processing and antinociception [9]. This nucleus is

activated during trigeminal nociception, thus it is possibly

involved in the pathomechanism of migraine [10].

The LC is the main source of norepinephrine in the

central nervous system, sending projections both to higher

brain structures and to the spinal cord dorsal horn [11]. The

LC has been suggested to possess a function parallel to

that of NRM in pain control [12]. It has strong projection to

the TNC [13], with a possible regulatory role, and sends

direct projections to intracranial and extracranial vessels,

suggesting an involvement in the vascular events of

migraine [14].

Electrical stimulation of the PAG in humans resulted in

analgesia [15], but chronic implants, mainly situated in

the ventrolateral PAG (VLPAG), caused migraine-like

symptoms in some cases [16], implying a role in pain

modulation and migraine generation. Experimental and

clinical findings have revealed that the PAG is a member

of the descending pain modulatory system, which receives

input from the spinal cord dorsal horn and from higher

brain structures [17]. The PAG can be divided into

longitudinal columns, each with different functions, sug-

gesting an integrative role in pain processing, emotional

and autonomic regulation [17]. The VLPAG is activated

by trigeminal pain in animals [18], indicating that this

area has as an integrative role in trigeminal sensory

modulation.

Electrical stimulation of the trigeminal ganglion causes

structural alterations in calcitonin gene-related peptide

positive sensory nerve terminals [19], furthermore it leads

to the extravasation of albumin from the vessels of the dura

mater [20]. These results indicate that electrical stimulation

of the trigeminal ganglion could induce chemical and

vascular changes similar to those during migraine pain.

It is clear that the above-mentioned nuclei play an

important part during a migraine attack, but it is still

unknown whether their role is active or passive. The aim of

our study was to investigate their pattern of activation and

to evaluate possible functional connections between them

and the trigeminal system in an experimental trigeminal

activation model, electrical stimulation of the trigeminal

ganglion.

Materials and methods

The procedures of this study conformed to the guidelines of

the International Association for the Study of Pain and the

European Communities Council (86/609/ECC). They were

approved by the Ethics Committee of the Faculty of

Medicine, University of Szeged, and by the Committee of

Animal Research at the University of Szeged (I-74-14-16/

2008) and the Scientific Ethics Committee for Animal

Research of the Protection of Animals Advisory Board

(XI./15.1/02384/001/2007).

Adult male Sprague–Dawley rats (weighing between

280 and 340 g) were used. The animals were raised and

maintained under standard laboratory conditions, with tap

water and regular rat chow available ad libitum, on a

12:12 h dark–light cycle.

Stimulation

Twenty-six rats were divided into two groups. The animals

in the first group (n = 13) were deeply anaesthetized with

chloral hydrate (400 mg/kg) and placed in a stereotaxic

instrument (Stoelting Co., Wood Dale, USA). A hole was

drilled with a dental drill 3.2–3.4 mm posterior to and

2.8–3.2 mm laterally from the bregma. A concentric

bipolar electrode (FHC Inc., Bowdoin, USA, CBBRE75)

was lowered to the right trigeminal ganglion, and main-

tained in it for 30 min. After surgery, the animals were kept

under deep anaesthesia, with additional doses of chloral

hydrate, if needed, being given. They were returned back to

their cages and were kept warm.

The animals in the second group (n = 13) underwent a

similar surgical procedure, but were additionally stimulated

for 30 min with square pulses at 10 Hz, 0.5 mA, with a

pulse duration of 5 ms. The applied stimulation frequency

induces depolarization, thus rapid firing of the pseudouni-

polar neurones of the trigeminal ganglion, and the intensity

applied ensures that the area of the stimulation covers the

entire trigeminal ganglion [21].
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The correct placement of the electrode was checked via

the twitching of the jaw when the electrode reached the

ganglion, and was confirmed during the autopsy.

