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Abstract The systemic administration of nitroglycerine

induces attacks in migraineurs and is able to activate and

sensitize the trigeminal system in animals involving glu-

tamate and a7-nicotinic acetylcholine receptors, among

others. Kynurenic acid is one of the endogenous glutamate

receptor antagonists, and exerts inhibitory action on the a7-

nicotinic acetylcholine receptors. Since kynurenic acid

penetrates the blood–brain barrier poorly, therefore a newly

synthesized kynurenic acid amide, N-(2-N-pyrrolidinyl-

ethyl)-4-oxo-1H-quinoline-2-carboxamide hydrochloride

(KYNAa) was used with such a side-chain substitution to

facilitate brain penetration in our study. We evaluated its

modulatory effect on kynurenic acid concentration in the

cervical part of trigemino-cervical complex (C1–C2) and in

the model of nitroglycerine-induced trigeminal activation

using male Sprague–Dawley rats. One hour after 1 mmol/

kg bodyweight KYNAa administration, the kynurenic acid

level increased significantly in C1–C2, which returned to

the basal level at 300 min measured by high-performance

liquid chromatography. KYNAa pre-treatment had dose-

dependent, mitigating action on nitroglycerine-induced

decrease in calcitonin gene-related peptide and increase in

c-Fos, neuronal nitric oxide synthase and calmodulin-

dependent protein kinase II alpha expression in the C1–C2.

KYNAa also mitigated the behavioural changes after

nitroglycerine. Thus, in this model KYNAa is able to

modulate in a dose-dependent manner the changes in

neurochemical markers of activation and sensitization of

the trigeminal system directly and indirectly—via forming

kynurenic acid, possibly acting on peripheral and central

glutamate or a7-nicotinic acetylcholine receptors. These

results suggest that application of kynurenic acid deriva-

tives could be a useful therapeutic strategy in migraine

headache in the future with a different mechanism of

action.
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Kynurenic acid � Nitroglycerine � Trigeminal activation �
Trigeminal sensitization � N-(2-N-pyrrolidinylethyl)-4-oxo-

1H-quinoline-2-carboxamide hydrochloride

Introduction

Migraine is an intensively researched, very common neu-

rological disease, with a partially known pathomechanism

that includes activation and sensitization of the trigeminal

system (Moskowitz 2008; D’Andrea and Leon 2010).

In most migraineurs, but not in healthy people (Sicuteri

et al. 1987), systemic administration of the nitric oxide
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donor nitroglycerine triggers a delayed migraine-like

attack, which is similar to a spontaneous attack and is

usually associated with symptoms that include nausea and

photophobia (Christiansen et al. 1999). Moreover, nitro-

glycerine is able to sensitize the trigeminal system in

humans (Di Clemente et al. 2009).

Various animal experiments have revealed that nitro-

glycerine can activate the trigeminal system, e.g. it is able

to decrease the calcitonin gene-related peptide (CGRP)

content of the primary trigeminal nociceptors in the cer-

vical part of trigemino-cervical complex (C1–C2), sug-

gesting the activation and transmitter release of first-order

neurones (Pardutz et al. 2002). Nitroglycerine can also

stimulate the second-order trigeminal neurones, increasing

the c-Fos expression in the same area (Tassorelli and

Joseph 1995). Moreover, nitroglycerine administration

increases the neuronal nitric oxide synthase (nNOS) and

calmodulin-dependent protein kinase II alpha (CaMKIIa)

immunoreactivity in the C1–C2 of the rat (Pardutz et al.

2000, 2007), which may suggest a self-amplifying mech-

anism at the level of second-order trigeminal neurones

relevant in the central sensitization process (Chacur et al.

2010; Fang et al. 2002). Taken together, these results

indicate that the systemic administration of nitroglycerine

is a valuable tool used to evaluate the activation and sen-

sitization of the trigeminal system in animals.

Kynurenic acid is an endogenous end-product formed

from L-kynurenine during the tryptophan metabolism. It is

assumed that kynurenic acid plays an important role in the

pathomechanism of several neurological disorders (Vecsei

et al. 2013) and exerts a neuroprotective effect in certain

neurodegenerative diseases (Nemeth et al. 2006; Fuvesi

et al. 2012). There is evidence that it can also affect

nociception (Mecs et al. 2009; Nasstrom et al. 1992;

Pardutz et al. 2012), probably due to an antagonistic effect

on N-methyl-D-asparate (NMDA), a-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA), kainate and

a7-nicotinic acetylcholine receptors (Pereira et al. 2002;

Birch et al. 1988; Kessler et al. 1989) or an agonistic action

on G-protein-coupled receptor-35 (Wang et al. 2006). Due

to the poor ability of kynurenic acid to cross the blood–

brain barrier (Fukui et al. 1991), its various derivatives

with a better central nervous system action and a suggested

similarity regarding their pharmacological effect were

synthesized and successfully used under experimental

conditions (Demeter et al. 2012; Gellert et al. 2012; Zadori

et al. 2011). An earlier synthesized kynurenic acid deriv-

ative was more effective than the parent compound

reducing the second-order trigeminal activation, as previ-

ously shown (Knyihar-Csillik et al. 2008) and experimental

evidence suggests that this analogue has a similar phar-

macological action as kynurenic acid with a presumed

better blood–brain barrier penetrance (Marosi et al. 2010).

In the present study, we used a different, newly syn-

thesized kynurenic acid amide (KYNAa) which was pre-

pared directly from kynurenic acid resulting in an altered

side-chain.

Our first aim was to determine how peripheral KYNAa

administration affects kynurenic acid concentrations in the

peripheral blood and the central nervous system, in the

cervical trigeminal complex by using high-performance

liquid chromatography (HPLC).

