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1. INTRODUCTION

The head and neck regions and the intracranial circulation are innervated by
parasympathetic nerve fibers from the sphenopalatine ganglion (SPG), otic and internal
carotid ganglia (Suzuki et al., 1988). The central control emanates in the superior salivary
nucleus (CN VII, the facial nerve) with cholinergic fibers that synapse in the SPG (Hara and
Weir, 1988, Suzuki et al., 1988, Edvinsson et al., 1989, Hara et al., 1993, Edvinsson et al.,
2001). The neuronal cell bodies in the human SPG contain vasoactive intestinal peptide (VIP),
pituitary adenylate cyclase-activating peptide (PACAP) and nitric oxide synthase (NOS) as
the main parasympathetic signaling transmitters (Uddman et al., 1999). Traditionally the cell
bodies have been considered to be cholinergic, but only a minor subpopulation of cells in the
SPG have been reported to contain acetylcholine transferase (Lee et al., 1984). In addition, a
large number of VIP and PACAP immunoreactive cell bodies have been shown to co-localize
with NOS in rat (Uddman et al., 1999, Edvinsson et al., 2001).

VIP and PACAP belong to the secretin/glucagon/VIP superfamily of neuropeptides. VIP
was first isolated from the ovine intestine and found to be a very potent neuropeptide (Said
and Mutt, 1970) that consists of 28 amino acids. The peptide has various biological such as
pain perception and inflammation (Harmar et al., 1998). PACAP, the newest member of this
family of peptides was originally isolated from the rat hypothalamus (Miyata et al., 1989), and
occurs in two forms: PACAP-27 and PACAP-38 (27 or 38 amino acids). Both forms of
PACAP exert a large variety of biological effects including vasodilatation, immune
modulation, stimulation of cell proliferation and differentiation, control of neurotransmitter
release and pain transmission (Harmar et al., 1998, Vaudry and Laburthe, 2006). PACAP-38
predominates over PACAP-27 in most studied tissues (Sundler et al., 1996).

The actions of VIP and PACAP are mediated through the class B family of 7
transmembrane G protein-coupled receptors (GPCRs) (Vaudry and Laburthe, 2006, Dickson
and Finlayson, 2009). VIP and PACAP act via VPAC1 and VPAC2 receptors with equally
high affinity, while PACAP is more potent at the PAC1 receptor (Harmar et al., 1998).

During the investigation on primary headache pathophysiology a close correlation between
the calcitonin gene-related peptide (CGRP) and the head pain was observed in acute attacks of
migraine (Ho et al., 2010). In some cases of migraine and in all cluster headache cases,
additional facial symptoms (reddening of sclera, rhinorrhea, nasal congestion, etc.) were
associated with co-release of the sensory neuropeptide CGRP from the trigeminal system and

VIP from the cranial parasympathetic system into the cranial venous outflow (Goadsby and



Edvinsson, 1994a). CGRP consists of 37 amino acids and plays an important role in
vasodilatation and pain transmission in craniocervical structures (Ho et al.,, 2010).
Sumatriptan, acting on 5-hydroxytryptamine type 1B/1D subtypes of receptors, aborts not
only the CGRP release and the head pain, but also the VIP release and the parasympathetic
symptoms (Goadsby and Edvinsson, 1994a). The mechanisms involved are not clear,
however, experimental studies have provided some support of a link between the two systems
(Goadsbhy and Edvinsson, 1994b).

The receptor for CGRP belongs to the family of G-protein-coupled receptor of the
B-subtype (Hay et al., 2008). The functional CGRP receptor consists of three proteins: (i) the
calcitonin receptor-like receptor (CLR) which forms the ligand binding site with (ii) receptor
activity modifying protein 1 (RAMP1), and together they determine the specificity of the
receptor (McLatchie et al., 1998, Heroux et al., 2007). (iii) The CGRP-receptor component
protein (RCP) is essential in coupling the receptor to intracellular signal-transduction

pathways and, in particular, to adenylyl cyclase (Evans et al., 2000).

2. AIMS

(i) Reveal the presence and distribution of VIP/PACAP receptors in human and rat SPG
using indirect immunofluorescence and Western blot techniques.

