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    Chapter 10   
 Biochemistry of Primary Headaches 

                Paola     Sarchielli     ,        Stefano     Caproni     ,     Cinzia     Costa     ,     Delia     Szok     , and     Janos     Tajti    

        Although the diagnosis of primary headaches remains generally clinical, research-
ers have made great efforts in the investigation of neurotransmitter pathways, neu-
ropeptides, hormones, and the vascular and trigeminal systems. The increasing 
evidence regarding the systems involved in migraine, in addition to tension-type and 
cluster headaches, has permitted better comprehension of the cerebral and extraneu-
rological mechanisms underlying these types of headaches, leading, in some cases, 
to the identifi cation of a treatment target. This chapter deals with the biochemical 
alterations that play a pivotal role in the pathophysiology of primary headaches. 

10.1     Markers of Trigeminovascular System Activation 

10.1.1     Calcitonin Gene-Related Peptide 

 Calcitonin gene-related principle peptide (CGRP) is a 37-amino-acid neuropeptide 
that is widely distributed in the peripheral and central nervous systems. Following 
noxious stimulation, CGRP is released on the periphery, where it induces 
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neurogenic infl ammation and sensitization of sensory nociceptive fi bers, including 
those distributing to meningeal vessels, and promotes excitatory neurotransmission 
at the central concentration (dorsal horn of the spinal cord and trigeminal nucleus 
caudalis), mediating the sensation of pain to the entire body. Head CGRP-containing 
nerves supply blood vessels to various parts of the body. 

 Approximately 50 % of trigeminal neurons express CGRP and CGRP receptor. 
The binding of CGRP to its functional receptor can lead to the activation of multiple 
pathways that modulate gene expression and ion channel activity with a positive 
feedback loop, which may in part explain why the peripheral injection of CGRP 
leads to a delayed migraine-like headache several hours after injection [ 1 ,  2 ]. 

 CGRP may play a role in neuronal–glial interactions in the trigeminal ganglia. 
The mechanism proposed involves the release of CGRP during the neuronal activa-
tion of the trigeminal ganglia. This CGRP then stimulates the satellite glial cells, 
which release proinfl ammatory cytokines, thereby further modulating the neuronal 
response [ 3 ]. 

 CGRP involvement in migraine pathophysiology is supported by the ability of 
this neuropeptide infused intravenously to induce attacks, and by the effectiveness 
of the CGRP antagonists, olcegepant and telcagepant, as acute antimigraine agents 
[ 4 ]. The latter positive fi ndings are further sustained by other approaches aimed at 
stopping CGRP activity using antibodies against CGRP and the CGRP receptor. 

 It has been suggested that CGRP might be a marker of trigeminovascular acti-
vation [ 5 ]. In migraine patients CGRP concentrations were measured both in 
peripheral blood and in the extrajugular vein (EJV). While in the former studies an 
increase in CGRP in the EJV blood of migraine patients assessed during attacks was 
found compared with controls, this fi nding was not confi rmed in most recent 
research [ 5 ,  6 ] (Table  10.1 ).

   These discrepant results are diffi cult to reconcile. According to Tfelt-Hansen and 
Le, the bulk of EJV blood fl ow comes from the extracranial tissue of the head and 
face and only 22 % comes from the internal cerebral circulation in humans. 
Moreover, the middle meningeal veins contribute only to a small fraction of blood 
in the EJV. The CGRP in EJV blood, therefore, is most likely derived from part of 
the vasculature without the blood-brain barrier [ 7 ]. 

 The effect of sumatriptan on CGRP is most likely caused by an antimigraine 
effect, which is not mediated by a decrease in CGRP. In fact, in human volunteers 
the subcutaneous administration of sumatriptan did not induce variations in EJV 
concentrations of CGRP [ 8 ]. 

 Recent research focusing on the interictal plasma concentrations of chronic 
migraine (CM) patients showed higher values in these patients in the absence of a 
migraine attack and with no symptomatic medication. Variables such as age, analge-
sic overuse, depression, fi bromyalgia, vascular risk factors, history of triptan con-
sumption, or type of preventive treatment did not infl uence CGRP concentrations [ 9 ]. 

 Further evidence of the involvement of CGRP in migraine is derived from studies 
using saliva as a specimen that is easy to obtain, providing information on the patho-
logical states and representing a clinical model for studying neuronal mechanisms 
involved in migraine. Salivary CGRP concentrations have been reported to be elevated 
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in migraineurs during a spontaneous migraine attack, with a return of concentrations 
to nearly interictal values in response to rizatriptan and onabotulinumtoxinA (onab-
otA) [ 10 ,  11 ]. 

 CGRP resulted in increases in the EJV blood of cluster headache (CH) patients 
in the active periods, with normalization after either subcutaneous sumatriptan 6 mg 
or O 2  inhalation [ 12 – 14 ]. 

