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Abstract Activation of the trigeminal system plays an

important role in the pathomechanism of headaches. A

better understanding of trigeminal pain processing is

expected to provide information helping to unravel the

background of these diseases. ATP, a key modulator of

nociceptive processing, acts on ligand-gated P2X receptors.

Antagonists of the P2X7 receptors, such as Brilliant Blue G

(BBG), have proved effective in several models of pain.

We have investigated the effects of BBG after electrical

stimulation of the trigeminal ganglion and in the orofacial

formalin test in the rat. The right trigeminal ganglion of

male rats was stimulated either with 5 Hz, 0.5 mA pulses

for 5 min (mild procedure) or with 10 Hz, 0.5 mA pulses

for 30 min (robust procedure), preceded by 50 mg/kg i.v.

BBG. The animals were processed for c-Fos and calcitonin

gene-related peptide (CGRP) immunohistochemistry. In

the orofacial formalin test, 50 lL of 1.5 % formalin was

injected into the right whisker pad of awake rats, following

the pre-treatment with BBG. Behaviour was monitored for

45 min, and c-Fos and CGRP immunohistochemistry was

performed. BBG attenuated the increase in c-Fos-positive

cells in the caudal trigeminal nucleus (TNC) after robust

stimulation, but not after mild stimulation. No alterations in

CGRP levels were found with either methodology. BBG

did not mitigate either the behaviour or the increase in

c-Fos-positive cells in the TNC during the orofacial for-

malin test. These results indicate that P2X7 receptors may

have a role in the modulation of nociception in the

trigeminal system.

Keywords Trigeminal system � P2X7 receptor �
Trigeminal ganglion stimulation � Formalin test

Introduction

Primary headaches are very common, but underdiagnosed

and undertreated neurological conditions. Even following

the correct diagnosis, the available therapeutic options

often do not provide complete resolution of the pain, and

recurrence of the headache after treatment is also a com-

mon complaint. Research is, therefore, currently focused

on gaining an understanding of the causes of different

headache disorders and developing new therapeutic

options.

A common mechanism in primary headaches involves

activation and sensitization of the trigeminal system, but

the exact mechanism of these phenomena remains to be

discovered (Tajti et al. 2011).

Recent results suggest that the purine molecule ATP has

an important role in the regulation of nociceptive trans-

mission (Burnstock 2013). Molecules targeting the specific

receptors (Rs) for ATP (P2X and P2Y-Rs) have been

proven to be effective in modulating different pain
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conditions, e.g., neuropathic and inflammatory pain (Ando

et al. 2010). Among the ligand-gated P2X-Rs, the P2X7

receptor (P2X7-R) has been intensively studied in different

pain states. The P2X7-R is a non-selective cation channel,

unique among the P2X-Rs by virtue of its long C terminal

domain, and its ability to open a pore permeable to mole-

cules up to 900 Da (Surprenant et al. 1996). Experiments

with knock-out mice have revealed that the absence of the

P2X7-R leads to the disappearance of mechanical and

thermal hypersensitivity in models of neuropathic and

inflammatory pain, whereas normal nociceptive processing

is retained (Chessell et al. 2005). P2X7-R antagonists have

been examined in similar models, and the results underline

the importance of the P2X7-R in chronic pain conditions

(Honore et al. 2006; McGaraughty et al. 2007). Results

from an acute inflammatory pain model suggest that the

P2X7-R may participate in the development of central

sensitization (Itoh et al. 2011), a common feature in the

trigeminal system during migraine attacks manifested by

the presence of allodynia (Burstein et al. 2000).

However, little information is available as concerns the

role of P2X7-Rs in the trigeminal system. In a model of

orofacial pain, the chronic constriction injury model,

inhibition of the P2X7-R led to a decrease in tactile allo-

dynia through a p38 MAPK-dependent mechanism (Ito

et al. 2013). Goloncser and Sperlagh recently reported that

blockade of P2X7-Rs in mice by Brilliant Blue G (BBG) [a

selective, non-competitive P2X7-R antagonist, with good

blood–brain barrier permeability (Jiang et al. 2000)]

reduced thermal hyperalgesia after systemic nitroglycerin

administration (Goloncser and Sperlagh 2014). These

results lend support to the theory that P2X7-Rs may play a

crucial part in the development of headache disorders.

Calcitonin gene-related peptide (CGRP) has an essential

role in trigeminal nociceptive processing. CGRP infusion

causes migraine-like headache in migraineurs (Hansen

et al. 2010; Lassen et al. 2002), and the levels of CGRP are

higher in migraine patients than in healthy controls (Fri-

berg et al. 1994).

Electrical stimulation of the trigeminal ganglion, an

animal model of trigeminal activation, causes plasma

protein extravasation (Markowitz et al. 1987), which can

be attenuated by drugs effective in migraine therapy

(Limmroth et al. 2001). The stimulation results in alter-

ations in the dura mater (Knyihar-Csillik et al. 1995), in the

trigeminal ganglion and in the caudal part of the spinal

trigeminal nucleus (TNC) (Knyihar-Csillik et al. 1998). In

previous investigations, various stimulation frequencies,

intensities and durations were applied. Results related to

peptide release and c-Fos expression in the TNC after the

procedure suggest that both higher frequency and higher

intensity lead to an increased stimulation of the trigeminal

ganglion cells (Samsam et al. 1999; Takemura et al. 2000).