(if) Examine the SGCs and their relation to neurons both in human and rat SPG.

(iii) Study CGRP and CGRP receptor elements (CLR and RAMP1) in human and rat SPG
neurons, nerve fibers and SGCs as an indication of putative local function.

(iv) Compare the distribution of examined neurotransmitters between human and rat SPG,

using immunofluorescence technique.

3. EXPERIMENTAL PROCEDURES

3.1. Tissue material
3.1.1. Human

Human SPG were obtained at autopsy from 5 adult subjects with an average age of 72.6
years (range 60-81 years). The collection of tissue samples was done in accordance with the
University of Szeged, Faculty of Medicine guidelines for ethics in human tissue experiments
(6/1996 — 13/12/2010).

Human SPG were post-fixed overnight. After fixation, specimens were rinsed repeatedly in

sucrose-enriched Tyrode solution, snap frozen, embedded and stored at -80°C.



3.1.2. Rat

SPG were collected from eight adult male Sprague-Dawley rats (weighing 300-400 g). The
animals were raised and maintained under standard laboratory conditions. The study followed
the guidelines of the European Communities Council (86/609/ECC) and was approved by the
Ethics Committee of The Faculty of Medicine, University of Szeged.

The rats were deeply anesthetized and perfused and fixed transcardially. The ganglia were
removed and post-fixed overnight. After fixation rat specimens were rinsed repeatedly in

sucrose-enriched Tyrode solution, frozen on dry ice and stored at -80°C.

Both human and rat specimens were embedded in gelatin medium, cryosectioned at 10 pm,
mounted on Superfrost Plus coated slides (Menzel GmbH Co KG, Braunschweig, Germany)

and stored at -20°C until use.

3.2. Regular tissue staining
3.2.1. Hematoxylin-Eosin
For orientation and examination of the tissue condition, human and rat sections were

stained with Hematoxylin-Eosin (Htx-Eosin) using a standard protocol.

3.3. Immunohistochemistry

Indirect immunofluorescence technique was used for immunohistochemical demonstration
of VIP, PACAP, NOS, glutamine synthetase (GS), glial fibrillary acidic protein (GFAP), VIP
and PACAP common receptors (VPAC1, VPAC2), PACAP receptor (PAC1), CGRP, the
CGRP receptor components as CLR and RAMP1 in human and rat SPG. In addition, double

labeling was carried out to reveal the co-localization of neurotransmitters.

3.4. Image analysis
Cryostat sections were examined and images were obtained using a light- and
epifluorescence microscope coupled to a camera to visualize co-labeling by superimposing

the digital images.

3.5. Western blot
Western blot technique was used to demonstrate the existence of VIP/PACAP receptors
and CGRP receptor components in rat SPG. Adult male Sprague-Dawley rats (500-600g;

n=8) were used. Omission of primary antibodies were used as negative controls.



4. RESULTS

4.1. Regular tissue staining
4.1.1. Hematoxylin-Eosin

Most of the human material displayed qualitatively adequate morphology as visualized
with Htx-Eosin staining. The SPG were found as well-defined ganglia with neurons
intermingled within the sphenopalatine branches of the maxillary nerve. Ganglia consisted of
neurons of various size enveloped by SGCs. Minor cell shrinkage was observed.

Rat SPG showed similar morphology with neurons of various size surrounded by SGCs.

4.2. Immunohistochemistry
4.2.1. Human SPG

Due to the subject’s old age, many neurons in the human material contained lipofuscin
granulae in their cytoplasm.

VIP immunoreactive neurons as well as fibers were frequently found in human SPG. The
immunoreactivity was granular-like in both neurons and fibers. Many NOS (homogenously
stained) immunoreactive neurons were found, but no positive fibers. In addition, PACAP
immunoreactivity was found in some of the neurons and in fibers. As for VIP, the PACAP
staining displayed granular-like immunoreactivity. The neuronal staining was often localized
to, or close to, the cell surface. In order to reveal if the peptide only was localized to the
neurons, and not the SGCs, double-staining with different glial cell specific antibodies were
performed. Double staining with PACAP/Vimentin revealed that PACAP staining was not
localized in the SGCs. Double stainings of human SPG - VIP/NOS, PACAP/NOS and
VIP/PACAP — were carried out. In our hands, co-localization was found between VIP/NOS,
and PACAP/NOS. We were not able to establish, with the methods used, if the peptides were

present in different neuronal subpopulations.