 Another study including patients with chronic tension-type headache (CTTH) 
showed no changes in CGRP concentrations measured in the cubital vein at 10, 20, 
and 60 min after nitroglycerin infusion, further supporting the specifi city of CGRP 
for primary headaches involving trigeminovascular activation [ 15 ]. Similarly, no 

    Table 10.1    Biochemical alterations in migraine with and without aura   

 Migraine with aura  Migraine without aura 

 Substances  Reference  Ictal  Interictal  Ictal  Interictal 

 CGRP  [ 9 ]  ↑ (plasma)  –  ↑ (plasma)  – 
 [ 11 ]  –  –  Increased, 

then 
normalized 
(plasma) 

 – 

 [ 12 ]  –  –  Not increased 
(plasma) 

 Not increased 
(plasma) 

 NKA  [ 25 ]  ↑ (plasma)  NS  ↑ (plasma)  NS 
 PACAP-38  [ 44 ]  –  –  ↑ (plasma)  ↓ (plasma) 
 VIP  [ 48 ]  –  ↑ (plasma)  –  ↑ (plasma) 
 5-HT  [ 54 ]  ↑ (plasma)  ↓ (plasma)  ↑ (plasma)  ↓ (plasma) 
 DA  [ 60 ]  –  ↑ NS (platelet)  –  ↑ (platelet) 
 NE  [ 71 ]  –  –  –  ↓ (plasma) 
 Octopamine  [ 67 ]  –  NS  –  ↑ (plasma) 
 Synephrine  [ 67 ]  –  NS  –  ↑ (plasma) 
 Endocannabinoids  [ 76 ]  –  –  –  ↑ (platelet) 
 Glutamate  [ 82 ]  ↑ (CSF)  –  ↑ (CSF)  – 

 ↓ (plasma)  ↓ (plasma) 
 Nitrite (NO)  [ 88 ]  –  ↑ (plasma)  –  ↑ (plasma) 
 BDNF  [ 100 ]  –  ↓ (platelet)  –  ↓ (platelet) 
 NGF  [ 100 ]  –  ↓ (platelet)  –  ↓ (platelet) 
 BDNF  [ 101 ]  –  –  ↑ (plasma)  – 
 Adiponectin  [ 113 ]  –  ↑ (plasma)  –  ↑ (plasma) 
 NPY  [ 123 ]  ↑ (plasma)  ↓ (plasma)  ↑ (plasma)  ↓ (plasma) 
 SP  [ 131 ]  –  –  ↑ (saliva)  – 
 EDN-1  [ 140 ]  –  –  ↓ (plasma)  – 

   CGRP  calcitonin gene-related peptide,  NKA  neurokinin A,  PACAP  pituitary adenylate cyclase- 
activating peptide,  VIP  vasoactive intestinal peptide,  5-HT  5-hydroxytriptamine,  DA  dopamine, 
 NE  norepinephrine,  NO  nitric oxide,  BDNF  brain-derived neurotrophic factor,  NGF  nerve growth 
factor,  NPY  neuropeptide Y,  SP  substance P,  EDN-1  endothelin-1,  NS  not signifi cant,  CSF  cerebro-
spinal fl uid, ↑ increased, ↓ decreased, – no data  
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 variations in CGRP concentrations were found in the EJV and antecubital vein 
samples from patients with cervicogenic headache assessed both in the presence 
and absence of headache [ 16 ].  

10.1.2     Neurokinin A 

 Experimental evidence suggests that NKA, substance P (SP), and CGRP might act 
as neurotransmitters at the fi rst central synapses of the trigeminal nociceptive path-
way to transmit the sensory stimuli to the higher brain centers and could play the 
role of cotransmitters or comodulators [ 17 ]. Immunocytochemical studies have 
revealed that a contingent supplying cerebral blood is immunoreactive to neuroki-
nin A (NKA) and is derived from the trigeminal ganglion [ 18 ]. 

 A signifi cant increase in NKA and in CGRP concentrations was demonstrated 
in the plasma of young migraine patients during attacks, suggesting, although 
indirectly, that CGRP and NKA might be involved in the pathogenesis of 
migraine attacks [ 19 ]. Furthermore, an increase in NKA and also CGRP, nitrite, 
and cyclic guanosine monophosphate (cGMP) concentrations were found in the 
internal jugular vein (IJV) blood of migraine patients during attacks. They 
reached their highest values during the fi rst hour, then tended to decrease pro-
gressively and returned, after the end of the attacks, to values similar to or below 
those detected at the time of catheter insertion. Prostaglandin E2 (PGE2) and 
6-keto prostaglandin F1α (6-k-PGF1α), in addition to cyclic adenosine mono-
phosphate (cAMP) concentrations signifi cantly increased during the fi rst hour, 
but reached a peak during the second hour and remained within the same range 
until the fourth and sixth hours. These fi ndings suggest early activation of the 
 l -arginine/nitric oxide (NO) pathway, which accompanies the release of vasoac-
tive peptides, including NKA, from trigeminal endings and a late rise in the syn-
thesis of prostanoids with algogenic and vasoactive properties, which may 
intervene in maintaining the headache phase [ 20 ].  