Diverse periods of stimulation caused different morpho-

logical alterations in the CGRP-immunoreactive nerve

terminals of the dura mater, suggesting the release of

CGRP after prolonged stimulation (Knyihar-Csillik et al.

1995). Based on these previous results, we decided to

perform the electrical stimulation in two different setups: a

mild and a robust one.

Formalin applied to the whisker pad of rats (another

model of trigeminal activation) causes a biphasic beha-

vioural effect, the first phase being caused by the direct

activation of Ad and C fibres, while the second phase

reflects the process of inflammation (Porro and Cavazzuti

1993). Activation of the trigeminal system has been

demonstrated by c-Fos immunohistochemistry to be pre-

sent at the level of the TNC after the injection of formalin

(Wang et al. 1994). Both phenomena are suitable for

assessments of the influence of substances on

inflammation.

The aim of the present study was to examine the effects

of a P2X7-R antagonist, BBG, in the electrical stimulation

and orofacial formalin models of acute trigeminal

activation.

Materials and methods

Ethical approval

The procedures used in this study followed the guidelines

of the 8th Edition of the Guide for the Care and Use of

Laboratory Animals and the Use of Animals in Research of

the International Association for the Study of Pain and the

directive of the European Economic Community (86/609/

ECC). The experiments were approved by the Committee

of Animal Research at the University of Szeged (I-74-12/

2012) and the Scientific Ethics Committee for Animal

Research of the Protection of Animals Advisory Board

(XXIV/352/2012). Male Sprague–Dawley rats were housed

under standard laboratory conditions, on a 12-h light–dark

cycle, with tap water and rat chow available ad libitum.

The suffering of the animals and the number of animals

used were kept at a minimum.

Mild stimulation procedure

Twenty-four animals (250–300 g) were used. Half of the

animals received an intravenous (i.v.) injection of 50 mg/

kg BBG, while the other half were injected with the vehicle

of BBG, physiological saline. Two h after the BBG or

saline injection, the animals were deeply anesthetised with

chloral hydrate (400 mg/kg) and the head was secured in a

stereotaxic apparatus (Stoelting Co., Wood Dale, USA). A

hole, approximately 3 mm in diameter, was drilled into the
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right side of the skull with a dental drill, and a concentric

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

was lowered to the right trigeminal ganglion. Half of the

animals from the saline-treated group (5SStim) and half of

the animals from the BBG group (5BStim) were electri-

cally stimulated for 5 min with 5 Hz, 0.5 mA, 0.5 ms delay

twin pulses generated by an Electrostimulator ST3

(Medicor Hungary). The other animals from both groups

were used as sham animals: the electrode was lowered to

the right trigeminal ganglion for 5 min, but no stimulation

was performed (5SSham and 5BSham groups). After both

procedures, the animals were returned to their home cages

and maintained under deep anaesthesia covered by a

warming blanket for 2 h.

Robust stimulation procedure

Twenty-one animals (250–300 g) were used; the treatment

and surgical procedures were identical to the previous ones,

except that the stimulation parameters of 10 Hz, 0.5 mA,

0.5 ms delay twin pulses were applied for 30 min, and the

animals were maintained under deep anaesthesia, covered

by a warming blanket, in their home cages for 4 h from the

beginning of the stimulation. In both the mild and the

robust paradigm, the jaw of the animal was twitching

during the electrical stimulation, indicating the correct

placement of the electrode.

Overview of the robust stimulation groups:

Saline ? 30-min sham: 30SSham (n = 6).

Saline ? 30-min stimulation: 30SStim (n = 5).

BBG ? 30-min sham: 30BSham (n = 4).

BBG ? 30-min stimulation: 30BStim (n = 6).

Orofacial formalin test

Behavioural tests

Rats (n = 52, 200–240 g) were injected i.v. either with

50 mg/kg BBG or with physiological saline. One hour and

fifty minutes later, the animals were placed in a

30 9 30 9 30 cm box, with mirrored walls for the moni-

toring of behavioural activity. After 10 min of habituation,

the animals were taken out of the box and under minimal

restraint were injected subcutaneously with 50 lL of either

physiological saline (SSal and BSal groups) or 1.5 % for-

malin (SForm and BForm groups) to the right whisker pad.

After the injection, they were returned immediately to the

box and their behaviour was monitored for 45 min under

video surveillance. The injection of formalin causes a

behavioural response, which consists in rubbing and

scratching of the injected whisker pad with the ipsilateral

fore- or hindpaw. The rate of this behaviour correlates with

the pain sensation caused by formalin (Clavelou et al.

1989). The 45-min period was divided into 15 9 3-min

blocks, and the total time spent rubbing the injected

whisker pad, measured in seconds, was taken as the noci-

ceptive score in the given block. The normal grooming

activity of the saline-treated animals was measured as

control. After the monitoring period, the animals were

returned into their home cages and maintained under

standard laboratory conditions until perfusion, which was

performed under deep chloral hydrate anaesthesia 4 h after

the whisker pad injections.