From both the groups, seven animals were perfused

transcardially 2 h after the placement of the electrode, while

six animals were perfused 4 h after the electrode placement,

with 100 mL cold 0.1 M phosphate buffered saline (PBS),

followed by 500 mL 4 % paraformaldehyde in 0.1 M

phosphate buffer. The brains and cervical spinal cord were

removed and postfixed overnight in the same fixative.

Immunohistochemistry

After cryoprotection 30 lm thick serial sections were cut

1 mm rostrally and 5 mm caudally from the obex, repre-

senting the TNC. The series were collected into 18 wells,

and the distance between consecutive sections was

540 lm.

Similarly 30 lm thick serial sections were cut from the

brainstem, the series started 1.5 mm rostrally from the

obex and 30 series were cut from each animal. The series

Fig. 1 Representative photos

of the caudal part of the spinal

trigeminal nucleus from a

sham animal (a, c) and from

a stimulated one

(b, d) approximately 0.5 mm

caudal from the obex. In sham

animals, there was no noticeable

difference between the control

and the electrode side regarding

the number of c-Fos IR cells (a).

However, in stimulated animals

a remarkable increase in the

number of c-Fos IR cells could

be observed at the stimulated

side (d) compared to the control

side of the same animal (b) and

also compared to the electrode

side of sham animals (c).

Rectangles on picture a and

b indicate the origin of pictures

c and d, both from the sides of

animals associated with the

electrode. Scale bars indicate

500 lm on a and b, and 100 lm

on c and d

Neurol Sci

123



were collected into 10 wells, the distance between con-

secutive sections therefore being 300 lm.

The free-floating sections were rinsed in PBS and

immersed in methanol containing 0.3 % H2O2 for 30 min.

After several washes in PBS containing 1 % Triton X-100

(PBS-T), the sections were blocked for 1 h in PBS-T

containing 10 % normal goat serum (NGS). Sections from

the TNC were incubated for one night at room temperature

in PBS-T containing 2 % NGS and 1:2,000 anti c-Fos

primary antibody (Santa Cruz Biotechnology, Santa Cruz,

USA, sc-52), while sections from the brainstem were

incubated for two nights at 4 �C in PBS-T containing 2 %

NGS and 1:1,000 anti c-Fos primary antibody (Santa Cruz

Biotechnology, Santa Cruz, USA, sc-52). The immuno-

histochemical reaction was visualized using the

avidin–biotin kit of Vectastain (Vector Laboratories Inc.,

Burlingame, USA, PK-6101) and stained with nickel

ammonium sulfate-intensified 3,30-diaminobenzidine for

sections of the TNC and 3,30-diaminobenzidine without

intensification for sections of the brainstem. The specificity

of the immune reaction was checked by omitting the pri-

mary antiserum. On brainstem sections toluidine blue

counterstaining was applied to facilitate cell counting.

Cell counting

The c-Fos-immunopositive cells were counted according to

Paxinos and Watson [22] in the TNC, NRM, DR, VLPAG,

lateral periaqueductal gray (LPAG), dorsolateral periaqu-

eductal gray (DLPAG), dorsomedial periaqueductal gray

(DMPAG), and LC separately. Sections were examined

under a Zeiss Axio Imager M2 Upright Microscope (Carl

Zeiss MicroImaging, Göttingen, Germany) supplied with

an AxioCam MRc camera (Carl Zeiss MicroImaging,

Göttingen, Germany). Photographs were taken on 209

magnification, using the MosaiX program feature of the

AxioVision programme. Cells were counted and area of the

different nuclei was delineated and measured on one series

of sections from the TNC and from the brainstem in

each animal. Cell counting was made by an investigator

blinded to the stimulation procedure, furthermore stimu-

lated and unstimulated sides of the sections were counted

separately.

Statistical analysis

For the different nuclei, cell counts per side and per series

were summed and divided by the corresponding area. In

this way, the cell count per lm2 was calculated for each

side and for each series in each animal.

In case of the TNC counts were averaged by animal and

statistical comparison was made using ANOVA (SPSS

Statistics 17.0 for Windows, Games–Howell post hoc test).