10.1.3     Pituitary Adenylate Cyclase-Activating Peptide 

 Pituitary adenylate cyclase-activating peptide (PACAP) is a multifunctional vasodi-
latory peptide that has recently been implicated in migraine pathogenesis. It belongs 
to the vasoactive intestinal polypeptide (VIP)-glucagon growth hormone-releasing 
factor secretin superfamily [ 21 ]. PACAP binds to three different G-protein-coupled 
receptors. The PACAP receptor can be associated with subunits of the CGRP recep-
tor, including receptor activity modifying protein 1 (RAMP1); thus, a possible syn-
ergistic effect of CGRP and PACAP receptor cAMP signaling has been suggested, 
but this effect needs to be tested in future research [ 22 ]. 
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 In the trigeminovascular system, PACAP is expressed in the trigeminal nucleus 
caudalis (TNC) and trigeminal ganglia. PACAP and its receptors are also expressed in 
sphenopalatine ganglia (SPG) neurons, which control dural vessel tone and cranial 
blood fl ow. Like CGRP, PACAP binds to a variety of the central nervous system 
(CNS) sites, such as the dorsal horn of the spinal cord, brainstem, thalamus, and hypo-
thalamus [ 23 – 26 ]. PACAP plays an excitatory role in pain transmission, suggesting 
that it might play a role in central sensitization [ 21 ]. Interestingly, PACAP and CGRP 
share the ability to induce light aversion in mice and just like CGRP, PACAP has been 
linked to anxiety-like behavior and chronic stress response [ 27 ]. This may be relevant 
for migraine, which recognizes both anxiety and stress as potential triggers of attacks. 

 Several lines of evidence relate PACAP to migraine pathophysiology. In human 
studies, PACAP-38-induced dilatation of human meningeal arteries, but was less 
potent than VIP. It seems that the ability of PACAP-38 to induce a migraine is not 
because of its weak vasodilatory effects, but rather because of its other central 
actions [ 28 ]. Moreover, PACAP-38 was able to induce dural mast cell degranula-
tion, more potently than VIP and PACAP-27 [ 29 ]. 

 This suggests that it might play role in triggering neurogenic infl ammation in the 
dural vessels, which may be relevant to migraines [ 30 ]. 

 In rats, at least, PACAP has also been linked to nitric oxide. This was suggested 
by the increase in PACAP concentrations within the TNC after nitroglycerin injec-
tion, which is  more relevant in wild-type than in knockout mice and its increase in 
both plasma and TNC after electrical stimulation [ 31 ,  32 ]. These fi ndings therefore 
support the coupling of PACAP and NO in the trigeminovascular system, which has 
also been observed for CGRP and NO [ 33 ]. 

 The role of PACAP in migraine pathophysiology was confi rmed by recent fi ndings 
obtained from migraine patients. Like CGRP, administration of PACAP to migraineurs 
induced a delayed migraine-like headache after an initial nonspecifi c headache in con-
trast with controls, who experienced only the initial headache phase. Similarly, PACAP 
induced an early vasodilation of the middle cerebral artery and superfi cial temporal 
artery in both healthy controls and migraineurs, but only the latter experienced a 
delayed migraine-like headache [ 34 ]. Very recent clinical research in migraineurs dem-
onstrated that PACAP plasma concentrations were elevated during attacks compared 
with interictal concentrations [ 35 ]. Interestingly, in this study interictal PACAP concen-
trations were lower than those of healthy subjects, whereas ictal PACAP concentrations 
of migraineurs were within the range of those of healthy subjects. Based on mecha-
nisms partially shared with CGRP, which can be relevant for migraine attacks, PACAP 
is considered a potential target for antimigraine agents. PACAP and VIP have common 
receptors, VPAC1 and VPAC2, while the PAC1 receptor is specifi c to PACAP [ 36 ]. 

 Only one PAC1 receptor agonist, maxadilan, is presently available, and has been 
isolated from the salivary glands of the sand fl y  Lutzomyia longipalpis . Maxadilan 
is a 61-amino acid peptide. The deletion of the amino acids between 25 and 41 gen-
erated a specifi c PAC1 receptor antagonist, termed M65 [ 37 ]. A recent study dem-
onstrated that maxadilan had no effect on CGRP release and M65 did not block the 
PACAP-38-induced CGRP release in the trigeminal system [ 38 ].  
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10.1.4     Vasoactive Intestinal Peptide 

 Vasoactive intestinal peptide (VIP) is one of the parasympathetic signaling transmit-
ters contributing to cranial parasympathetic outfl ow mediated through the SPG. The 
activation of parasympathetic cranial outfl ow during migraine and CH attacks due to 
the trigeminal–autonomic refl ex may be mediated by the above neurotransmitter and 
receptors [ 12 ]. VIP is structurally and functionally related to PACAP-38, but differs 
from PACAP in migraine-inducing properties. The fi rst experience in this regard did 
not show the ability of VIP to induce migraine-like attacks. It evoked only a very 
mild headache in healthy volunteers, despite eliciting intracranial vascular dilation. 