Immunohistochemistry

Animals were perfused with 0.1 M phosphate-buffered

saline (PBS), followed by 4 % paraformaldehyde in 0.1 M

phosphate buffer. The whole brain and the upper cervical

spinal cord were removed and postfixed overnight in the

same fixative. The correct placement of the electrode was

checked during autopsy, the electrode was in the ganglion

in all cases. Cryoprotection was performed, using gradient

sucrose solutions up to 30 %. Sections from the TNC were

prepared from the block, ranging from 1 mm rostral to

4 mm caudal from the obex, and the ventral part of the

control (left) side of the blocks was marked by a small

incision to enable side discrimination on the sec-

tions. 30 lm thick transverse sections were cut and serially

collected in 18 wells containing PBS with 0.1 % sodium

azide, the overall distance therefore being 540 lm between

consecutive sections. Free-floating sections were immersed

in 0.3 % H2O2 in PBS to block endogenous peroxidase

activity. After several washes in PBS containing 1 % Tri-

ton X-100 (PBS-T), they were incubated for 1 h in PBS-T

containing 10 % normal goat serum. The sections were

then incubated overnight at room temperature in the pri-

mary antibody for c-Fos (1:2000, Santa Cruz Biotechnol-

ogy, sc-52) or CGRP (1:20,000, Sigma-Aldrich C8198).

The immunohistochemical reaction was visualised by

using the Vectastain Elite avidin–biotin kit (PK6101;

Vector Laboratories,) with 3,30-diaminobenzidine as chro-

mogen (Sigma-Aldrich) intensified with nickel ammonium

sulphate (Scharlau Chemie). The specificity of the immune

reactions was verified by omitting the primary antisera.

Sections were mounted onto glass slides, air-dried and

coverslipped with DPX mounting medium (Scharlau Che-

mie). On the basis of anatomical observations, sections

from the same rostro-caudal level were compared during

the statistical evaluation.

An observer blinded to the treatment procedures used a

Nikon Optiphot-2 light microscope under a 209 objective

to count cells immunopositive for c-Fos. The whole area of

the laminae I-II in each section of the TNC was evaluated

and counted.
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CGRP-stained sections were photographed with a Zeiss

AxioCam MRc Rev.3 digital camera attached to a Zeiss

AxioImager M2 microscope. Digital images were taken

with a 209 objective in TNC laminae I–II, and the area

covered by CGRP-immunoreactive fibres was measured

through the use of ImageProPlus 6.2 software (Media

Cybernetics Inc.) by an observer blinded to the treatment

procedures.

Statistical analysis

The cell count results were aligned according to the rostro-

caudal location of the section as mentioned above. Data

from different levels of the TNC were handled separately,

and analysed by two-way repeated measures ANOVA. The

group was used as the between-subject factor and the levels

(-13.89, -14.43, -14.97, -15.51, -16.05, -16.59,

-17.13, -17.67, -18.21 mm from bregma) as the within-

subject factor for the analysis.

When Mauchly’s test of sphericity proved to be signif-

icant, the Greenhouse-Geisser correction was performed.

Pairwise comparisons of group means were performed on

the basis of estimated marginal means with Sidak adjust-

ment for multiple comparisons.

The sums of the areas covered by CGRP-immunoreac-

tive fibres were compared between groups according to the

Fig. 1 Summary of the results

from the mild stimulation

paradigm regarding c-Fos

immunostaining. Representative

photos from the right sides of

the four treatment groups after

c-Fos immunohistochemistry,

taken at 16.05 mm caudally

from bregma: a 5SSham,

b 5SStim, c 5BSham, d 5BStim.

Scale bar 200 lm.

Diagram showing the number of

c-Fos-immunoreactive cells

across the different levels of the

TNC after mild electrical

stimulation of the trigeminal

ganglion (group mean ± SEM)

(e). There was no significant

difference between the control

(left) sides (data not shown). For

clarity, only the control side of

the saline-treated stimulated

group is presented. The

hashmarks indicate significance

in the comparison of the right

sides of the 5SSham and 5SStim

groups at different levels of the

TNC (#p\ 0.05; ##p\ 0.01;
###p\ 0.001). BBG treatment

showed an attenuating tendency,

though it proved to be

significant merely at the level of

-13.89 mm (**p\ 0.01,

5SStim–5BStim)
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different levels, two-way repeated measures ANOVA

being used as detailed above.

Nociceptive scores from the behavioural study were

compared block by block through two-way repeated mea-

sures ANOVA. Groups were used as between-subject

factor and blocks (1–15) as within-subject factor for the

analysis. Other statistical parameters were identical to

those mentioned above.

Statistical analyses were carried out with IBM SPSS

Statistics, version 20 (IBM Corporation) software. All tests

were two-sided, and p\ 0.05 was considered to be statis-

tically significant. Graphs were prepared by using Sig-

maPlot 12.0 (Systat Software Inc.). Data are reported as

mean ± SEM.

Results

Mild stimulation procedure

As a significant interaction was found between the two

investigated factors (levels and groups, p\ 0.01) for the

number of c-Fos-immunoreactive cells in the mild stimu-

lation paradigm, both effects could not be reported inde-

pendently, whereas the group differences could be

examined separately across different levels on the basis of

the estimated marginal means for multiple comparisons.