In case of other paired nuclei of the brainstem, the first

step was to determine if there is any difference between the

sham and stimulated sides using Student’s t test. There was

no significant difference in any of the nuclei; therefore,

data from separate sides were pooled. These data were than

compared using ANOVA (SPSS Statistics 17.0 for Win-

dows, Scheffe post hoc test).

Statistical comparison in the NRM and DR was also

conducted by ANOVA (SPSS Statistics 17.0 for Windows,

Scheffe post hoc test).

Results

The surgical procedure and lowering of the electrode to

the trigeminal ganglion did not cause significant increase

in the number of c-Fos immunoreactive (IR) cells on the

ipsilateral side of the TNC neither in the 2 h nor in the

4 h survival group (Figs. 1c, 2). On the contralateral

(control) side, no changes could be observed (Figs. 1a, 2).

After electrical stimulation, a marked increase was

observed on the ipsilateral and a slight increase on the

contralateral side of the TNC at both survival times

(Fig. 1b, d), from which only the changes on the ipsilat-

eral side proved to be significant (Fig. 2). There was no

difference in the activation of the TNC between the two

stimulated groups.

It is interesting that we found differences in lateraliza-

tion only in the TNC, in the other nuclei namely the VL, L,

DL, DM PAG, and LC, there was no difference between

the stimulated and unstimulated sides (data not shown).

Fig. 2 Diagram showing the average number of c-Fos IR cells per

lm2 in the caudal part of the spinal trigeminal nucleus (TNC, group

means per side ? SEM). After sham surgery only a slight non-

significant increase can be detected, while after electrical stimulation

of the trigeminal ganglion a significant increase is present in the TNC

both at 2 and 4 h of survival (*p \ 0.05; **p \ 0.01) compared to

sham stimulated animals. There is no significant difference between

the stimulated sides of the two distinct survival times
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In the NRM, stimulation produced significant (p \ 0.05)

increase in the number of c-Fos IR cells, mainly in

the rostral part of the nucleus at both survival times

(Fig. 3c, e) compared to the animals with sham stimulation

(Fig. 3b, d).

In case of the other nuclei, no statistically significant

alteration could be observed between the sham and

stimulated groups, although a tendency of increase in the

DR and LC could be noticed (Fig. 4).

To evaluate if there is any relationship between the TNC

and the NRM regarding the increase in the cell numbers,

linear regression analysis was performed (SPSS Statistics

17.0 for Windows). No correlation was found between the

two nuclei (R2 = 0.252; F = 3.708; p = 0.80).

Fig. 3 Representative photos of

the nucleus raphe magnus from

a stimulated (a, c, e) and a sham

animal (b, d) 2 (a, b, c) and 4 h

(d, e) after stimulation

approximately 4 mm rostral

from the obex. Rectangle in a
indicates the location where c;

b, d and e were taken. Filled
arrowheads indicate c-Fos

positive cells, while unfilled
arrowheads indicate c-Fos

negative cells, counterstained

with toluidine blue. After 2 h of

survival, c-Fos immunoreactive

cells are more numerous in the

stimulated group (c). 4 h after

the stimulation the activation of

the nucleus raphe magnus is still

present (e). Scale bars indicate

1,000 lm on a; and 200 lm on

b, c, d and e
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Discussion

In this study, we first demonstrated that electrical stimu-

lation of the trigeminal ganglion, i.e., activation of the

trigeminal system, in the rat does not lead to the uniform

activation of ‘‘migraine generator nuclei’’.

Electrical stimulation of the trigeminal ganglion has a

direct effect on the primary trigeminal sensory neuron

causing alterations in both the peripheral and the central

endings. In the periphery, mediators from the nerve

endings around the meningeal vessels are released, which

results in plasma protein extravasation and eventually

neurogenic inflammation [20]. In the central arm, there is a

marked activation of the second-order neurones in the TNC

[23]. Our results are in accordance with these previous

findings as we found marked increase in the number of

c-Fos IR cells in the ipsilateral TNC both 2 and 4 h after

stimulation. This pronounced increase may arise directly

from the electrical stimulation or is a secondary phenom-

enon originating from the periphery due to the triggered

dural extravasation and inflammation [20]. The activation

of second-order neurones is followed by activation of the

third-order thalamic and cortical neurones [24].