Pearl-like CGRP immunoreactive fibers were frequently found in human SPG. In order to
scrutinize the CGRP immunoreactivity, we used different primary and secondary antibodies.
More CGRP positive fibers were visible with the use of CGRP anti-mouse primary and
DyLight 549 secondary antibodies relative to CGRP anti-rabbit and FITC anti-rabbit. Texas
Red secondary antibody revealed the same staining patterns as DyLight 549. CGRP
immunoreactivity was not observed in human SPG neurons or SGCs using either of the

combination of antibodies.



Many CLR immunoreactive SGCs and fibers were found. For the demonstration of CLR,
FITC or DyLight 488 was used as secondary antibody. Both antibodies visualized
immunoreactive SGCs, but only FITC revealed immunoreactive fibers in the SPG. No CLR
immunoreactive neurons were found.

For the visualization of RAMP1, the use of Cy2 secondary antibodies revealed RAMP1
homogenously stained neurons. Some large and medium-sized neurons were positive for
RAMP1. Furthermore, RAMP1 positive SGCs were detected with Alexa 488 secondary
antibodies. There was no RAMP1 immunoreactivity in the fibers.

In order to examine co-localization between CGRP, CLR and RAMPL1, double stainings

were performed. No co-localization was found.

4.2.2. Rat SPG

In the rat material, VIP, NOS and PACAP immunoreactivity were found in many neurons
and fibers. PACAP immunoreactivity was often localized close to the cell membrane, whereas
VIP and NOS stainings were more evenly visualized within the cell soma, although somewhat
granular-like for VIP. We were also able to observe co-localization of PACAP and NOS, but
not between VIP/NOS or PACAP/VIP. PACAP and GS double staining revealed that the
PACAP immunoreactivity was localized in or close to the cell membrane, but not in the
SGCs.

In rat SPG CGRP immunoreactive fibers were frequently found. CGRP anti-rabbit
antibody disclosed many homogenously stained neurons, while CGRP anti-mouse antibody
revealed only few CGRP positive neurons. CLR immunoreactive fibers and SGCs were found
using FITC anti-rabbit, but not noted in neurons. Both Cy2 and Alexa 488 secondary
antibodies revealed RAMP1 positive fibers and some homogenously stained neurons. Double

staining with RAMP1 and CLR revealed co-localization of the immunoreactive fibers.

4.2.3. Human and rat SPG

Distribution of the receptors PAC1, VPAC1 and VPAC2 was investigated in both human
and rat. PAC1 and VPAC1 immunoreactivity was found in the SGCs. VPACL
immunoreactivity was also observed in few fibers in both the human and rat SPG. In addition,
we observed VPAC2 immunoreactive fibers in both human and rat specimens. However, the
staining was not as distinct as for PAC1 and VPACL. No co-localization between the peptides

and the receptors were found.



Overview of CGRP, CLR and RAMP1 immunoreactivity in human and rat SPG is shown
in Table 1.

Table 1. Summary of PACAP, VIP, NOS, PAC1, VPAC1, VPAC2, CGRP, CLR and
RAMP1 results in human and rat SPG

Neurons Satellite glial cells Nerve fibers
Human Rat Human Rat Human Rat

PACAP + + - - + +
VIP + + - + +
NOS + + - - +
PAC1 - - + + -

VPAC1 - - + + + +
VPAC2 - - - - + +
CGRP - + - - + +
CLR - - + + + n
RAMP1 + + + - +

4.2.4. Negative controls
Negative controls (omission of primary antibodies) displayed no immunoreactivity, except

for autofluorescent lipofuscin.

4.3. Western blot

Western blot revealed protein expression of PAC1, VPAC1, VPAC2, RAMP1 and CLR in
rat SPG. PACL1 receptor gave a 60 kDa band, VPACL1 receptor a 58 kDa band and VPAC?2
receptor a 65 kDa band. RAMP1 was visualized as a 30 kDa band, while CLR as a 60 kDa
band. Bands were identified by protein molecular weight marker. No bands were visualized

after omission of primary antibodies.