Lowering of the electrode to the trigeminal ganglion for

5 min without stimulation (5SSham group) did not cause

any significant change in the number of c-Fos-immunore-

active cells in the TNC relative to the control side. The

comparisons of the cell numbers from the control (left)

sides for each of the four treatment groups did not reveal

any significant changes (data not shown), and therefore

only the data for the stimulated (right) sides of the groups

are presented in Fig. 1a–d. Electrical stimulation of the

ganglion caused a significant increase in the number of

c-Fos-immunoreactive (IR) cells along the whole extent of

the examined region of the TNC (Fig. 1a, b, e). BBG

exhibited a significant effect (p\ 0.01) compared with the

saline-treated stimulated animals only at the level of

-13.89 mm from bregma (Fig. 1b, c, e).

A significant interaction was found between the groups

and levels, when the area values from the CGRP mea-

surements were examined. However, the comparisons of

the groups and stimulated-control sides at different levels

did not reveal any significant alteration (Fig. 2).

Robust stimulation procedure

A significant interaction was not found between the

investigated factors of levels and groups for the number of

c-Fos IR cells in the robust stimulation paradigm. The

levels had a significant effect (p\ 0.001), and there was

also a significant difference between the groups

(p\ 0.001). Pairwise comparisons revealed that there was

no significant difference between the control sides of the

four treatment groups (data not shown). Lowering of the

electrode without stimulation did not cause significant

changes in the number of c-Fos IR cells in either sham-

treated group as compared with the control (Fig. 3e,

30SSham and 30BSham with the 30SStim control side).

Robust stimulation caused a marked increase in the number

of c-Fos IR cells in the saline-treated animals (Fig. 3a, b, e,

30SStim compared with 30SSham, #p\ 0.001). BBG had

a significant attenuating effect on this increase (Fig. 3b, d,

e, 30SStim compared with 30BStim).

CGRP expression was not altered by stimulation or

BBG administration in any of the animal groups (Fig. 4).

Orofacial formalin test

A significant interaction was found between time and

groups (p\ 0.05) during the analysis of the behavioural

data from the orofacial formalin test. The pairwise com-

parison revealed that the nociceptive scores of the saline-

injected groups (SSal and BSal) did not differ from each

other at any time point (Fig. 5). The injection of formalin

caused a significant increase in the nociceptive scores in

blocks 1 and 5–7 (Fig. 5, SForm compared with SSal).

After the injection of formalin into the whisker pad, the

BBG-treated animals demonstrated significantly increased

nociceptive scores in blocks 1, 6 and 8 as compared with

the control (Fig. 5, $p\ 0.05). The BBG-treated animals

spent less time rubbing their formalin-injected side in both

Fig. 2 Diagram showing the area covered by CGRP-immunoreactive

fibres at the different levels of the TNC in the different treatment

groups after mild electrical stimulation of the trigeminal ganglion

(group mean ± SEM). There was no significant difference between

either the control or the stimulated sides or the different groups. For

clarity, only the control side of the saline-treated stimulated group is

presented
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blocks 1 and 5–7, but this difference was not significant

compared with the SForm group. In block 8, BBG-treated

animals spent significantly more time rubbing their whisker

pad as did the animals in the formalin group (Fig. 5). In

our experiments, the second phase of the formalin test

subsided more quickly as expected in the SForm group,

while it was more prolonged in the BForm group, and this

difference may account for the significant effect of BBG in

block 8.

A significant interaction was observed between the

levels and groups (p\ 0.001) for the number of c-Fos IR

cells in the orofacial formalin test. There was no significant

difference when either the control (left) sides or the control

and saline-injected sides were compared at any level

(Fig. 6e). The injection of formalin increased the number

of c-Fos-IR cells significantly at the levels -16.59 to

-15.51 mm, mainly in the central part of the TNC as

compared with the saline-injected side in the SSal group. In

the BForm group, a similar pattern was observed, except

that the difference involved one additional level

(-14.97 mm, Fig. 6e). There was no significant difference

between the SForm and BForm groups at any level

(Fig. 6b, d).

No group difference was found in any of the measured

parameters as regards the CGRP immunoreactivity

(Fig. 7).

Fig. 3 Summary of the results

from the robust stimulation

paradigm regarding c-Fos

immunostaining. Representative

photos from the right sides of

the four treatment groups after

c-Fos immunohistochemistry,

taken at 16.05 mm caudally

from bregma: a 30SSham,

b 30SStim, c 30BSham,

d 30BStim. Scale bar 200 lm.

Diagram showing the number of

c-Fos-immunoreactive cells at

different levels along the rostro-

caudal axis in the TNC (group

mean ± SEM) in the robust

stimulation paradigm (e). There
was no significant difference

between the control sides (data

not shown). For clarity, only the

control side of the saline-treated

stimulated group is presented.