Our next objective was to test whether the pre-treatment

with this new KYNAa exerts a modulatory effect on the

nitroglycerine-induced changes in CGRP, c-Fos, nNOS and

CamKIIa expression. We also wanted to test if these

morphological alterations reflecting trigeminal activation

and sensitization are paralleled with behavioural changes

of rats in the open field test.

Materials and methods

Animals

The procedures utilized in this study followed the guide-

lines for the Use of Animals in Research of the Interna-

tional Association for the Study of Pain and the directives

of the European Economic Community (86/609/ECC).

They were approved by the Committee of Animal Research

at the University of Szeged (I-74-12/2012) and the Scien-

tific Ethics Committee for Animal Research of the Pro-

tection of Animals Advisory Board (XI./352/2012). Ninety

adult male Sprague–Dawley rats weighing 200–250 g were

used. The animals were maintained on a 12-h dark–12-h

light cycle under standard laboratory conditions, with tap

water and regular rat chow available ad libitum.

Drugs

The new kynurenic acid amide (Patent number #P0900281/

PCT/HU2010/00050), N-(2-N-pyrrolidinylethyl)-4-oxo-1H-

quinoline-2-carboxamide hydrochloride (KYNAa) (Fig. 1),

was synthesized in the Department of Pharmaceutical

Chemistry, University of Szeged by reacting kynurenic acid

with 2-pyrrolidinoethylamine resulting in a side-chain con-

taining tertiary nitrogen in pyrrole ring system with regard to

Fig. 1 The structure of the new kynurenic acid amide, N-(2-N-

pyrrolidinylethyl)-4-oxo-1H-quinoline-2-carboxamide hydrochloride

(KYNAa)
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the following structural properties: (1) the presence of a

water-soluble side-chain, (2) the inclusion of a new cationic

centre, and (3) side-chain substitution to facilitate brain

penetration (Fulop et al. 2012).

Nitroglycerine (Nitrolingual�) was purchased from

Pohl-Boskamp and was administered intraperitoneally in a

dosage of 10 mg/kg bodyweight (bw) as described before

(Pardutz et al. 2000). Nitrolingual placebo was obtained

from Pohl-Boskamp.

For the HPLC measurements The animals were divided

into two groups. In the control group, the animals received

only the intraperitoneal (i.p.) vehicle solution (physiologi-

cal saline) as pre-treatment (n = 4), without drug. In the

second group (n = 10), the rats were pre-treated with an

i.p. injection of 1 mmol/kg bw KYNAa (diluted to 2 ml,

pH 7.4) (Fig. 2a).

For immunohistochemistry The animals were divided

into four groups (n = 10 per group). The animals of the

control group received only the i.p. vehicle solution

(physiological saline) as pre-treatment. In the remaining 3

groups, the rats were pre-treated with an i.p. injection of

KYNAa at the dose of 0.1, 0.5 and 1 mmol/kg bw,

respectively (diluted to 2 ml, pH 7.4) (Fig. 2b). One hour

later in each group, half of the animals (n = 5) received an

i.p. injection of nitroglycerine, while the other half of the

rats (n = 5) received an i.p. injection of the placebo of

nitroglycerine (Fig. 2b).

For Western blot The animals were divided into two

groups (n = 10 per group). The animals in the control

group received only the i.p. vehicle solution (physiological

saline) as pre-treatment. In the second group, the rats were

pre-treated with an i.p. injection of 1 mmol/kg bw KYNAa

(Fig. 2c). The administration of nitroglycerine was per-

formed as described above (Fig. 2c).

For the Open Field Test The animals were separated

into two groups (n = 20 per group). In the control group,

the animals received i.p. vehicle solution (physiological

saline) as pre-treatment, without drug. In the second group,

the rats were pre-treated with an i.p. injection of KYNAa at

the dose of 1 mmol/kg bw (Fig. 2d). The administration of

nitroglycerine was performed as described above (Fig. 2d).

Kynurenic acid detection with high-performance liquid

chromatography (HPLC)

Sampling and sample preparation

At set time points (60 and 300 min, n = 5 per group)

following the i.p. injection with the KYNAa, the rats were

deeply anaesthetized with chloral hydrate (0.4 g/kg bw,

Sigma-Aldrich) and transcardially perfused with phos-

phate-buffered saline for 5 min. The animals of the control

group (n = 4) underwent a similar procedure with one

measurement point at 60 min. Then the brain samples with

the corresponding upper cervical spinal cord segments

(C1–C2) were removed. After dissection, the samples of

C1–C2 were stored at -70 �C until analysis. The samples

Fig. 2 Schematics of the experimental setup for high-performance

liquid chromatography (HPLC) (a), immunohistochemistry (b),

Western blot (c) and open field test (d). kg bw kg bodyweight
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were weighed and then sonicated in an ice-cooled solution

(250 ll) comprising perchloric acid (2.5 % w/w, Scharlau),

internal standard (3-nitro-L-tyrosine, 2 lM, Sigma-

Aldrich,) and distilled water for 1.5 min in an Eppendorf

tube. The content of the Eppendorf tube was centrifuged at

12,000 RPM for 10 min at 4 �C. From the supernatant

100 ll was transferred to a test vial.