5. DISCUSSION

In recent years there has been considerable interest in the pathomechanism of migraine
(Tajti et al., 2011a, Tajti et al., 2011b, Tajti et al., 2012, Vecsei et al., 2013). Clinical
observations and experimental studies have suggested a possible role for the SPG in the
pathophysiology of migraine (Barbanti et al., 2002, Tepper et al., 2009). Interestingly,
systemic administration of PACAP but not VIP has been found to induce “migraine-like”
headache in migraine patients, although both peptides elicited similar changes in the vessel
tone (Rahmann et al., 2008, Schytz et al., 2009). The present results do not, however, suggest
a morphological reason for this differential response. In addition, vascular studies have

revealed that VIP is by far a stronger and more potent vasodilator than PACAP of human and
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rat cerebral and meningeal arteries (Jansen-Olesen et al., 2004, Boni et al., 2009, Chan et al.,
2011). In vivo studies in man also showed relaxation of cranial vessels by VIP (Hansen et al.,
2006, Rahmann et al., 2008) and PACAP (Birk et al., 2007, Schytz et al., 2009). It was argued
that dilatation alone could not be the direct cause of the migraine-like attacks after the
PACAP-38 infusion but perhaps this response could involve neurons or other cells that
contain VIP/PACAP receptors such as cranial ganglia (Schytz et al., 2009). It has been
revealed that PACAP-38 is expressed in the trigeminal ganglion (Tajti et al., 1999) and in the
caudal trigeminal nucleus (Tajti et al., 2001). It has been demonstrated that blood plasma
PACAP-38-like immunoreactivity is increased following the electrical stimulation of the
trigeminal ganglion in rat (Tuka et al., 2012). Furthermore, it has been suggested that PACAP
is one of the mediators of light aversion, because it elicited photophobia in wild-type mice,
while it did not in PACAP-gene deficient mice (Markovics et al., 2012). Recent data showed
that the concentration of PACAP-38 together with CGRP was elevated during the migraine
attack period versus to the attack-free periods (Tuka et al., 2013). It has been postulated that
elevation of cellular cyclic adenosine monophosphate (CAMP) plays a role in the development
of delayed headache via sensitization of trigeminal neurons after CGRP or cGMP (Ingram and
Williams, 1996, Lassen et al., 2002, Birk et al., 2004, Birk et al., 2006). PACAP activates
VPACL1-2 and PACL receptors, which induces cAMP level elevation (Dickson et al., 2006),
which more resembles the mode of action of CGRP (Walker et al., 2010).

It has been demonstrated that postganglionic parasympathetic fibers from the SPG mediate
meningeal blood flow elevations and meningeal vasodilatation (Bolay et al., 2002) and, in
addition, neurogenic inflammation which in turn may sensitize meningeal nociceptors
(Burstein and Jakubowski, 2005). The preganglionic fibers to the SPG originate from the
superior salivatory nucleus (SSN) and synapse in the SPG. The SSN can be
activated/modified by trigeminal sensory nerve fibers. This is a trigeminal-autonomic reflex
which may be active in migraine attacks (Zagami et al., 1990).

It seems that the fundament for a trigeminal action is at place by the presence of CGRP
receptor components. The role of the SGCs in the SPG is largely unknown. However,
increasing glial cell research suggests a ganglion function at many levels (Hanani, 2010),
especially the characterized SGCs and neurons forming a morphological unite in the SPG.
The available data suggest that SGCs are involved in synaptic maintenance and remodeling.
Our study is the first that examines SGCs in cranial parasympathetic ganglion in man. Future
may provide more insight on how SGCs may influence synaptic transmission, and

information processing in autonomic and sensory ganglia.
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There are some functional data which suggest an interaction between the trigeminal and
sphenopalatine ganglia. Cluster headache is associated with activation of both ganglia since
there is co-release of CGRP and VIP (Goadsby and Edvinsson, 1994a). Treatment with
sumatriptan aborts both symptoms of parasympathetic activation and neuropeptide release,
presumably by the triptan acting as inhibitor on the sensory nervous system via a presynaptic
mechanism or the formation of CGRP (Durham and Russo, 1999). Further, experimental
activation of the superior sagittal sinus results in co-release of VIP and CGRP (Zagami et al.,
1990). Cutting of the trigeminal nerve abolished not only the CGRP release but also that of
VIP which supports an interaction between the two systems. It is tempting to speculate that
the present finding reveals a direct link between the trigeminal ganglion CGRP-containing
fibers and the SPG. The nature of this is unclear but available data would imply that intense
activation of the trigeminal ganglion can result in parasympathetic symptoms (cluster
headache, red eye, rhinorrhea, conjunctival injection, and tearing) associated with VIP release
(Goadsby and Edvinsson, 1994a).