Electrical stimulation of the

right trigeminal ganglion caused

a significant increase in the

number of c-Fos-positive cells

as compared with the right side

of the sham group at all levels

examined (###p\ 0.001

30SSham–30SStim). BBG

treatment had a significant

decreasing effect on the cell

counts (***p\ 0.001 30SStim–

30BStim)
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Discussion

Numerous stimulation parameters and stimulation times

have been applied in previous experiments, and we there-

fore decided to make use of two stimulation procedures, a

short, mild stimulation and a longer, robust stimulation, in

order to examine the possible effects of P2X7-R antago-

nism on trigeminal activation. As P2X7-R blockade was

previously found to be effective in inflammatory condi-

tions, we additionally examined the effects of BBG in a

model of orofacial inflammation, the orofacial formalin

test.

Mild, short electrical stimulation of the trigeminal

ganglion has been reported to lead to activation of the

trigeminal system (Takemura et al. 2000), and this was

supported by our results. The activation may be direct,

stemming from depolarization of the central terminals of

the primary trigeminal afferents, or it may be indirect,

resulting from the release of peripheral mediators (his-

tamine, bradykinin, substance P or CGRP).

We observed a similar pattern in the robust stimulation

paradigm, the number of c-Fos IR cells increasing pro-

foundly, indicating the activation of the trigeminal system.

The main difference seen between the two paradigms

was in the number of cells activated after stimulation.

Following the robust stimulation procedure more c-Fos IR

cells were found in the TNC, suggesting a higher degree of

activation than in the mild stimulation procedure. This

higher degree of activation may be attributed to the higher

frequency applied in the robust paradigm, which can lead

to the more rapid firing of the primary trigeminal neurons.

An increased firing rate may cause increased levels of

transmitter release at both central and peripheral terminals,

resulting in a higher degree of activation at the TNC level

(Samsam et al. 1999). It is also plausible that the longer

stimulation interval leads to more primary trigeminal cells

being activated in the TG, and hence in the TNC. We

assume that in our experimental setting both the increased

frequency and the increased stimulation interval con-

tributed to the higher activation level in the TNC.

Pre-treatment with the P2X7-R antagonist BBG was

effective only in the robust stimulation paradigm, resulting

in a decrease of the activity, reflected by the c-Fos

expression. P2X7-Rs can be found in the trigeminal sys-

tem, both in the ganglion (Teixeira et al. 2010) and in the

TNC (D’Amico et al. 2010), therefore BBG may modulate

peripheral and central processes. BBG could modulate the

nociceptive processing by interfering with the peripheral

neurogenic inflammation, or by modulating non-synaptic

communication within the ganglion (Matsuka et al. 2001).

At the central level, BBG could affect P2X7-Rs on central

presynaptic terminals and modulate glutamate release

(D’Amico et al. 2010), and thereby influence nociceptive

transmission. Presumably, after the robust stimulation,

where the more pronounced peripheral activation and more

severe inflammation also involve P2X7-Rs, the blocking

effect of BBG manifests, while in the mild paradigm due to

the minor changes the effect of BBG does not emerge.

Neither the mild nor the robust stimulation procedure

caused alterations in the levels of CGRP. It was earlier

found that electrical stimulation of the trigeminal ganglion

Fig. 4 Diagram showing the area covered by CGRP-immunoreactive

fibres at the different levels of the TNC in the different treatment

groups after robust electrical stimulation of the trigeminal ganglion

(group mean ± SEM). There was no significant difference between

either the control or the stimulated sides or the different groups. For

clarity, only the control side of the saline-treated stimulated group is

presented

Fig. 5 Diagram showing the mean nociceptive scores in different

time blocks from the four treatment groups (group mean ± SEM,

n = 13) in the orofacial formalin test. The injection of formalin

increased the nociceptive score in blocks 1 and 5–7 as compared with

the saline-injected animals (#p\ 0.05, ##p\ 0.01). BBG treatment

did not affect the nociceptive scores after saline injection, and did not

modify the normal behaviour. The nociceptive scores of the BBG and

saline-treated formalin-injected groups did not differ significantly in

any block
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with parameters similar to our robust stimulation, led to the

depletion of CGRP from the medial one-third of the central

terminals of the trigeminal afferents (Knyihar-Csillik et al.

1998). However, those examinations were conducted

immediately after stimulation of the trigeminal ganglion,

whereas in our experiments a 2 or a 4 h survival time was

included for better observability of the activity changes (c-

Fos). These periods might be sufficient for the depleted

CGRP to be resynthesised and for the changes in CGRP

immunoreactivity seen immediately after stimulation to

normalise. BBG treatment did not modify the levels of

CGRP in either the sham or the stimulated group.

The injection of formalin into the whisker pad causes a

biphasic behavioural effect (Clavelou et al. 1989), as also

seen in our experiments. The first short and intense phase is

thought to be caused by the immediate activation of the Ad
and C fibres and may be referred as acute pain. The second

phase is less intense, but prolonged, and probably caused

by sensitization of the trigeminal system due to the

inflammatory processes occurring at the periphery. BBG

did not exhibit any effect in the first phase of the formalin

response. When formalin was applied to the hind paw and

was combined with a selective P2X7-R antagonist,

A-438079, in previous work, protective effect was exerted

only in the second phase of the formalin test (McGaraughty

et al. 2007). Furthermore, BBG was earlier shown to be

hyperalgesic in the modulation of acute nociception in the

hot-plate test (Ando et al. 2010). These results suggest that

Fig. 6 Summary of the results

from the orofacial formalin test

regarding c-Fos

immunostaining. Representative

photos from the right (injected)

sides of the four treatment

groups after c-Fos

immunohistochemistry taken at

16.05 mm caudally from

bregma: a SSal, b SForm,

c BSal, d BForm. Scale bar

200 lm. Diagram showing the

mean number of c-Fos

immunoreactive cells along the

rostro-caudal axis in the TNC in

the orofacial formalin test

(group mean ± SEM) (e).
Injection of saline did not cause

any increase in the number of

c-Fos-positive cells (SSal and

BSal groups). The effect of

formalin was visible only on the

injected side; the control sides

were similar to those in the

saline-injected controls. For

clarity, only the control side of

the SForm animals is presented.