Chromatographic conditions

The kynurenic acid concentrations of the samples were

quantified based on the slightly modified method of Herve

et al. (1996), with an Agilent 1100 HPLC system (Agilent

Technologies). The system was equipped with a fluorescent

and an UV detector, the former was applied for the

determination of kynurenic acid and the latter for the

determination of the internal standard. Chromatographic

separations were performed on an Onyx Monolithic C18

column, 100 mm 9 4.6 mm I.D. (Phenomenex Inc.) after

passage through a Hypersil ODS pre-column,

20 9 2.1 mm I.D., 5 lm particle size (Agilent Technolo-

gies) with a mobile phase composition of 0.2 M zinc

acetate (Sigma-Aldrich)/acetonitrile (Scharlau) = 95/5

(v/v), the pH of which was adjusted to 6.2 with acetic acid

(VWR International), applying isocratic elution. The flow

rate and the injection volume were 1.5 ml/min and 50 ll,

respectively. The fluorescent detector was set at excitation

and emission wavelengths of 344 and 398 nm. The UV

detector was set at 365 nm wavelength.

HPLC method validation

Calibration curve and linearity Calibrants were prepared at

six different concentration levels, from 1 to 100 nM and 0.5

to 5 lM for kynurenic acid and the internal standard,

respectively. Three parallel injections of each solution

were made under the chromatographic conditions descri-

bed above. The peak area responses were plotted against

the corresponding concentration, and the linear regression

computations were carried out by the least square method

with the freely available R program (R Foundation for

Statistical Computing, R Development Core Team). Very

good linearity was observed throughout the investigated

concentration ranges for kynurenic acid and the internal

standard when either fluorescence or UV detection was

applied.

Selectivity The selectivity of the method was checked by

comparing the chromatograms of kynurenic acid and the

internal standard for a blank central nervous system sample

and those for a spiked sample. All compounds could be

detected in their own selected chromatograms without any

significant interference.

LOD and LLOQ Limit of detection (LOD) and lower

limit of quantitation (LLOQ) were determined via signal-

to-noise ratio with threshold 3, according to the ICH

guidelines (Validation of Analytical Procedures: Text and

Methodology Q2 (R1), International Conference on Har-

monization). The LOD was 0.4 nM, while the LLOQ was

1 nM for kynurenic acid, respectively.

Precision Replicate HPLC analysis showed that the

relative standard deviation was B3.1 % for the concentra-

tion and B0.1 % for the retention time.

Recovery The relative recoveries were estimated by

measuring spiked samples of kynurenic acid at two dif-

ferent concentrations with three replicates of each. No

significant difference was observed for the lower and

higher concentrations. The recoveries ranged from 82 to

92 % for kynurenic acid, respectively.

Immunohistochemistry

Histological procedure

Immunohistochemical procedures were performed as

described earlier (Vamos et al. 2009, 2010) supplemented

with the immunohistochemistry for c-Fos. Briefly, 4 h after

treatment with placebo or nitroglycerine, the rats, anaes-

thetized with chloral hydrate, were perfused and fixed

transcardially and the C1–C2 segment of the cervical spinal

cord was removed, this is the area where most of trigeminal

afferents involved in headache reach the second-order

neurones (Strassman et al. 1994). After postfixation and

cryoprotection, 30 lm cryostat sections were cut and

treated as free-floating sections. After suppression of the

endogenous peroxidase activity and several rinses in

phosphate-buffered saline containing 1 % Triton X-100

(PBST, VWR International), sections were incubated in

PBST containing (1) rabbit anti-rat CGRP polyclonal

antibody (Sigma-Aldrich, C-8198, dilution: 1:20,000,

incubation: overnight at room temperature) or (2) rabbit

anti-rat c-Fos (H-125) polyclonal antibody (Santa Cruz

Biotechnology, sc-7202, dilution: 1:1,000, incubation:

overnight at room temperature) or (3) rabbit anti-rat nNOS

polyclonal antibody (EuroProxima, 2263B220-1, dilution:

1:5,000, incubation: two nights at 4 �C) or (4) mouse anti-

rat CaMKIIa monoclonal antibody (Sigma-Aldrich, C-265,

dilution: 1:2,000, incubation: four nights at 4 �C). The

immunohistochemical reaction was visualized by using

Vectastain Elite avidin–biotin kits (Vector Laboratories;

PK6101 for c-Fos, nNOS and CGRP; PK6102 for CaM-

KIIa) and stained with nickel ammonium sulphate (VWR

International)-intensified 3,30-diaminobenzidine (Sigma-

Aldrich). The specificity of the immune reactions was

checked by omitting the primary antiserum.
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Data evaluation

All evaluations were performed by an observer blind to the

experimental groups. The detailed methodologies were

described previously (Vamos et al. 2009, 2010).

In brief, the area covered by CGRP-immunoreactive

fibres was determined using Image Pro Plus 6.2� image

analysis software (Media Cybernetics). Photomicrographs

of sections were taken under the 109 objective of a Nikon

Optiphot-2 light microscope fitted with an Olympus DP70

CCD camera (Olympus Corporation). After image acqui-

sition, the laminae I–II in dorsal horn were determined

manually as area of interest and a threshold grey level was

established with the Image Pro Plus 6.2� image analysis

software, as described in earlier studies (Vamos et al. 2009,

2010). The program expressed the area innervated by the

immunoreactive fibres as the number of pixels with den-

sities above the threshold. For the calibration, we measured

formations with known area. The area covered by immu-

noreactive fibres per dorsal horn was calculated as the

multiplication of the average number of pixels for the

individual dorsal horn and the area of one pixel.

The c-Fos-, nNOS- and CaMKIIa-immunoreactive cells

were counted under the 109 objective of a Nikon Optip-

hot-2 light microscope (Nikon Instruments) in laminae I–II

of the C1–C2. The c-Fos-positive neurones were scored as

those with obvious specific nuclear staining; the nNOS-

immunoreactive neurones as those exhibiting cytoplasmic

and dendritic staining and a nucleus; and the CaMKIIa-

labelled cells with a clearly increased immunoreactivity

relative to the background. The number of immunoreactive

neurones per sections was calculated, i.e. the numbers of

immunopositive neurones present on the two dorsal horns

were summed. Thereafter, the results on the individual

sections were averaged for each animal.