 In a recent study, only 18 % of patients reported migraine-like attacks after VIP 
infusion against 73 % of patients reporting migraine after PACAP-38 infusion. Both 
peptides induced marked dilatation of the extracranial but not intracranial arteries. 
VIP-induced dilatation was normalized after 2 h, whereas vasodilatation induced by 
PACAP-38 was longer lasting (>2 h) [ 39 ]. On this basis, VIP concentrations have 
been considered a marker of parasympathetic activation in migraine. 

 Recent evidence suggests that increased interictal VIP concentrations measured 
in peripheral blood might be a biomarker helping with CM diagnosis, but it was not 
able to clearly differentiate CM from episodic migraine (EM). Patients with EM 
showed, in fact, signifi cantly higher concentrations of VIP compared with controls, 
but lower than those with CM [ 40 ]. 

 Concentrations of CGRP and VIP were also indicated to be potential predictors 
of the effi cacy of onabotA in CM. As in the previous study, VIP and CGRP plasma 
concentrations were signifi cantly increased in CM patients compared with controls. 
Concentrations of CGRP and, to a lesser degree, VIP, were signifi cantly increased in 
responders vs nonresponders. The probability of being a responder to onabotA was 
28 times higher in patients with a CGRP concentration above the threshold of 72 pg/
mL. Although the sensitivity in calculating the threshold for VIP was poor, the prob-
ability of CM patients with low CGRP concentrations responding to onabotA was 
signifi cantly higher than in those patients with high VIP concentrations [ 41 ].   

10.2     Monoaminergic Systems 

10.2.1     Serotonin (5-hydroxytriptamine) 

 More than 50 years ago Sicuteri et al. [ 42 ] hypothesized the involvement of 
5-hydroxytriptamine (5-HT) in migraine based on the demonstration of signifi -
cantly higher concentrations in the urine of 5-hydroxyindoleacetic acid, the major 
stable metabolite of 5-HT, during migraine attacks. Since then, several studies have 
tried to verify whether or not biochemical anomalies of 5-HT occur in migraine, 
some of them using platelets as a peripheral model of serotonergic neurons. In 
agreement with Sicuteri’s results, during a migraine attack, the fi rst studies showed 
a signifi cantly increased 5-HT turnover in plasma [ 43 ] and saliva [ 44 ]. Furthermore, 
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increased concentrations of 5-hydroxyindoleacetic acid have been reported in the 
cerebrospinal fl uid (CSF) of migraineurs during attacks [ 45 ]. 

 Conversely, interictal concentrations of plasma serotonin have been shown to be 
low in migraineurs [ 42 ]. Furthermore, concentrations of platelet 5-HT appear to fl uc-
tuate differently in female migraineurs than in healthy women during the different 
phases of the menses and, more importantly, the concentrations of indole decrease 
signifi cantly in the luteal phase in menstrual migraine before the painful attacks [ 46 ]. 
An increase in serotonin transporter activity was found with medication-overuse head-
ache (MOH), which was normalized after withdrawal in parallel to the improvement 
of headache frequency. However, the study was not able to differentiate whether the 
increase in serotonin uptake was caused by a regular intake of analgesics or triptans or 
was a consequence of frequent headache attacks [ 47 ]. In addition, a recent interictal 
neuroimaging study showed increased availability of 5-HT transporters in the brain-
stem of migraineurs, suggesting an imbalance in the serotonergic system [ 48 ]. 

 All the above fi ndings hypothesize that migraine might be a syndrome of a chroni-
cally low central serotonin system with consequent 5-HT receptor hypersensitivity, 
and that migraine attacks might be triggered by a sudden increase in 5-HT release.  

10.2.2     Dopamine and Norepinephrine 

 An alteration in dopaminergic and noradrenergic systems has been suggested in 
migraine. Both neurotransmitters are derived from the metabolism of tyrosine. In 
particular, tyrosine hydroxylase generates 3,4-dihydroxyphenylalanine (DOPA). 
Dopamine (DA) and norepinephrine (NE) are synthesized by DOPA decarboxylase 
and dopamine b-hydroxylase enzymes (Db-h) respectively. 

 Increased concentrations of DA were found in platelets of migraine without aura 
(MwoA) patients, in comparison with healthy control subjects. Even higher concentra-
tions were detected in patients with CH. The increased platelet DA concentrations have 
been interpreted as an abnormal biochemical phenotypic trait of primary neurovascular 
headaches [ 49 ]. The higher concentrations of DA can be the consequence of a reduction 
in Db-h activity. Reduced Db-H enzyme activity and reduced NE concentrations have 
been reported in MwoA patients [ 50 ]. 

 More recently, particular polymorphisms in the gene encoding for Db-h protein 
have been associated with migraine [ 51 ]. All these fi ndings support the notion that 
complex abnormalities in the metabolism of tyrosine could result in the possible 
derangement of dopaminergic and noradrenergic pathways in migraine and also in CH.  