Formalin caused an increase in

c-Fos cell number on the

ipsilateral side as compared

with the saline-injected side of

the controls (SForm compared

with SSal), significant at the

levels -16.59 to -15.51 mm

(###p\ 0.001). In the BBG-

treated rats, formalin had a

similar activity-increasing

effect, significant at the levels

-16.59 to -14.97 mm

($p\ 0.05; $$p\ 0.01;
$$$p\ 0.001). The groups

SForm and BForm did not differ

significantly from each other
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BBG and blockade of the P2X7-Rs may not be effective

against acute nociception.

In the second phase of the formalin test, BBG did not

demonstrate any obvious effect. At the beginning of the

second phase (in blocks 5–7), the nociceptive scores

revealed a decreasing tendency, while in the later blocks

the opposite could be observed. Since another P2X7-R

antagonist was effective when formalin was applied at the

hind paws, our results suggest that the role of the P2X7-Rs

in the sensory system is not uniform.

Four h after formalin injection, c-Fos immunohisto-

chemistry revealed that the TNC displays clear activation.

The pattern of activation corresponds to the somatotopic

projection pattern of the injected area. BBG had no effect

on the activation of the trigeminal system after formalin.

Our results in the orofacial formalin test are somewhat

surprising, considering that other antagonists of the P2X7-

Rs (Borsani et al. 2010; Honore et al. 2006; McGaraughty

et al. 2007) and even BBG (Ando et al. 2010) have proven

effective in numerous inflammatory models. However,

Fig. 7 Summary of the results

after CGRP immunostaining in

the orofacial formalin test.

Representative photos of CGRP

immunohistochemistry on the

right sides of the TNC from the

four treatment groups taken at

14.97 mm caudally from

bregma a 5SSham, b 5SStim,

c 5BSham, d 5BStim. Scale bar

200 lm. Diagram showing the

area covered by CGRP-

immunoreactive fibres at the

different levels of the TNC in

the different treatment groups in

the orofacial formalin test

(group mean ± SEM) (e).
There was no significant

difference between either the

control or injected sides or the

different groups. For clarity,

only the control side of the

saline-treated formalin-injected

group is presented
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none of these experiments related to the trigeminal system,

and our results are the first regarding the effects of

blockade of the P2X7-Rs by BBG in this area after

inflammation caused by formalin.

The levels of CGRP were not altered 4 h after formalin

injection, and following treatment with BBG. Alterations

in CGRP usually occur immediately during or after the

applied stimulus and cease within a matter of hours (Buzzi

et al. 1991; Greco et al. 2008), and our results agree with

this. However, in the nitroglycerin model, changes in

CGRP immunoreactivity were seen 4 h after nitroglycerin

administration, suggesting that the alterations in CGRP

levels can be long-term. The effect of P2X7-R antagonism

on the expression of CGRP in the formalin test should be

further elucidated with regard to the time scale.

BBG in the micromolar range was previously shown to

inhibit voltage-dependent sodium channels in vitro (Jo and

Bean 2011), and it might, therefore, be possible that this

feature of BBG contributes to its effects in our experi-

ments. This is rather unlikely, considering that we applied

BBG in a single dose, which has been shown not to reach

micromolar levels even after continuous administration in

mice (Diaz-Hernandez et al. 2012).

In conclusion, our results suggest that P2X7-Rs have a

role in the modulation of trigeminal nociceptive process-

ing. Further investigations of the relations of the trigeminal

system and P2X7-R signalling may provide important

details concerning trigeminal nociceptive processing and

the pathomechanism of headaches.
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for excellent technical assistance.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict

of interest.

References

Ando RD, Mehesz B, Gyires K, Illes P, Sperlagh B (2010) A

comparative analysis of the activity of ligands acting at P2X and

P2Y receptor subtypes in models of neuropathic, acute and

inflammatory pain. Br J Pharmacol 159:1106–1117. doi:10.1111/

j.1476-5381.2009.00596.x

Borsani E, Albertini R, Labanca M, Lonati C, Rezzani R, Rodella LF

(2010) Peripheral purinergic receptor modulation influences the

trigeminal ganglia nitroxidergic system in an experimental

murine model of inflammatory orofacial pain. J Neurosci Res

88:2715–2726. doi:10.1002/jnr.22420

Burnstock G (2013) Purinergic mechanisms and pain–an update. Eur

J Pharmacol 716:24–40. doi:10.1016/j.ejphar.2013.01.078

Burstein R, Yarnitsky D, Goor-Aryeh I, Ransil BJ, Bajwa ZH (2000)