Photomicrographs were taken under the 40x objective of

a Zeiss Axio Imager M2 Upright Microscope (Carl Zeiss

MicroImaging) fitted with an AxioCam MRc camera (Carl

Zeiss MicroImaging) and Adobe Photoshop CS2 9.0

graphics program was used to create the artwork.

Western blot

Sampling and sample preparation

In both groups 4 h after the nitroglycerine or placebo injec-

tions, the rats were deeply anaesthetized with chloral hydrate

as described above, perfused transcardially with 100 ml ice-

cold phosphate-buffered saline and the cervical (C1–C2)

spinal cord was removed. Until measurements, the samples

were stored at -70 �C. The C1–C2 segments were sonicated

in ice-cold lysis buffer containing 50 mM Tris–HCl,

150 mM NaCl, 0.1 % igepal, 0.1 % cholic acid, 2 lg/ml

leupeptin, 2 mM phenylmethylsulphonyl fluoride (PMSF),

1 lg/ml pepstatin, 2 mM EDTA and 0.1 % sodium dodecyl

sulphate (SDS) (all chemicals were from Sigma-Aldrich).

The lysates were cleared from cellular debris by centrifu-

gation at 12,000 RPM for 10 min at 4 �C and supernatants

were aliquoted and stored at -20 �C. Protein concentration

was measured according to BCA protein assay method with

BCA Protein Assay Kit (Novagen) using bovine serum

albumin as a standard. Samples were cooled on ice during the

whole procedure. Prior to loading, each sample was mixed

with sample buffer, and denaturated by boiling for 3 min.

Equal amounts of protein samples (20 lg/lane) were sepa-

rated by standard SDS polyacrylamide gel electrophoresis

(SDS-PAGE) on 10 % (for nNOS and b-actin) and 15 % (for

CGRP) Tris–Glycine gel and electrotransferred onto Amer-

sham Hybond-ECL nitrocellulose membrane (0.45 and

0.2 lm pore size selectively, GE Healthcare). The Page

Ruler Prestained Protein Ladder (Fermentas, 10–170 kDa)

was used to determine approximate molecular weights.

Following the transfer, membranes were blocked for 1 h at

room temperature in Tris-buffered saline containing Tween

20 (TBST, MP Biomedicals) and 5 % non-fat dry milk

powder and incubated in TBST containing 1 % non-fat dry

milk and (1) rabbit anti-rat CGRP polyclonal antibody

(Sigma-Aldrich, C-8198, dilution: 1:2,000, incubation:

overnight at room temperature) or (2) mouse anti-rat nNOS

monoclonal antibody (BD Biosciences, 610308, dilution:

1:2,500, incubation: overnight at room temperature) or (3)

mouse anti-rat b-actin monoclonal antibody (Calbiochem,

CP01, dilution: 1:10,000, incubation: overnight at room

temperature). Next day after several rinses, membranes were

incubated in TBST containing 1 % non-fat dry milk and

horseradish peroxidase-conjugated anti-rabbit or anti-mouse

secondary antibody (Santa Cruz Biotechnology; sc-2030 and

sc-2031) for 1 h at room temperature. Protein bands were

visualized after incubation of membranes with the Super-

Signal West Pico Chemiluminescent Substrate (Pierce) using

Carestream Kodak BioMax Light film (Kodak).

Data evaluation

For densitometric analyses, films were scanned and quan-

tified using Java ImageJ 1.47v analysis software (National

Institutes of Health). The results were normalized to the

absolute control animals. b-actin served as a control to

ensure loading of equivalent amounts of sample proteins.

Open field test

Testing procedure

Before the open field test, animals were habituated in the

dimly lit, quiet test room for at least 30 min. The

Pre-treatment with new kynurenic acid amide 729
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experiments were performed between 11 a.m. and 4 p.m.

during the light cycle of rats. To avoid misinterpretation

related to the acute cardiovascular effects of nitroglycerine

and in parallel with earlier studies showing delayed

behavioural alterations after systemic nitroglycerine in mice

(Markovics et al. 2012), we tested the rats 3 h and 40 min

after the nitroglycerine or placebo injections. The animals

were placed in the open field box (48 9 48 9 40 cm, Ex-

perimetria Ltd., Hungary) and ambulation time, ambulation

distance, local time and the number of rearings were reg-

istered for 15 min, and were evaluated using the Conducta

1.0 behaviour analysis program (Experimetria Ltd., Hun-

gary). The rats did not receive any food or water during the

observation period. The test box was cleaned and decon-

taminated after each animal.

Statistical analysis

Statistical analysis of the measurement data was carried out

with IBM SPSS Statistics software (Version 20, IBM),

using one-way analysis of variance followed by the Tukey

or Tamhane post hoc test (except for the data of HPLC

analyses), depending on the variances of the data, with

p \ 0.05 taken as statistically significant. Group values are

reported as mean ± SEM. As in the treated groups the data

of HPLC analysis showed non-Gaussian distribution, the

non-parametric Kruskal–Wallis test was applied for group

comparisons followed by Mann–Whitney U test for post

hoc analysis, with p \ 0.05 taken as statistically signifi-

cant. The group values of HPLC analyses were reported as

median and interquartile range.