5.1. Conclusion

The present work has revealed the presence of VIP, PACAP and NOS in nerve fibers
within the ganglion, in addition, VIP/NOS and PACAP/NOS show co-localization in the
human SPG neurons. Western blot verified the presence of VPAC1, VPAC2 and PAC1
receptors in rat SPG. Immunohistochemistry showed that PAC1 and VPACL are localized in
the SGCs, while VPACL and VPAC?2 in the nerve fibers in both human and rat SPG. These
results suggest that the peptides may be involved in intraganglionic activity.

Moreover, the present finding demonstrates that CGRP-positive fibers, probably
originating from the trigeminal ganglion as C-fibers, are present in both human and rat SPG.
In rat CGRP positive neurons are found. Since both components of the CGRP receptor, CLR
and RAMP1, are present in the ganglion (Western blot) and these are localized to SGCs
(human) and fibers (rat), an interaction between parasympathetic and sensory ganglia is
plausible.

The immunohistochemical differences between human and rat SPG suggest that in human
CGREP is produced by the trigeminal neurons, transmitted to the SPG through CGRP positive
nerve fibers and acts on the SGCs in the SPG, since both of the CGRP receptor components
are present. In rat CGRP can be produced or stored in SPG neurons and act through the nerve

fibers, where both of the receptor components are present.



12

6. SUMMARY OF NEW FINDINGS

(i) Our work has revealed VIP and PACAP immunoreactivity in nerve fibers besides the
neurons but not in satellite glial cells both in human and rat SPG.

(if) We disclose that the SPG contains the VPAC1, VPAC2 and PAC1 subtypes of receptor
proteins. We found PAC1 and VPAC1 immunoreactivity in the satellite glial cells and
VPAC1 and VPAC2 immunoreactive nerve fibers of both human and rat.

(iii) We demonstrate that CGRP-positive fibers are present in human and rat SPG and
CGRP immunoreactive neurons in rat.

(iv) CGRP receptor components (CLR and RAMP1) are localized to SGCs in human and
to fibers in rat SPG.

7. ACKNOWLEDGEMENTS

I would like to express my sincere gratitude to my supervisor Dr. Janos Tajti and to
Professor Laszlo Vécsei, for their continuous support and excellent scientific guidance. 1 am
expressly grateful to Professor Lars Edvinsson and Professor Karin Warfvinge for all their
help and instructions during my scientific work in Lund, Sweden.

I would like to thank my co-authors, Bernadett Tuka and Anikd Kuris, for their outstanding
work throughout our projects, Andrea Varga and Valéria Széll Vékonyneé for the technical
assistance.

I wish to thank my colleagues and friends, Lilla Tar, Eniké Vamos, Sajedeh Eftekhari,
Hilda Ahnstedt, Lei Cao, Roya Waldsee, Aida Maddahi, Cang-Bao Xu, Frank Blixt, Ola
Andréasson, Elisabeth Nilsson, Bodil Gesslein, Enida Kuric and Marie-Louise Edvinsson, for
all the help they gave me during the years.

I wish to express my special gratitude to my family, my mother, Maria, my father, Ferenc
and my sister Szandra, for their enormous love and encouragement; to my husband, Janos for
his endless love and all the support he gave me; and to my parents-in-law, llona and Janos,
my brother-in-law, Maté, and my adopted grandparents, llona, Piroska and Janos, for their
love.

This work was supported by the following grants: TAMOP 4.2.2/A-11/1/KONV-2012-
0052, MTA-SZTE Neuroscience Research Group; Scientific Fellowship 2011 of the European
Federation of Neurological Societies; and the Scientific Foundation of Lund University, Lund,

Sweden.