10.2.3     Elusive Amines 

 The involvement of the elusive amines, tyramine and octopamine, in migraine 
pathophysiology was proposed several years ago, but only in the last few years has 
there been a renewed interest in their role in migraine. These amines, together with 
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DA and NE, are products of the alternative metabolic pathways of tyrosine. The 
renewed interest in elusive amines has also been derived from the discovery of a 
new class of G-protein coupled receptors, the trace amines receptors (TAARs), and 
there is a high affi nity for these amines in rodents and humans [ 52 ]. TAARs have 
been identifi ed in various tissues, including specifi c brain areas such as the rhinen-
cephalon, limbic system, amygdala, hypothalamus, extrapyramidal system, and 
locus coeruleus. Some of these areas are relevant parts of the pain matrix modulat-
ing pain threshold. Their functions are mainly regulated by synapses using DA and 
NE as neurotransmitters. 

 Plasma concentrations of all trace amines have been determined in plasma and 
platelets of patients with primary neurovascular headaches. In particular, signifi -
cantly higher concentrations of octopamine, synephrine, and tyramine were found 
in the plasma and platelets of CH patients, in both the remission and active phases, 
compared with control subjects or migraine patients. Additionally, intraplatelet con-
centrations were higher in CH patients than in control subjects. 

 In migraine patients assessed during headache-free periods, plasma concentra-
tions of octopamine and synephrine were also higher than in controls, but in 
migraine with aura (MwA) patients, the difference did not reach the concentration 
of statistical signifi cance [ 53 ]. Based on these results, an abnormality in the metabo-
lism of tyrosine toward the increased synthesis of products of the decarboxylase 
pathway in migraine, resulting in increased synthesis of octopamine, synephrine, 
and tyramine in association with a decrease in NE, has been hypothesized.   

10.3     Endocannabinoid System 

 Several lines of evidence support the central role of the endocannabinoid system in 
pain modulation [ 54 ]. It has been demonstrated that cannabinoid (CB) type-1 recep-
tor (CB1R)-dependent retrograde mechanisms are involved in the release of neu-
rotransmitters controlling nociceptive inputs and that the concentrations of these 
lipids are high in sensory terminals, skin, and dorsal root ganglia known to be 
involved in the transmission and modulation of pain signals. In the trigeminal sys-
tem, activation CB1R has been shown to inhibit trigeminal neuron activity, which is 
pivotal in the pathogenic events of migraine [ 55 ]. 

 Endocannabinoids are also involved in the descending modulation mediated by 
brainstem ventrolateral periaqueductal gray (PAG) of basal trigeminovascular neu-
ronal tone and Aδ-fi ber dural-nociceptive responses via CB1. Interaction between 
serotonergic and endocannabinoid systems in the processing of somatosensory 
nociceptive information suggests that at least part of the therapeutic action of trip-
tans might occur via endocannabinoid-containing neurons in the ventrolateral PAG 
[ 56 ]. The endocannabinoid system is also involved in neurobiological mechanisms 
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underlying drug addiction as it infl uences glutamatergic cortico-striatal transmis-
sion and the activity of the mesolimbic reward system [ 57 ]. 

 Reduced concentrations of AEA were shown in the CSF of CM patients with and 
without medication overuse, refl ecting impairment of the endocannabinoid system 
in these patients, which may contribute to chronic head pain and seems to be related 
to increased CGRP and NO production [ 58 ]. The activity of active endocannabi-
noids, anandamide membrane transporter (AMT) and fatty acid amide hydrolase 
(FAAH), and the concentration of cannabinoid receptors were also measured in 
peripheral platelets from patients with episodic MwoA, episodic tension-type head-
ache (ETTH), and healthy controls. A signifi cant increase in the activity of AMT 
and in FAAH activity was observed in female but not male patients with MwoA. No 
differences in the cannabinoid receptors emerged among the study groups. These 
fi ndings suggest an increase in anandamide ( N -arachidonoylethanolamine – AEA) 
degradation by platelets in women with migraine, which may be responsible for a 
reduction in AEA concentration in the blood, and which can lower the pain thresh-
old and may explain the prevalence of migraine in women [ 59 ]. 

 The activity of AMT and of FAAH was assessed in platelets of CM patients 
without symptomatic drug overuse, MOH patients, episodic migraine (EM) patients, 
and control subjects. AMT and FAAH appeared to be signifi cantly reduced in both 
CM and MOH patients, compared with either controls or EM patients. This reduc-
tion was observed in both male and female patients in the CM and MOH groups. 
These changes observed in the endogenous cannabinoid degrading system have 
been hypothesized to refl ect adaptive behavior to chronic headache and/or drug 
overuse [ 60 ]. 

 In a more recent study a signifi cant reduction in FAAH activity was demon-
strated in MOH patients before withdrawal of treatment compared with controls. 
This was coupled with a signifi cant improvement (reduction) in the facilitation of 
spinal cord pain processing (increased temporal summation threshold and related 
reduction in pain sensation) at both 10 and 60 days after treatment withdrawal. 
These fi ndings could be a consequence of mechanisms aimed at reducing the endo-
cannabinoid degradation and increased endocannabinoid system activity, resulting 
in an antinociceptive effect in patients undergoing withdrawal of treatment [ 61 ]. 
This supports the potential role of the CB1 receptor as a possible therapeutic target 
in CM [ 58 ]. 