We observed a significant increase in neuronal activity

in the NRM in the 2 h survival group, which persisted even

4 h after the stimulation, however a tendency of decrease

could be noticed. Direct TNC projections to the NRM are

sparse [25], and the superficial laminae, which are mainly

activated in response to electrical stimulation, display even

fewer connections to the NRM [26]; accordingly activation

of the TNC may not evoke a direct NRM activation. This

hypothesis is further supported by the fact that we did not

find any correlation between the increased cell activities in

the two nuclei neither after 2 nor after 4 h, suggesting that

the activation of the NRM may not be a direct consequence

of the activation of the TNC. Although there is no corre-

lation between the activation patterns of these two nuclei,

the increase in their activity is present simultaneously at

both 2 and 4 h after stimulation.

Fig. 4 Diagram showing the average number of c-Fos IR cells per

lm2 in brainstem nuclei (group means ? SEM). The highest cell

number per area ratio was present in the locus coeruleus, which is not

surprising, considering the small extent of this nucleus. Statistically

significant alteration between the sham and stimulated group could

only be detected in the nucleus raphe magnus (*p \ 0.05). There is a

significant difference (*p \ 0.05) between the two stimulated groups

in case of the locus coeruleus, but no such difference could be

observed in the other nuclei. In the nucleus raphe magnus the

stimulation increased the number of c-Fos IR cells. LC locus

coeruleus, DR dorsal raphe, NRM nucleus raphe magnus, VL PAG
ventrolateral periaqueductal gray, L PAG lateral periaqueductal gray,

DL PAG dorsolateral periaqueductal gray, DM PAG dorsomedial

periaqueductal gray

Fig. 5 Schematic route of activation based on our findings. Electrical

stimulation activates the secondary trigeminal sensory nuclei in the

TNC, the activation travels to the thalamus and the cortex. Activation

of the NRM is probably secondarily related to the thalamus
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After intracisternal administration of capsaicin, there is

an elevation in the number of c-Fos immunoreactive cells

in the NRM [10], suggesting a role in trigeminal noci-

ceptive processing. The NRM is thought to be the main

output of the descending pain modulatory system, provid-

ing dense innervations to the spinal cord dorsal horn. We

assume that activation of the NRM may be a consequence

of activation of the descending pain modulatory system.

This activation could result from the cortical and thalamic

input of the NRM, or it could originate from the PAG [25].

There is no evidence that the TNC projects directly to

the DR [27]. The DR forms part of the pain modulatory

system in both ascending and descending directions [9],

and the DR receives dense afferents from the NRM, but

cortical input can also modulate the activity of this nucleus

[27]. We did not find significant change in the number of

c-Fos IR cells in the DR after electrical stimulation of the

TG. Our results suggests that the activation of the tri-

geminal system does not cause the activation of the DR,

and thus in the rat, this nucleus may not participate in the

short-term regulation of trigeminal nociceptive processing.

The LC is activated after painful stimuli [10, 28], sug-

gesting an important role in nociceptive processing and

modulation, however, activation due to stressful circum-

stances is also possible [29]. Our results indicate that after

electrical stimulation of the TG, activity of the cells in the

LC does not change, although it is noticeable that the

activity of the LC is already pronounced in the sham group

2 h after the stimulation, suggesting that the stress and the

possible pain caused by the surgical procedure may

obscure the changes caused by the electrical stimulation.

After 4 h of survival, the activity level of the LC is

decreasing both in the sham and stimulated groups, further

supporting our view that the activation of the LC is due to

the invasive procedure.

The available information relating to TNC and LC direct

inputs is controversial, some authors reporting that the

TNC sends only a sparse direct input to the LC [30], and

others describing the existence of neuronal input from

lamina I to the LC. Our results indicate that the TNC may

not have direct input to the LC [31]. It is possible that the

contribution of LC to the descending pain modulatory

system is via the NRM [32]; however, it is a well-known

fact that LC has a descending projection to the spinal cord,

which could modulate nociceptive processing directly.