Results

Kynurenic acid detection with HPLC

The HPLC measurements clearly indicated a significant

(*p \ 0.05), more than twofold increase in kynurenic acid

level in the C1–C2 60 min after 1 mmol/kg bw KYNAa

administration (25.38 pmol/g wet weight, interquartile

range: 23.26–40.80 pmol/g wet weight) compared to

vehicle-treated samples (11.48 pmol/g wet weight, inter-

quartile range: 8.85–15.00 pmol/g wet weight) (Table 1),

while the concentration of the kynurenic acid decreased to

baseline at 300 min (9.02 pmol/g wet weight, interquartile

range: 6.43–30.92 pmol/g wet weight) (Table 1). Although

it needs different validation methods, we screened the

kynurenic acid concentration on the blood samples too.

Preliminary results suggest a robust increase (approxi-

mately 509) in the peripheral kynurenic acid levels

reaching lmolar concentrations (data not shown).

Immunohistochemistry

The transverse sections of the cervical spinal cord (C1–C2)

demonstrated abundant CGRP-positive fibres, and c-Fos-,

nNOS- and CaMKIIa-immunoreactive neurones in the

superficial layers (laminae I–II) of the dorsal horn. The

area covered by immunoreactive fibres and the number of

immunoreactive cells did not differ significantly between

sections located at the various levels along rostrocaudal

axis or between the right and left dorsal horns of the cer-

vical segments.

In the control group (pre-treated with saline,

n = 10), reduced CGRP staining can be observed on

the sections in I–II laminae after nitroglycerine treat-

ment compared to placebo-treated rats (Fig. 3). This

decrease is reflected in area covered by CGRP as well,

i.e. significant difference can be measured in nitro-

glycerine-treated rats as compared with placebo-treated

animals (**p \ 0.01; Fig. 7a). In the same group,

increased c-Fos, nNOS and CaMKIIa immunoreactivity

(Figs. 4, 5, 6) can be observed in the superficial layers

of the C1–C2 after treatment with nitroglycerine com-

pared to placebo. The differences in the numbers of

immunoreactive neurones proved to be statistically

significant for all three immunostainings (**p \ 0.01,

***p \ 0.001; Fig. 7b–d).

The pre-treatment with KYNAa affected dose-depen-

dently the nitroglycerine-induced changes in the immuno-

reactivity of all studied markers. The administration of

KYNAa in a dosage of 0.1 mmol/kg bw did not influence

any of the alterations caused by nitroglycerine, whereas the

pre-treatment with higher dosages of KYNAa (0.5 and

1 mmol/kg bw) was able to significantly reduce the effects

of nitroglycerine on the CGRP-, c-Fos-, nNOS- and

CaMKIIa-related changes in the C1–C2 (#p \ 0.05,
##p \ 0.01, ###p \ 0.001; Figs. 3, 4, 5, 6, 7a–d).

Table 1 Results of HPLC measurements from the C1–C2 at different

time points after KYNAa treatment

Groups Kynurenic acid concentrations

(pmol/g wet weight; median

and interquartile range)

Control (saline) (n = 4) 60 min 11.48 (8.85–15.00)

1 mmol/kg bodyweight

KYNAa (n = 10)

60 min

(n = 5)

25.38 (23.26–40.80)*

300 min

(n = 5)

9.02 (6.43–30.92)

C1–C2 cervical part of trigemino-cervical complex, KYNAa kynurenic

acid amide, N-(2-N-pyrrolidinylethyl)-4-oxo-1H-quinoline-2-carbox-

amide hydrochloride

* p \ 0.05
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Fig. 3 Calcitonin gene-related peptide (CGRP) immunoreactivity.

Representative photos of the cervical part of trigemino-cervical

complex (C1–C2) in the rat after CGRP immunohistochemistry. In

the control group (a, b), the immunoreactive staining of the CGRP

fibres is decreased after the nitroglycerine injection (b) as compared

with the placebo-treated animals (a). After 1 mmol/kg bodyweight

KYNAa pre-treatment (c, d), the change otherwise induced by

nitroglycerine cannot be observed (d) relative to the animals treated

with placebo (c). Scale bar 100 lm

Fig. 4 c-Fos immunoreactivity. Representative photos of c-Fos-

immunoreactivity in the cervical part of trigemino-cervical complex

(C1–C2) in the rat. In the control group (a, b), more c-Fos-

immunoreactive cells can be observed in the superficial laminae of the

C1–C2 after nitroglycerine injection (b) as compared with the

placebo-treated animals (a). This nitroglycerine-induced change is not

observed after 1 mmol/kg bodyweight KYNAa pre-treatment (c, d).

The black arrow in ‘‘b’’ indicates a c-Fos-positive cell. Scale bar

100 lm
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Fig. 5 Neuronal nitric oxide synthase (nNOS) immunoreactivity.

Histological photos of nNOS-stained neurones in the cervical part of

trigemino-cervical complex (C1–C2) in the rat. In the control group

(a, b), an increased nNOS immunoreactivity can be observed in the

superficial laminae of the C1–C2 after nitroglycerine injection (b) as

compared with the placebo-treated animals (a). In the group pre-

treated with 1 mmol/kg bodyweight KYNAa (c, d), the nitroglycer-

ine-induced change is not observed. The black arrow in ‘‘b’’ points to

an nNOS-immunoreactive neurone. Scale bar 100 lm

Fig. 6 Calmodulin-dependent protein kinase II alpha (CaMKIIa)

immunoreactivity. Typical photos showing CaMKIIa-immunoreac-

tive cells in the cervical part of trigemino-cervical complex (C1–C2)

in the rat. Increased CaMKIIa staining can be observed in the

superficial laminae of the C1–C2 in the control group (a, b) after

nitroglycerine injection (b) as compared with the placebo-treated

animals (a). In the 1 mmol/kg bodyweight KYNAa pre-treated group

(c, d), this enhancement induced by nitroglycerine is not visible after

nitroglycerine injection (d) relative to the placebo treatment (c). The

black arrow in ‘‘b’’ points to a CaMKIIa-immunopositive neurone.