An association between migraine and cutaneous allodynia. Ann

Neurol 47:614–624

Buzzi MG, Carter WB, Shimizu T, Heath H 3rd, Moskowitz MA

(1991) Dihydroergotamine and sumatriptan attenuate levels of

CGRP in plasma in rat superior sagittal sinus during electrical

stimulation of the trigeminal ganglion. Neuropharmacology

30:1193–1200

Chessell IP, Hatcher JP, Bountra C, Michel AD, Hughes JP, Green P

et al (2005) Disruption of the P2X7 purinoceptor gene abolishes

chronic inflammatory and neuropathic pain. Pain 114:386–396.

doi:10.1016/j.pain.2005.01.002

Clavelou P, Pajot J, Dallel R, Raboisson P (1989) Application of the

formalin test to the study of orofacial pain in the rat. Neurosci

Lett 103:349–353. doi:10.1016/0304-3940(89)90125-0

D’Amico M, Samengo I, Navarra P, Taglialatela M, Martire M (2010)

AMPA- and P2X7-receptor-mediated facilitation of [3H]D-

aspartate release from nerve terminals isolated from the rat

caudal brainstem. Neurochem Int 57:623–628. doi:10.1016/j.

neuint.2010.07.009

Diaz-Hernandez JI, Gomez-Villafuertes R, Leon-Otegui M, Honte-

cillas-Prieto L, Del Puerto A, Trejo JL et al (2012) In vivo P2X7

inhibition reduces amyloid plaques in Alzheimer’s disease

through GSK3beta and secretases. Neurobiol Aging

33:1816–1828. doi:10.1016/j.neurobiolaging.2011.09.040

Friberg L, Olesen J, Olsen TS, Karle A, Ekman R, Fahrenkrug J

(1994) Absence of vasoactive peptide release from brain to

cerebral circulation during onset of migraine with aura. Cepha-

lalgia 14:47–54

Goloncser F, Sperlagh B (2014) Effect of genetic deletion and

pharmacological antagonism of P2X7 receptors in a mouse

animal model of migraine. J Headache Pain 15:24. doi:10.1186/

1129-2377-15-24

Greco R, Tassorelli C, Sandrini G, Di Bella P, Buscone S, Nappi G

(2008) Role of calcitonin gene-related peptide and substance P in

different models of pain. Cephalalgia 28:114–126. doi:10.1111/j.

1468-2982.2007.01468.x

Hansen JM, Hauge AW, Olesen J, Ashina M (2010) Calcitonin gene-

related peptide triggers migraine-like attacks in patients with

migraine with aura. Cephalalgia 30:1179–1186. doi:10.1177/

0333102410368444

Honore P, Donnelly-Roberts D, Namovic MT, Hsieh G, Zhu CZ,

Mikusa JP et al (2006) A-740003 [N-(1-{[(cyanoimino)(5-

quinolinylamino) methyl]amino}-2,2-dimethylpropyl)-2-(3,4-

dimethoxyphenyl)acetamide], a novel and selective P2X7 recep-

tor antagonist, dose-dependently reduces neuropathic pain in the

rat. J Pharmacol Exp Ther 319:1376–1385. doi:10.1124/jpet.106.

111559

Ito G, Suekawa Y, Watanabe M, Takahashi K, Inubushi T, Murasaki

K et al (2013) P2X7 receptor in the trigeminal sensory nuclear

complex contributes to tactile allodynia/hyperalgesia following

trigeminal nerve injury. Eur J Pain 17:185–199. doi:10.1002/j.

1532-2149.2012.00174.x

Itoh K, Chiang CY, Li Z, Lee JC, Dostrovsky JO, Sessle BJ (2011)

Central sensitization of nociceptive neurons in rat medullary

dorsal horn involves purinergic P2X7 receptors. Neuroscience

192:721–731. doi:10.1016/j.neuroscience.2011.06.083

Jiang LH, Mackenzie AB, North RA, Surprenant A (2000) Brilliant

Blue G selectively blocks ATP-gated rat P2X(7) receptors. Mol

Pharmacol 58:82–88

1630 Z. Bohár et al.

123

http://dx.doi.org/10.1111/j.1476-5381.2009.00596.x
http://dx.doi.org/10.1111/j.1476-5381.2009.00596.x
http://dx.doi.org/10.1002/jnr.22420
http://dx.doi.org/10.1016/j.ejphar.2013.01.078
http://dx.doi.org/10.1016/j.pain.2005.01.002
http://dx.doi.org/10.1016/0304-3940(89)90125-0
http://dx.doi.org/10.1016/j.neuint.2010.07.009
http://dx.doi.org/10.1016/j.neuint.2010.07.009
http://dx.doi.org/10.1016/j.neurobiolaging.2011.09.040
http://dx.doi.org/10.1186/1129-2377-15-24
http://dx.doi.org/10.1186/1129-2377-15-24
http://dx.doi.org/10.1111/j.1468-2982.2007.01468.x
http://dx.doi.org/10.1111/j.1468-2982.2007.01468.x
http://dx.doi.org/10.1177/0333102410368444
http://dx.doi.org/10.1177/0333102410368444
http://dx.doi.org/10.1124/jpet.106.111559
http://dx.doi.org/10.1124/jpet.106.111559
http://dx.doi.org/10.1002/j.1532-2149.2012.00174.x
http://dx.doi.org/10.1002/j.1532-2149.2012.00174.x
http://dx.doi.org/10.1016/j.neuroscience.2011.06.083