No change in the number of c-Fos immunoreactive

nuclei were noticed in any region of the PAG. There is a

direct connection between the TNC and the PAG, thus it is

surprising that a strong stimulus like we applied caused no

alteration in this area. Previous studies indicated an

increase in activity of the PAG after nociceptive stimula-

tion [18], although the stimulation parameters and settings

differed from those we applied.

If it is assumed that the changes seen in our experiments

are secondary, the lack of direct projections from the TNC

to most of the above-mentioned nuclei supports this

hypothesis. In this conception, the stimulation activates the

ascending nociceptive routes to the thalamus and to the

cortex, and these structures react to the nociceptive input

by activating the descending modulatory system (Fig. 5).

After trigeminal stimulation, the examined nuclei failed to

exhibit the uniform activation detected during a migraine

attack suggesting that this activation pattern of the

migraine generator nuclei may be exclusively present in

migraine.
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lent technical assistance. The publication is supported by the Euro-

pean Union and co-funded by the European Social Fund. Project title:

‘‘Broadening the knowledge base and supporting the long-term pro-

fessional sustainability of the Research University Centre of Excel-

lence at the University of Szeged by ensuring the rising generation of

excellent scientists’’. Project number: TÁMOP-4.2.2/B-10/1-2010-

0012. Dr. Árpád Párdutz was supported by the Bolyai Scholarship

Programme of the Hungarian Academy of Sciences. Financial support

was provided by the Neuroscience Research Group of the Hungarian

Academy of Sciences and University of Szeged.

Conflict of interest The authors declare that they have no conflict

of interest.

References

1. Tfelt-Hansen PC, Koehler PJ (2011) One hundred years of

migraine research: major clinical and scientific observations from

1910 to 2010. Headache 51(5):752–778. doi:10.1111/j.1526-

4610.2011.01892.x

2. Moskowitz MA (1993) Neurogenic inflammation in the patho-

physiology and treatment of migraine. Neurology 43(6 Suppl 3):

S16–S20

3. Bergerot A, Holland PR, Akerman S, Bartsch T, Ahn AH, Ma-

assenVanDenBrink A, Reuter U, Tassorelli C, Schoenen J,

Mitsikostas DD, van den Maagdenberg AM, Goadsby PJ (2006)

Animal models of migraine: looking at the component parts of a

complex disorder. Eur J Neurosci 24(6):1517–1534. doi:10.1111/

j.1460-9568.2006.05036.x

4. Weiller C, May A, Limmroth V, Juptner M, Kaube H, Schayck

RV, Coenen HH, Diener HC (1995) Brain stem activation in

spontaneous human migraine attacks. Nat Med 1(7):658–660

5. May A, Kaube H, Buchel C, Eichten C, Rijntjes M, Juptner M,

Weiller C, Diener HC (1998) Experimental cranial pain elicited by

capsaicin: a PET study. Pain 74(1):61–66 pii: S0304-3959(97)

00144-9

6. Carlton SM, Leichnetz GR, Young EG, Mayer DJ (1983)

Supramedullary afferents of the nucleus raphe magnus in the rat:

a study using the transcannula HRP gel and autoradiographic

techniques. J Comp Neurol 214(1):43–58. doi:10.1002/cne.902

140105

7. Basbaum AI, Fields HL (1984) Endogenous pain control systems:

brainstem spinal pathways and endorphin circuitry. Annu Rev

Neurosci 7:309–338. doi:10.1146/annurev.ne.07.030184.001521

8. Ellrich J, Messlinger K, Chiang CY, Hu JW (2001) Modulation of

neuronal activity in the nucleus raphe magnus by the 5-HT(1)-

Neurol Sci

123

http://dx.doi.org/10.1111/j.1526-4610.2011.01892.x
http://dx.doi.org/10.1111/j.1526-4610.2011.01892.x
http://dx.doi.org/10.1111/j.1460-9568.2006.05036.x
http://dx.doi.org/10.1111/j.1460-9568.2006.05036.x
http://dx.doi.org/10.1002/cne.902140105
http://dx.doi.org/10.1002/cne.902140105
http://dx.doi.org/10.1146/annurev.ne.07.030184.001521