Scale bar 100 lm
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Western blot

Western blot analysis of the C1–C2 region confirmed

the results obtained by CGRP and nNOS immunohis-

tochemistry. A band characteristic of the CGRP pep-

tide was identified at 15 kDa and nNOS protein was

identified at 155 kDa (Fig. 8a, c). Densitometric

analyses confirmed that the CGRP bands were signif-

icantly decreased (*p \ 0.05) and nNOS bands were

significantly enhanced (***p \ 0.001) in segments

C1–C2 after nitroglycerine administration as compared

with the placebo-treated animals (Fig. 8b, d). This

effect of nitroglycerine on CGRP and nNOS was

attenuated by pre-treatment with 1 mmol/kg bw

KYNAa (Fig. 8a–d).

Open field test

Treatment with nitroglycerine significantly decreased the

ambulation distance of the animals compared to placebo-

treated rats (*p \ 0.05; Fig. 9). Pre-treatment with

1 mmol/kg bw KYNAa attenuated this difference but a

tendency for a lower ambulation distance was observed

(Fig. 9). There were no significant changes in ambulation

time, local time or in the number of rearing between the

subgroups (data not shown).

Fig. 7 Diagrams illustrating the measurement data in the control,

0.1, 0.5 and 1 mmol/kg bodyweight (bw) KYNAa groups after various

immunohistochemical stainings. Within the groups, the differently

coloured columns relate to the rats treated with placebo (white bars)

or nitroglycerine (black bars) (means ? SE of mean, n = 5 per

column). a The mean area covered by calcitonin gene-related peptide

(CGRP)-immunoreactive fibres. In the control group, nitroglycerine

injection significantly decreased the mean area covered by CGRP-

immunoreactive fibres in the cervical part of trigemino-cervical

complex (C1–C2) as compared with the placebo-treated animals

(**p \ 0.01). 0.1 mmol/kg bw dose of KYNAa did not significantly

reduce the nitroglycerine-induced changes, while 0.5 and 1 mmol/kg

bw doses of KYNAa were able to significantly decrease the effect of

nitroglycerine (#p \ 0.05; ###p \ 0.001). b The mean number of

c-Fos-immunoreactive neurones. Nitroglycerine injection signifi-

cantly increased the mean number of c-Fos-immunoreactive cells in

the C1–C2 in the control group as compared with the placebo-treated

rats (***p \ 0.001). We could not detect significant difference

between nitroglycerine-treated rats of control group and of group

receiving 0.1 mmol/kg bw dose of KYNAa, while there was

significant difference between nitroglycerine-treated animals of

control group and of groups pre-treated with 0.5 and 1 mmol/kg bw

dose of KYNAa (##p \ 0.01; ###p \ 0.001). c The average number of

neuronal nitric oxide synthase (nNOS)-immunoreactive cells. Nitro-

glycerine injection significantly enhanced the mean number of nNOS-

immunoreactive neurones in the C1–C2 in the controls as compared

with the rodents treated with placebo (***p \ 0.001). There was no

difference in results of animals receiving nitroglycerine between the

control and 0.1 mmol/kg bw KYNAa group. Both 0.5 and 1 mmol/kg

bw dose of KYNAa reduced the effect of nitroglycerine as compared

with the rats of the control group (##p \ 0.01; ###p \ 0.001). d The

mean number of calmodulin-dependent protein kinase II alpha

(CaMKIIa)-immunoreactive neurones. The mean number of CaM-

KIIa-immunoreactive cells was significantly increased after nitro-

glycerine injection in the C1–C2 in the control group as compared

with the placebo treatment (***p \ 0.001). 0.1 mmol/kg bw dose of

KYNAa was not, while 0.5 and 1 mmol/kg bw dose of KYNAa were

able to decrease the nitroglycerine-induced changes in CaMKIIa-

expression as compared with the animals of the control group

(##p \ 0.01; ###p \ 0.001)
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Discussion

In the present work, we confirmed earlier experimental

findings showing that systemic administration of nitro-

glycerine exerts a stimulatory effect on the trigeminal

neurones, inducing the reduction of CGRP and the up-

regulation of c-Fos, nNOS and CaMKIIa in the C1–C2.

The nitroglycerine-induced decrease in the area covered by

CGRP-immunoreactive fibres and in the density of Western

blot bands in cervical segments 1–2 of spinal cord indicates

the release of CGRP from the central terminals of the

primary trigeminal afferents, which is a general event after

the activation of first-order trigeminal neurones (Zhang

et al. 1994), and is in accordance with our own previous

observations (Pardutz et al. 2002). Nitroglycerine-related

activation also involves the second-order trigeminal neu-

rones, as reflected by the elevated c-Fos expression

observed now and previously by other researchers (Tas-

sorelli and Joseph 1995). Furthermore, it can lead to a

sensitization process in the C1–C2, marked by the

enhancement of nNOS and CaMKIIa, both of these

enzymes playing an important role in the development of

pain-related central sensitization (Chacur et al. 2010; Fang

et al. 2002).