13

8. REFERENCES

Barbanti P, Fabbrini G, Pesare M, Vanacore N, Cerbo R (2002) Unilateral cranial autonomic
symptoms in migraine. Cephalalgia 22:256-259.

Birk S, Kruuse C, Petersen KA, Jonassen O, Tfelt-Hansen P, Olesen J (2004) The
phosphodiesterase 3 inhibitor cilostazol dilates large cerebral arteries in humans
without affecting regional cerebral blood flow. J Cereb Blood Flow Metab 24:1352-
1358.

Birk S, Kruuse C, Petersen KA, Tfelt-Hansen P, Olesen J (2006) The headache-inducing
effect of cilostazol in human volunteers. Cephalalgia 26:1304-1309.

Birk S, Sitarz JT, Petersen KA, Oturai PS, Kruuse C, Fahrenkrug J, Olesen J (2007) The
effect of intravenous PACAP38 on cerebral hemodynamics in healthy volunteers.
Regul Pept 140:185-191.

Bolay H, Reuter U, Dunn AK, Huang Z, Boas DA, Moskowitz MA (2002) Intrinsic brain
activity triggers trigeminal meningeal afferents in a migraine model. Nat Med 8:136-
142.

Boni LJ, Ploug KB, Olesen J, Jansen-Olesen |, Gupta S (2009) The in vivo effect of VIP,
PACAP-38 and PACAP-27 and mRNA expression of their receptors in rat middle
meningeal artery. Cephalalgia 29:837-847.

Burstein R, Jakubowski M (2005) Unitary hypothesis for multiple triggers of the pain and
strain of migraine. J Comp Neurol 493:9-14.

Chan KY, Baun M, de Vries R, van den Bogaerdt AJ, Dirven CM, Danser AH, Jansen-Olesen
I, Olesen J, Villalon CM, MaassenVanDenBrink A, Gupta S (2011) Pharmacological
characterization of VIP and PACAP receptors in the human meningeal and coronary
artery. Cephalalgia 31:181-189.

Dickson L, Aramori I, McCulloch J, Sharkey J, Finlayson K (2006) A systematic comparison
of intracellular cyclic AMP and calcium signalling highlights complexities in human
VPAC/PAC receptor pharmacology. Neuropharmacology 51:1086-1098.

Dickson L, Finlayson K (2009) VPAC and PAC receptors: From ligands to function.
Pharmacol Ther 121:294-316.

Durham PL, Russo AF (1999) Regulation of calcitonin gene-related peptide secretion by a
serotonergic antimigraine drug. The Journal of neuroscience : the official journal of
the Society for Neuroscience 19:3423-34209.

Edvinsson L, Elsas T, Suzuki N, Shimizu T, Lee TJ (2001) Origin and Co-localization of
nitric oxide synthase, CGRP, PACAP, and VIP in the cerebral circulation of the rat.
Microsc Res Tech 53:221-228.

Edvinsson L, Hara H, Uddman R (1989) Retrograde tracing of nerve fibers to the rat middle
cerebral artery with true blue: colocalization with different peptides. J Cereb Blood
Flow Metab 9:212-218.

Evans BN, Rosenblatt MI, Mnayer LO, Oliver KR, Dickerson IM (2000) CGRP-RCP, a novel
protein required for signal transduction at calcitonin gene-related peptide and
adrenomedullin receptors. J Biol Chem 275:31438-31443.

Goadsby PJ, Edvinsson L (1994a) Human in vivo evidence for trigeminovascular activation in
cluster headache. Neuropeptide changes and effects of acute attacks therapies. Brain
117 ( Pt 3):427-434.

Goadsby PJ, Edvinsson L (1994b) Joint 1994 Wolff Award Presentation. Peripheral and
central trigeminovascular activation in cat is blocked by the serotonin (5HT)-1D
receptor agonist 311C90. Headache 34:394-399.

Hanani M (2010) Satellite glial cells in sympathetic and parasympathetic ganglia: in search of
function. Brain Res Rev 64:304-327.