 A further confi rmation of the dysfunction of the endocannabinoid system associ-
ated with a defi ciency in the serotonergic system in CM and MOH is derived from 
a study investigating 2-acylglycerol (2-AG) and AEA concentrations in the platelets 
of these patients. These concentrations were signifi cantly lower in MOH patients 
and CM patients than in the control subjects, with no signifi cant differences between 
the two patient groups. Endocannabinoid and serotonergic systems appear to be 
both mutually related and defective in CM and MOH patients, and can contribute to 
headache chronifi cation [ 62 ].  
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10.4     Glutamate 

 Glutamate, the major excitatory neurotransmitter in the CNS, is involved in several 
aspects of migraine pathophysiology. Preclinical data suggest its involvement in 
cortical spreading depression, trigeminovascular activation, and central sensitiza-
tion. Based on these fi ndings, glutamate concentrations have been determined in 
migraine patients both in peripheral blood and in CSF to assess possible dysfunc-
tion of the glutamatergic system in these patients [ 63 ]. An alteration in glutamate 
concentrations has been reported in migraine patients, with higher concentrations of 
CSF and plasma glutamate in episodic migraine patients compared with controls 
[ 64 ]. Furthermore, higher glutamate concentrations in CSF have been reported in 
chronic daily headache (CDH) patients related to the increase in the end-products of 
nitric oxide [ 65 ]. 

 Platelet glutamate uptake and release have also been evaluated in patients 
with MwA and MwoA. Both glutamate release from stimulated platelets and 
plasma glutamate concentrations appeared to be increased in migraine patients, 
more markedly in MwA patients. Platelet glutamate uptake, assessed as 
3H-glutamate intake, also appeared to be increased in MwA, whereas it was 
reduced in MwoA patients compared with controls. These fi ndings suggest the 
involvement of different pathophysiological mechanisms in the two migraine 
types, with a more pronounced upregulation of glutamatergic metabolism in 
MwA [ 66 ]. 

 Glutamate concentrations were also assessed using MR spectroscopy in vivo in 
women with migraine, and showed higher glutamate to glutamine ratios in occipital 
regions in women with migraine during the interictal state. These fi ndings support 
the hypothesis that this increased ratio could arise from neuronal–glial coupling of 
glutamatergic metabolism differences compared with controls or an increased neu-
ron/astrocyte ratio in the occipital cortex in migraine patients [ 67 ]. 

 Glutamate and glutamine are strongly compartmentalized (in neurons for 
 glutamate and in astrocytes for glutamine). The visual cortex is the brain region 
with a higher neuron/astrocyte ratio (the highest neuronal density and the relatively 
lowest density of astrocytes. Elevations in extracellular glutamate or potassium 
above certain thresholds are likely candidates to be the fi nal common steps in the 
multiple distinct processes that can lead to cortically spreading depression. 
Astrocytes play a key role in this phenomenon, by acting as a sink for extracellular 
glutamate and potassium, in addition to generally acting as a buffer for the ionic and 
neurochemical changes that initiate and propagate cortical spreading depression. 

 In parallel to serotonin synthesis, the major route of tryptophan catabolism is the 
kynurenine pathway, which produces neuroactive metabolites. Among these sub-
stances, kynurenic acid has potential neuroprotective action blocking glutamate 
release and glutamatergic neurotransmission. Thus, kynurenines may affect several 
pathogenic events involving glutamate pathogenesis in migraine directly, by acting 
on glutamate receptors and exerting other neuromodulatory effects, and indirectly 
via an altered serotonin metabolism [ 68 ].  
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10.5     Nitric Oxide 

 Nitric oxide (NO) is a labile molecule with only a few seconds half-life, which is 
synthesized by endothelium, neuronal cells, and immune cells by specifi c NO syn-
thases (NOS; endothelia, neuronal and inducible NOS). It is rapidly oxidized by tis-
sue oxygen to the stable end products, nitrate and nitrite; the total concentration of 
both is the best index of overall NO production in the circulation. The most important 
effect of NO is the activation of the soluble guanylate cyclase. This enzyme induces 
the synthesis of cGMP and NO-cGMP pathways in smooth vascular muscles and is 
responsible for vascular dilatation and relaxation. Through these effects, NO is 
involved in the regulation of cerebral vessel tone in the cerebral blood fl ow. 

 Nitrite concentrations in plasma were investigated in patients with migraine and 
CH patients compared with a group of healthy nonheadache controls. Signifi cantly 
higher nitrite concentrations were found in migraine patients, with and without 
aura, and in cluster headache patients, during the remission and cluster phases, 
than in controls, suggesting the involvement of a basal dysfunctioning in the 
  l -arginine- NO   pathway in the peripheral mechanisms, predisposing patients with 
neurovascular headaches to individual attacks [ 69 ]. 