The nitroglycerine-related activation of the C1–C2

neurones probably involves indirect, central action. The

nitric oxide generated from nitroglycerine activates the

Ad and C fibres of the primary trigeminal neurones

(Pardutz et al. 2000) which causes activation of the sec-

ond-order trigeminal neurones leading to an increase in

the c-Fos, nNOS and CaMKIIa expressions there. Sup-

porting this theory, the increased c-Fos expression after

nitroglycerine in the second-order trigeminal neurones can

Fig. 8 Western blot of calcitonin gene-related peptide (CGRP) and

neuronal nitric oxide synthase (nNOS) in the C1–C2 segments of the

spinal cord. Density of CGRP band decreased (a–b) and density of

nNOS band increased (c–d) significantly after nitroglycerin

administration compared to the placebo in the control group

(*p \ 0.05; ***p \ 0.001), which was attenuated by pre-treatment

with 1 mmol/kg bodyweight (bw) KYNAa

Fig. 9 Diagram showing the results of open field test. In the control

group, treatment with nitroglycerine decreased the ambulation

distance significantly compared to placebo-treated rats (*p \ 0.05).

Pre-treatment with 1 mmol/kg bodyweight (bw) KYNAa attenuated

this effect of nitroglycerine, however, a tendency for a lower

ambulation distance can be observed as compared with placebo-

treated rats of control group as well
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be blocked by the destruction of capsaicin-sensitive fibres

(Tassorelli et al. 1997). The relevance of the nitroglyc-

erine model is also underlined by observations that these

effects appear to be selective for the trigeminal system, as

no changes were detected in most of these markers of

activation and sensitization of the trigeminal system, i.e.

in the number of nNOS- and CaMKIIa-immunoreactive

neurones as well as in the area innervated by CGRP and

serotonin immunoreactive fibres at the level of upper

thoracic segments (Pardutz et al. 2000, 2002, 2007). In

humans, administration of nitroglycerine induces a

delayed migraine-like attack in migraineurs (Sicuteri et al.

1987) with typical migraine symptoms (Christiansen et al.

1999), which cannot be observed in healthy volunteers

and is able to sensitize the trigeminal system (Di Cle-

mente et al. 2009). Based on results from animal exper-

iments, glutamate and a7-nicotinic acetylcholine receptors

can play important role in this process. The activation of

the first-order trigeminal neurones leads to an increased

level of glutamate in the caudal part of spinal trigeminal

nucleus, which correlates with the changes in sensory

thresholds on the face of the rat (Oshinsky and Luo

2006). Probably via the NMDA receptors (Wang and

Mokha 1996), the activation of the first-order trigeminal

neurones leads to activation of the second-order neurones

(Burstein et al. 1998). Experimental results suggest that

NMDA receptors are involved in the nitric oxide syn-

thesis (Entrena et al. 2005) and that there is an interaction

between the NMDA and the nitric oxide/cGMP system

via the activation of nNOS (Bredt et al. 1990). Addi-

tionally, the NMDA-induced excitotoxicity depends on

the excess nitric oxide produced by the activation of

nNOS (Garthwaite et al. 1988). The role of NMDA

receptors in trigeminal pain processing is also supported

by human data, whereas ketamine, an NMDA receptor

antagonist was able to decrease migraine pain (Nicolodi

and Sicuteri 1995). Furthermore, other glutamate recep-

tors are also present in the caudal part of spinal trigeminal

nucleus (Tallaksen-Greene et al. 1992), and can also

contribute to this process. This concept is confirmed by

that their antagonists are able to block the enhancement in

the number of c-Fos-immunoreactive neurones (Mitsi-

kostas et al. 1999) and the evoked potential responses

(Storer and Goadsby 1999) in the caudal part of spinal

trigeminal nucleus. The activation of second-order neu-

rones can be modified by a7-nicotinic acetylcholine

receptors as well, which presynaptically can influence the

transmission of nociceptive information to the central

nervous system (McGehee et al. 1995; Gray et al. 1996).

The results of the open field testing also showed a

marked effect of nitroglycerine. The ambulation distance

of the treated rats decreased significantly which may also

reflect a pain condition (Denenberg 1969).

In the present experiments, the KYNAa proved to be

able to attenuate dose-dependently the effects of nitro-

glycerine. 0.1 mmol/kg bw dose of KYNAa has not, while

0.5 and 1 mmol/kg bw doses of KYNAa have significantly

reduced the decrease in CGRP immunoreactivity and the

increases in c-Fos, nNOS and CaMKIIa expression, sug-

gesting a blockade of trigeminal activation and sensitiza-

tion. This effect was also supported by the Western blot

results for CGRP and nNOS showing that employing the

maximal dosage pre-treatment with KYNAa attenuated the

nitroglycerine-induced changes. HPLC measurements

suggesting a robust increase in kynurenic acid concentra-

tion in the blood and a more than twofold increase in

central nervous system 1 h after KYNAa treatment sup-

ports the theory that KYNAa is transformed, at least par-

tially, to kynurenic acid which might be also responsible

for the observed effects. Since the increase of kynurenic

acid in the central nervous system was observed in a much

lesser extent, although the central effect cannot be fully

excluded, the witnessed modulatory effects might be rela-

ted to the peripheral action of kynurenic acid derived from

KYNAa. Meanwhile the direct effect of the KYNAa on the

peripheral and central arm of the trigeminal system is also

possible with a theoretical effect similar to kynurenic acid.

This is underlined by the similar pharmacological action of

an older kynurenic acid derivative with a presumed better

blood–brain barrier penetrance (Marosi et al. 2010).

Attenuation of CGRP release from activated primary

nociceptors by KYNAa also suggests a marked peripheral

effect, an inhibition of the receptors involved in trigeminal

activation. Similarly, peripheral, topical intra-articular

administration of kynurenic acid reduced mechanical allo-

dynia dose-dependently during pain conditions (Mecs et al.