14

Hansen JM, Sitarz J, Birk S, Rahmann AM, Oturai PS, Fahrenkrug J, Olesen J, Ashina M
(2006) Vasoactive intestinal polypeptide evokes only a minimal headache in healthy
volunteers. Cephalalgia 26:992-1003.

Hara H, Weir B (1988) Pathway of nerves with vasoactive intestinal polypeptide-like
immunoreactivity to the major cerebral arteries of the rat. Cell Tissue Res 251:275-
280.

Hara H, Zhang QJ, Kuroyanagi T, Kobayashi S (1993) Parasympathetic cerebrovascular
innervation: an anterograde tracing from the sphenopalatine ganglion in the rat.
Neurosurgery 32:822-827; discussion 827.

Harmar AJ, Arimura A, Gozes I, Journot L, Laburthe M, Pisegna JR, Rawlings SR,
Robberecht P, Said Sl, Sreedharan SP, Wank SA, Waschek JA (1998) International
Union of Pharmacology. XVIIl. Nomenclature of receptors for vasoactive intestinal
peptide and pituitary adenylate cyclase-activating polypeptide. Pharmacol Rev 50:265-
270.

Hay DL, Poyner DR, Quirion R (2008) International Union of Pharmacology. LXI1X. Status of
the calcitonin gene-related peptide subtype 2 receptor. Pharmacol Rev 60:143-145.

Heroux M, Breton B, Hogue M, Bouvier M (2007) Assembly and signaling of CRLR and
RAMP1 complexes assessed by BRET. Biochemistry 46:7022-7033.

Ho TW, Edvinsson L, Goadsby P (2010) CGRP and its receptor provide new insights into
migraine pathophysiology. Nature Rev Neurol 6:573-582.

Ingram SL, Williams JT (1996) Modulation of the hyperpolarization-activated current (Ih) by
cyclic nucleotides in guinea-pig primary afferent neurons. J Physiol 492 ( Pt 1):97-
106.

Jansen-Olesen I, Gulbenkian S, Engel U, Cunha e Sa M, Edvinsson L (2004) Peptidergic and
non-peptidergic innervation and vasomotor responses of human lenticulostriate and
posterior cerebral arteries. Peptides 25:2105-2114.

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.

Lee TJ, Saito A, Berezin | (1984) Vasoactive intestinal polypeptide-like substance: the
potential transmitter for cerebral vasodilation. Science 224:898-901.

Markovics A, Kormos V, Gaszner B, Lashgarara A, Szoke E, Sandor K, Szabadfi K, Tuka B,
Tajti J, Szolcsanyi J, Pinter E, Hashimoto H, Kun J, Reglodi D, Helyes Z (2012)
Pituitary adenylate cyclase-activating polypeptide plays a key role in nitroglycerol-
induced trigeminovascular activation in mice. Neurobiology of disease 45:633-644.

McLatchie LM, Fraser NJ, Main MJ, Wise A, Brown J, Thompson N, Solari R, Lee MG,
Foord SM (1998) RAMPs regulate the transport and ligand specificity of the
calcitonin-receptor-like receptor. Nature 393:333-3309.

Miyata A, Arimura A, Dahl RR, Minamino N, Uehara A, Jiang L, Culler MD, Coy DH (1989)
Isolation of a novel 38 residue-hypothalamic polypeptide which stimulates adenylate
cyclase in pituitary cells. Biochem Biophys Res Commun 164:567-574.

Rahmann A, Wienecke T, Hansen JM, Fahrenkrug J, Olesen J, Ashina M (2008) Vasoactive
intestinal peptide causes marked cephalic vasodilation, but does not induce migraine.
Cephalalgia 28:226-236.

Said SI, Mutt V (1970) Potent peripheral and splanchnic vasodilator peptide from normal gut.
Nature 225:863-864.

Schytz HW, Birk S, Wienecke T, Kruuse C, Olesen J, Ashina M (2009) PACAP38 induces
migraine-like attacks in patients with migraine without aura. Brain 132:16-25.

Sundler F, Ekblad E, Hannibal J, Moller K, Zhang YZ, Mulder H, Elsas T, Grunditz T,
Danielsen N, Fahrenkrug J, Uddman R (1996) Pituitary adenylate cyclase-activating



15

peptide in sensory and autonomic ganglia: localization and regulation. Ann N Y Acad
Sci 805:410-426; discussion 427-418.