 In another study, basal plasma concentrations of NO metabolite nitrites (mea-
sured spectrophotometrically after the conversion of nitrates to NO 2 -), similar in 
patients and controls, were found to be signifi cantly increased after glyceryl trinitrate 
(GTN) infusion at pain peak in patients and after 45 min in controls, but not after 
120 min, with no differences between groups. These data do not support the presence 
of basal hyperactivity of the  l -arginine-NO pathway in CH patients. The authors 
hypothesized that increased NO production might be of relevance in the mechanisms 
leading to CH attacks, but other factors are likely to render CH patients hyperrespon-
sive to NO, ultimately causing the occurrence of pain and associated features [ 70 ]. 

 It has been demonstrated that increased NO may interact with reactive oxygen 
substances (ROS). Enhanced endothelial NO and superoxide anion release may be 
involved in the induction of migraine through cerebral blood fl ow changes [ 71 ]. 

 Dysfunction of the  l -arginine/NO pathway activation was also investigated in 
migraine and tension type headache. It was demonstrated that the activation of the 
 l -arginine/NO pathway in migraine patients, especially those with aura, increased basal 
and collagen-stimulated production of NO, and cGMP in the platelet cytosol of migraine 
patients, accompanied by a decrease in collagen-induced aggregation, especially in 
patients with aura, compared with controls and this production was further increased 
during attacks [ 72 ]. The increase in NO production in association with a decrease in 
platelet aggregation to collagen was also confi rmed in female migraineurs compared 
with female controls with no headaches. This decrease was most evident at mid-cycle 
in nonmenstrual migraine patients and in the luteal phase in menstrual migraine patients, 
and was more accentuated during migraine attacks in both subgroups. The activation of 
the  l -arginine/NO pathway was more accentuated in the luteal phase in menstrual 
migraine patients, and this could be responsible for the increased susceptibility to 
migraine attacks during perimenstrual and menstrual periods in these patients [ 73 ]. 
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 In patients with chronic daily headache (CDH) evolving from a previous episodic 
migraine and in patients with CTTH a signifi cant reduction in platelet collagen 
aggregation was coupled with increased NO and cGMP production and a signifi cant 
increase in cytosolic Ca(2+) concentration, which was more evident in patients with 
analgesic abuse compared with healthy control individuals. This was accompanied 
by a reduced platelet content and collagen-induced secretion of serotonin, and in 
patients with tension-type headache by increased glutamate content [ 74 ]. 

 Based on the above fi ndings, antagonizing NO production or the blockade of steps 
in the NO-cGMP pathway, or scavenging of NO have been proposed to be potential 
targets in the treatment of primary headaches for new drugs in treating migraine and 
other headaches. Nonselective NOS inhibitors are likely to have side effects, whereas 
the selective compounds, nNOS and i-NOS inhibitors, are now under investigation. 
Antagonizing the rate-limiting cofactor tetrahydrobiopterin could be another very 
likely new treatment. It is more unlikely that the antagonism of cGMP or its formation 
will also be feasible, but augmenting its breakdown via phosphodiesterase activation 
is a possibility, in addition to other ways of inhibiting the NO-cGMP pathway.  

10.6     Neurotrophins 

 The involvement of nerve growth factor (NGF) in peripheral nociception clearly 
emerged from the evidence in experimental pain models of upregulation and increased 
delivery of this neurotrophin. Overexpression of the high affi nity tyrosine kinase A 
(TrkA) receptors by nociceptive terminals was also observed and accompanied by 
enhanced SP and CGRP release [ 75 ]. The role of NGF as a peripheral pain mediator is 
further suggested by the effectiveness of NGF neutralizing molecules as analgesic 
agents in many models of persistent pain; these molecules have also been evaluated in 
exploratory clinical trials. A further mechanism mediated by NGF in experimental 
models of hyperalgesia is the enhancement of N-methyl- d - aspartate   (NMDA)-
evoked responses through the induction of brain-derived neurotrophic factor (BDNF) 
synthesis by TrkA-positive sensory neurons and its interaction with Trk-B receptors. 

 Experimental data also suggest that NGF might activate mast cells through the 
collaborative interaction with lysophosphatidyl serine expressed on membranes of 
activated platelets. This could be of relevance for the neurogenic infl ammation 
mechanisms, assumed to constitute an experimental model of acute migraine attack, 
where the occurrence of activated platelets has been demonstrated. 

 All these fi ndings strongly suggest the potential implication of both NGF and 
BDNF maintaining chronic pain states in humans, including headache. 

 Higher concentrations of BDNF were also demonstrated on the periphery in 
patients affected by neurovascular primary headaches. In one report, patients with all 
primary headaches showed signifi cantly decreased platelet concentrations of BDNF, 
but a selective reduction of platelet NGF was found only in migraineurs and not in CH 
patients. No changes were observed in the plasma concentrations of either of the neu-
rotrophins in the two patient groups compared with controls. These fi ndings further 
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suggested the potential involvement of BDNF and NGF in the pathophysiology of 
both headache disorders, and raised the possibility that it might be helpful in differen-
tiating migraine biologically from CH [ 76 ]. 