receptor agonist naratriptan in rat. Pain 90(3):227–231 pii: S030

439590000405X

9. Wang QP, Nakai Y (1994) The dorsal raphe: an important

nucleus in pain modulation. Brain Res Bull 34(6):575–585

10. Ter Horst GJ, Meijler WJ, Korf J, Kemper RH (2001) Trigeminal

nociception-induced cerebral Fos expression in the conscious rat.

Cephalalgia 21(10):963–975 pii: 285

11. Samuels ER, Szabadi E (2008) Functional neuroanatomy of the

noradrenergic locus coeruleus: its roles in the regulation of

arousal and autonomic function part I: principles of functional

organisation. Curr Neuropharmacol 6(3):235–253. doi:10.2174/

157015908785777229

12. Mokha SS, McMillan JA, Iggo A (1986) Pathways mediating

descending control of spinal nociceptive transmission from the

nuclei locus coeruleus (LC) and raphe magnus (NRM) in the cat.

Exp Brain Res 61(3):597–606

13. Simpson KL, Altman DW, Wang L, Kirifides ML, Lin RC,

Waterhouse BD (1997) Lateralization and functional organization

of the locus coeruleus projection to the trigeminal somatosensory

pathway in rat. J Comp Neurol 385(1):135–147. doi:10.1002/

(SICI)1096-9861(19970818)385:1\135:AID-CNE8[3.0.CO;2-3

14. Lance JW, Lambert GA, Goadsby PJ, Duckworth JW (1983)

Brainstem influences on the cephalic circulation: experimental

data from cat and monkey of relevance to the mechanism of

migraine. Headache 23(6):258–265

15. Hosobuchi Y, Adams JE, Linchitz R (1977) Pain relief by elec-

trical stimulation of the central gray matter in humans and its

reversal by naloxone. Science 197(4299):183–186

16. Raskin NH, Hosobuchi Y, Lamb S (1987) Headache may arise

from perturbation of brain. Headache 27(8):416–420

17. Behbehani MM (1995) Functional characteristics of the midbrain

periaqueductal gray. Prog Neurobiol 46(6):575–605 pii: 0301-

0082(95)00009-K

18. Hoskin KL, Bulmer DC, Lasalandra M, Jonkman A, Goadsby PJ

(2001) Fos expression in the midbrain periaqueductal grey after

trigeminovascular stimulation. J Anat 198(Pt 1):29–35

19. Knyihar-Csillik E, Tajti J, Mohtasham S, Sari G, Vecsei L (1995)

Electrical stimulation of the Gasserian ganglion induces struc-

tural alterations of calcitonin gene-related peptide-immunoreac-

tive perivascular sensory nerve terminals in the rat cerebral dura

mater: a possible model of migraine headache. Neurosci Lett

184(3):189–192 pii: 030439409411203U

20. Markowitz S, Saito K, Moskowitz MA (1987) Neurogenically

mediated leakage of plasma protein occurs from blood vessels in

dura mater but not brain. J Neurosci 7(12):4129–4136

21. Samsam M, Covenas R, Ahangari R, Yajeya J, Narvaez JA,

Tramu G (1999) Alterations in neurokinin A-, substance P- and

calcitonin gene-related peptide immunoreactivities in the caudal

trigeminal nucleus of the rat following electrical stimulation of

the trigeminal ganglion. Neurosci Lett 261(3):179–182 pii: S030

4394098009896

22. Paxinos G, Watson C (2007) The Rat Brain in Stereotaxic

Coordinates, 6th edn. Academic Press, London

23. Knyihar-Csillik E, Tajti J, Samsam M, Sary G, Slezak S, Vecsei

L (1997) Effect of a serotonin agonist (sumatriptan) on the

peptidergic innervation of the rat cerebral dura mater and on the

expression of c-fos in the caudal trigeminal nucleus in an

experimental migraine model. J Neurosci Res 48(5):449–464.