Jo S, Bean BP (2011) Inhibition of neuronal voltage-gated sodium

channels by Brilliant Blue G. Mol Pharmacol 80:247–257.

doi:10.1124/mol.110.070276

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

184:189–192. doi:10.1016/0304-3940(94)11203-U

Knyihar-Csillik E, Tajti J, Samsam M, Sary G, Buzas P, Vecsei L

(1998) Depletion of calcitonin gene-related peptide from the

caudal trigeminal nucleus of the rat after electrical stimulation of

the Gasserian ganglion. Exp Brain Res 118:111–114

Lassen LH, Haderslev PA, Jacobsen VB, Iversen HK, Sperling B,

Olesen J (2002) CGRP may play a causative role in migraine.

Cephalalgia 22:54–61

Limmroth V, Katsarava Z, Liedert B, Guehring H, Schmitz K, Diener

HC, Michel MC (2001) An in vivo rat model to study calcitonin

gene related peptide release following activation of the trigem-

inal vascular system. Pain 92:101–106. doi:10.1016/S0304-

3959(00)00475-9

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 7:4129–4136

Matsuka Y, Neubert JK, Maidment NT, Spigelman I (2001)

Concurrent release of ATP and substance P within guinea pig

trigeminal ganglia in vivo. Brain Res 915:248–255. doi:10.1016/

S0006-8993(01)02888-8

McGaraughty S, Chu KL, Namovic MT, Donnelly-Roberts DL,

Harris RR, Zhang XF et al (2007) P2X7-related modulation of

pathological nociception in rats. Neuroscience 146:1817–1828.

doi:10.1016/j.neuroscience.2007.03.035

Porro CA, Cavazzuti M (1993) Spatial and temporal aspects of spinal

cord and brainstem activation in the formalin pain model. Prog

Neurobiol 41:565–607. doi:10.1016/0301-0082(93)90044-S

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 261:179–182. doi:10.1016/

S0304-3940(98)00989-6

Surprenant A, Rassendren F, Kawashima E, North RA, Buell G

(1996) The cytolytic P2Z receptor for extracellular ATP

identified as a P2X receptor (P2X7). Science 272:735–738

Tajti J, Pardutz A, Vamos E, Tuka B, Kuris A, Bohar Z et al (2011)

Migraine is a neuronal disease. J Neural Transm 118:511–524.

doi:10.1007/s00702-010-0515-3

Takemura M, Shimada T, Sugiyo S, Nokubi T, Shigenaga Y (2000)

Mapping of c-Fos in the trigeminal sensory nucleus following

high- and low-intensity afferent stimulation in the rat. Exp Brain

Res 130:113–123

Teixeira JM, Oliveira MC, Nociti FH Jr, Clemente-Napimoga JT,

Pelegrini-da-Silva A, Parada CA, Tambeli CH (2010) Involve-

ment of temporomandibular joint P2X3 and P2X2/3 receptors in

carrageenan-induced inflammatory hyperalgesia in rats. Eur J

Pharmacol 645:79–85. doi:10.1016/j.ejphar.2010.06.008

Wang LG, Li HM, Li JS (1994) Formalin induced FOS-like

immunoreactive neurons in the trigeminal spinal caudal subnu-

cleus project to contralateral parabrachial nucleus in the rat.

Brain Res 649:62–70. doi:10.1016/0006-8993(94)91049-9

Diverse effects of Brilliant Blue G administration in models of trigeminal activation in the… 1631

123

http://dx.doi.org/10.1124/mol.110.070276
http://dx.doi.org/10.1016/0304-3940(94)11203-U
http://dx.doi.org/10.1016/S0304-3959(00)00475-9
http://dx.doi.org/10.1016/S0304-3959(00)00475-9
http://dx.doi.org/10.1016/S0006-8993(01)02888-8
http://dx.doi.org/10.1016/S0006-8993(01)02888-8
http://dx.doi.org/10.1016/j.neuroscience.2007.03.035
http://dx.doi.org/10.1016/0301-0082(93)90044-S
http://dx.doi.org/10.1016/S0304-3940(98)00989-6
http://dx.doi.org/10.1016/S0304-3940(98)00989-6
http://dx.doi.org/10.1007/s00702-010-0515-3
http://dx.doi.org/10.1016/j.ejphar.2010.06.008
http://dx.doi.org/10.1016/0006-8993(94)91049-9

	Diverse effects of Brilliant Blue G administration in models of trigeminal activation in the rat
	Abstract
	Introduction
	Materials and methods
	Ethical approval
	Mild stimulation procedure
	Robust stimulation procedure
	Orofacial formalin test
	Behavioural tests
	Immunohistochemistry

	Statistical analysis

	Results
	Mild stimulation procedure
	Robust stimulation procedure
	Orofacial formalin test

	Discussion
	Acknowledgments
	References