Suzuki N, Hardebo JE, Owman C (1988) Origins and pathways of cerebrovascular vasoactive
intestinal polypeptide-positive nerves in rat. J Cereb Blood Flow Metab 8:697-712.

Tajti J, Kuris A, Vecsei L, Xu CB, Edvinsson L (2011a) Organ culture of the trigeminal
ganglion induces enhanced expression of calcitonin gene-related peptide via activation
of extracellular signal-regulated protein kinase 1/2. Cephalalgia 31:95-105.

Tajti J, Pardutz A, Vamos E, Tuka B, Kuris A, Bohar Z, Fejes A, Toldi J, Vecsei L (2011b)
Migraine is a neuronal disease. J Neural Transm 118:511-524.

Tajti J, Szok D, Pardutz A, Tuka B, Csati A, Kuris A, Toldi J, Vecsei L (2012) Where does a
migraine attack originate? In the brainstem. J Neural Transm 119:557-568.

Tajti J, Uddman R, Edvinsson L (2001) Neuropeptide localization in the "migraine generator”
region of the human brainstem. Cephalalgia 21:96-101.

Tajti J, Uddman R, Moller S, Sundler F, Edvinsson L (1999) Messenger molecules and
receptor mRNA in the human trigeminal ganglion. J Auton Nerv Syst 76:176-183.

Tepper SJ, Rezai A, Narouze S, Steiner C, Mohajer P, Ansarinia M (2009) Acute treatment of
intractable migraine with sphenopalatine ganglion electrical stimulation. Headache
49:983-9809.

Tuka B, Helyes Z, Markovics A, Bagoly T, Nemeth J, Mark L, Brubel R, Reglodi D, Pardutz
A, Szolcsanyi J, Vecsei L, Tajti J (2012) Peripheral and central alterations of pituitary
adenylate cyclase activating polypeptide-like immunoreactivity in the rat in response
to activation of the trigeminovascular system. Peptides 33:307-316.

Tuka B, Helyes Z, Markovics A, Bagoly T, Szolcsanyi J, Szabo N, Toth E, Kincses ZT,
Vecsei L, Tajti J (2013) Alterations in PACAP-38-like immunoreactivity in the
plasma during ictal and interictal periods of migraine patients. Cephalalgia 33:1085-
1095.

Uddman R, Tajti J, Moller S, Sundler F, Edvinsson L (1999) Neuronal messengers and
peptide receptors in the human sphenopalatine and otic ganglia. Brain Res 826:193-
199.

Vaudry H, Laburthe M (2006) VIP, PACAP and related peptides - from gene to therapy:
Blackwell Publishing.

Vecsei L, Szalardy L, Fulop F, Toldi J (2013) Kynurenines in the CNS: recent advances and
new questions. Nature reviews Drug discovery 12:64-82.

Walker CS, Conner AC, Poyner DR, Hay DL (2010) Regulation of signal transduction by
calcitonin gene-related peptide receptors. Trends Pharmacol Sci 31:476-483.

Zagami AS, Goadsby PJ, Edvinsson L (1990) Stimulation of the superior sagittal sinus in the
cat causes release of vasoactive peptides. Neuropeptides 16:69-75.



	Summary of Ph.D. Thesis
	LIST OF PAPERS
	VIP  vasoactive intestinal peptide
	1. INTRODUCTION
	2. AIMS
	3. EXPERIMENTAL PROCEDURES
	3.1. Tissue material
	3.1.1. Human
	3.1.2. Rat

	3.2. Regular tissue staining
	3.2.1. Hematoxylin-Eosin

	3.3. Immunohistochemistry
	3.4. Image analysis
	3.5. Western blot
	4.1. Regular tissue staining
	4.1.1. Hematoxylin-Eosin

	4.2. Immunohistochemistry
	4.2.1. Human SPG
	4.2.2. Rat SPG
	4.2.3. Human and rat SPG
	4.2.4. Negative controls

	4.3. Western blot

	5. DISCUSSION
	5.1. Conclusion

	6. SUMMARY OF NEW FINDINGS
	7. ACKNOWLEDGEMENTS
	8. REFERENCES