doi:10.1002/(SICI)1097-4547(19970601)48:5\449:AID-JNR6[
3.0.CO;2-E

24. Michaud JC, Alonso R, Gueudet C, Fournier M, Calassi R,

Breliere JC, Le Fur G, Soubrie P (1998) Effects of SR140333, a

selective non-peptide NK1 receptor antagonist, on trigemino-

thalamic nociceptive pathways in the rat. Fundam Clin Pharmacol

12(1):88–94 pii: S0767398198802338

25. Hermann DM, Luppi PH, Peyron C, Hinckel P, Jouvet M (1997)

Afferent projections to the rat nuclei raphe magnus, raphe palli-

dus and reticularis gigantocellularis pars alpha demonstrated by

iontophoretic application of choleratoxin (subunit b). J Chem

Neuroanat 13(1):1–21 pii: S0891-0618(97)00019-7

26. Sugiyo S, Takemura M, Dubner R, Ren K (2005) Trigeminal

transition zone/rostral ventromedial medulla connections and

facilitation of orofacial hyperalgesia after masseter inflammation

in rats. J Comp Neurol 493(4):510–523. doi:10.1002/cne.20797

27. Marchand JE, Hagino N (1983) Afferents to the periaqueductal

gray in the rat. A horseradish peroxidase study. Neuroscience

9(1):95–106 pii: 0306-4522(83)90049-0

28. Baulmann J, Spitznagel H, Herdegen T, Unger T, Culman J

(2000) Tachykinin receptor inhibition and c-Fos expression in the

rat brain following formalin-induced pain. Neuroscience 95(3):

813–820 pii: S0306452299004789

29. McDevitt RA, Szot P, Baratta MV, Bland ST, White SS, Maier

SF, Neumaier JF (2009) Stress-induced activity in the locus

coeruleus is not sensitive to stressor controllability. Brain Res

1285:109–118 pii: S0006-8993(09)01168-8

30. Luppi PH, Aston-Jones G, Akaoka H, Chouvet G, Jouvet M

(1995) Afferent projections to the rat locus coeruleus demon-

strated by retrograde and anterograde tracing with cholera-toxin

B subunit and Phaseolus vulgaris leucoagglutinin. Neuroscience

65(1):119–160 pii: 0306-4522(94)00481-J

31. Craig AD (1992) Spinal and trigeminal lamina I input to the locus

coeruleus anterogradely labeled with Phaseolus vulgaris leuco-

agglutinin (PHA-L) in the cat and the monkey. Brain Res

584(1–2):325–328 pii: 0006-8993(92)90915-V

32. Tanaka M, Matsumoto Y, Murakami T, Hisa Y, Ibata Y (1996)

The origins of catecholaminergic innervation in the rostral ven-

tromedial medulla oblongata of the rat. Neurosci Lett 207(1):

53–56 pii: 0304394096124873

Neurol Sci

123

http://dx.doi.org/10.2174/157015908785777229
http://dx.doi.org/10.2174/157015908785777229
http://dx.doi.org/10.1002/(SICI)1096-9861(19970818)385:1%3c135:AID-CNE8%3e3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1096-9861(19970818)385:1%3c135:AID-CNE8%3e3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1097-4547(19970601)48:5%3c449:AID-JNR6%3e3.0.CO;2-E
http://dx.doi.org/10.1002/(SICI)1097-4547(19970601)48:5%3c449:AID-JNR6%3e3.0.CO;2-E
http://dx.doi.org/10.1002/cne.20797

	Evaluation of c-Fos immunoreactivity in the rat brainstem nuclei relevant in migraine pathogenesis after electrical stimulation of the trigeminal ganglion
	Abstract
	Introduction
	Materials and methods
	Stimulation
	Immunohistochemistry
	Cell counting
	Statistical analysis

	Results
	Discussion
	Acknowledgments
	References