2009). Glutamate receptors are present on the peripheral

arm of the primary trigeminal nociceptors (Quartu et al.

2002; Watanabe et al. 1994) and their inhibition reduces the

release of CGRP (Garry et al. 2000). The a7-nicotinic

acetylcholine receptors are also present in the trigeminal

ganglion (Liu et al. 1998). Their blockade may contribute to

the reduction of glutamate release (Carpenedo et al. 2001),

and it mitigates the facial vasodilatation induced by CGRP

released from the primary nociceptors (Just et al. 2005).

G-Protein-coupled receptor-35 is expressed within noci-

ceptive pathways, including the dorsal root ganglion and

spinal cord, at the mRNA and protein levels (Ohshiro et al.

2008), and is negatively coupled to adenylate cyclase—

cyclic adenosine monophosphate signalling in the dorsal

root ganglion neurones, which can modulate nociceptive

signalling (Ohshiro et al. 2008).

The modulatory effect of KYNAa on the activation of

second-order trigeminal neurones, reflected by c-Fos

changes, may be a consequence of inhibition of the

peripheral nociceptors, but it may also arise from the action
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on receptors located in the central part of trigeminal sys-

tem. Glutamate receptors are present postsynaptically on

the second-order trigeminal neurones (Tallaksen-Greene

et al. 1992) playing an important role in the pathomecha-

nism of trigeminal activation related to noxious stimuli.

Likewise, the inhibition of glutamate receptors reduces the

increase in c-Fos expression in pain conditions (Mitsikostas

et al. 1998, 1999). a7-Nicotinic acetylcholine receptors are

located on primary trigeminal nociceptors (Liu et al. 1998)

and their inhibition at the presynaptic level with kynurenic

acid may contribute to the reduction of glutamate release

(Carpenedo et al. 2001) and reduce the activation of sec-

ond-order trigeminal neurones (Carstens et al. 2000). The

possibility of central action of kynurenic acid and its

derivatives is supported by results demonstrating that

intrathecally injected kynurenic acid and 7-chlorokynure-

nic acid display dose-dependent and reversible analgesic

effects in the hot-plate, tail-flick and formalin tests in mice

(Nasstrom et al. 1992) and in the hot-plate and tail-flick

tests in rats (Kristensen et al. 1993). Intrathecally admin-

istered 5,7-dichlorokynurenic acid dose-dependently

reversed the hyperalgesia in hyperalgesic Mg-deficient rats

(Begon et al. 2001). Moreover, in the nitroglycerine model

of trigeminal activation, the i.p. administration of another

kynurenic acid derivative and combined pre-treatment with

L-kynurenine and probenecid prevented the activation of

second-order trigeminal neurones (Knyihar-Csillik et al.

2007, 2008), whereas kynurenic acid alone was less

effective in this model, probably because of its inferior

level of blood–brain barrier penetrance (Knyihar-Csillik

et al. 2008).

The inhibition of nNOS and CaMKIIa by KYNAa in the

present study and by another kynurenic acid derivative in

earlier works (Vamos et al. 2009, 2010) points to the

attenuation of the nitroglycerine-induced central sensiti-

zation phenomena, both nNOS and CaMKIIa appearing to

be essential in this process (Chacur et al. 2010; Fang et al.

2002). The central sensitization is a consequence of

changes ongoing in the central nervous system, during

which the neurones undergo anatomical and functional

plastic changes after strong noxious stimulation, primarily

the activation of AMPA and NMDA receptors being

involved (Latremoliere and Woolf 2009). Both AMPA and

NMDA receptor antagonists effectively reduce the estab-

lished long-term potentiation of the C-fibre-mediated

response in wide dynamic range neurones in the lumbar

dorsal horn, which is thought to be related to central sen-

sitization (Svendsen et al. 1998). In a behavioural study,

another competitive NMDA antagonist, LY235959,

administered either intrathecally or subcutaneously, sig-

nificantly reduced the number of formalin-induced flinches

in phase 2, i.e. the central sensitization (Davis and Inturrisi

2001). Taken together these results suggest that besides

acting on the periphery, KYNAa might attenuate the

increases in expression of nNOS and CaMKIIa, i.e. the

nitroglycerine-induced central sensitization, probably

through the inhibition of AMPA and/or NMDA receptors.

However, it is also possible that blockade of the a7-nico-

tinic acetylcholine receptors could contribute to the inhi-

bition of central sensitization indirectly, since glutamate

release can be reduced by the inhibition of these receptors

by kynurenic acid at the presynaptic level (Carpenedo et al.

2001).

The results of open field behavioural test show that the

nitroglycerine- and placebo-treated group in KYNAa pre-

treated animals did not differ from each other significantly,

which may suggest antinociceptive effect of KYNAa.

However, the KYNAa pre-treated groups showed a ten-

dency of lower ambulation distance, which may refer to a

direct central action of KYNAa. This concept is also sup-

ported by the fact that only glycine-site NMDA antagonists

passing the blood–brain barrier had modulatory effect on

ambulation distance in open field test (Christoph et al.

2005).

In conclusion, the new kynurenic acid derivative used in

the present study, KYNAa, mitigated the trigeminal acti-

vation at the level of the peripheral branches and second-

order neurones. Moreover, at the level of the C1–C2, it

abolished the alterations related to central sensitization.

Besides an effect related to the transformation of KYNAa

to kynurenic acid in the periphery, direct and indirect

central actions might be responsible for this phenomenon.

Since all of these events play a key part in certain headache

conditions, KYNAa may have a possible future role in the

treatment of these disorders with a different mechanism of

action.
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