 Tumor necrosis factor (TNF)-alpha, sTNF-R1, sTNF-R2 receptors were also 
determined in a further study aimed at verifying changes in BDNF serum concentra-
tions in migraine patients assessed during migraine attacks. BDNF was increased 
during a migraine attack, whereas there was no signifi cant difference in the serum 
concentrations of TNF-alpha, sTNF-R1, and sTNF-R2 between attacks and head-
ache-free periods. This report therefore reinforces the hypothesis of the involvement 
of BDNF in migraine pathophysiology [ 77 ]. 

 Further studies have been performed to assess NGF and BDNF in the CSF of patients 
with chronic headache. Signifi cantly higher concentrations of NGF were demonstrated in 
the CSF of patients with CDH, with no differences between patients with and those without 
analgesic abuse [ 78 ]. Similar fi ndings were found in a subsequent study revealing higher 
concentrations of both neurotrophins in the CSF of both CM and fi bromyalgia patients. 
Values of BDNF and those of NGF correlated positively with those of glutamate [ 79 ]. 

 In the spinal cord after the stimulation of primary sensory neurons various sub-
strates are released from the central terminals, such as ATP or BDNF. ATP is able to 
infl uence the activity of the microglia, which causes the release of BDNF from the 
microglia through the activation of the P2X4 receptors. BDNF activates the TrkB 
receptors, which results in the downregulation of the K + -Cl - -contransporter of the 
second-order neurons, which convey information to the thalamus. This process is 
associated with the development of allodynia. 

 Experimental fi ndings demonstrated that somatostatin (SOM) is a regulatory 
peptide in both the central and peripheral nervous systems. In humans, SOM is used 
to treat opioid-resistant pain. In animal models, SOM and its stable analog octreo-
tide (OCT) have analgesic effects and SOM released from sensory neurone periph-
eral endings exerts anti-infl ammatory actions. Activity-induced release of 
endogenous SOM can be modulated by the trophic factor glial-cell-line-derived 
neurotrophic factor (GDNF). 

    Table 10.2    Biochemical alterations in different migraine types   

 Substances  Reference  Migraine type  Sample  Alteration 

 Orexin-A  [ 109 ]  Chronic migraine  CSF  Increased 
 Adiponectin  [ 112 ]  Migraine  Plasma  Increased (ictal) 

 Decreased (interictal) 
 Leptin  [ 121 ]  Episodic migraine  Plasma  Decreased (interictal) 
 GABA  [ 126 ]  Chronic migraine with 

depression 
 CSF  Decreased 

 Substance P  [ 132 ]  Chronic migraine  Saliva  Increased 
 Plasma  Increased 

 Endothelin-1  [ 139 ]  Migraine with and 
without aura 

 Plasma  Increased (6 h after the onset 
of the attack) 

   GABA  gamma-aminobutyric acid  
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 Glial-cell-line-derived neurotrophic factor and SOM were measured in the CSF 
of CM and fi bromyalgia patients both with and without analgesic abuse and control 
subjects. Signifi cantly lower concentrations of GDNF and SOM were found in the 
CSF of both CM and fi bromyalgia patients compared with controls, with no signifi -
cant differences between those with analgesic overuse and those without. The abuse 
of simple or combination analgesics does not seem to infl uence the biochemical 
changes investigated, which appear to be more strictly related to the chronic pain 
state [ 80 ] (Table  10.2 ).

10.7        Neurometabolic Systems 

10.7.1     Hypothalamic Orexinergic System 

 The hypothalamus has been involved in several headache disorders, including 
migraine. Its role in migraine has initially been suggested owing to the observations 
of premonitory symptoms in migraineurs, such as changes in thirst, food cravings, 
and mood and sleep disturbances. More recently, functional imaging showed hypo-
thalamic activation during acute migraine attacks [ 81 ]. 

 It has also been demonstrated that several hypothalamic peptides, proteins, and 
neurotransmitters involved in feeding are also involved in migraine  pathophysiology. 
Among them orexin, adiponectin, and leptin should be mentioned. 

 Specifi cally, orexin (OX) A- and OXB-containing neurons are primarily located 
in the lateral hypothalamus. They project to the cortex, thalamus, hypothalamus, 
brainstem (including the locus coeruleus and the raphe nucleus), in addition to the 
gastrointestinal tract. Orexins interact with 2G-protein coupled receptors, OXR1 
and OXR2, which have been shown to contribute to regulate food intake. Further 
evidence suggests that orexin might also modulate adipose tissue metabolism by 
inhibiting lipolysis. 

 The hypothalamic orexinergic system may act as a key regulator of involvement 
in the modulation of trigeminovascular activation and processing and may therefore 
be involved in the pathophysiology of a variety of primary headaches, including 
cluster headaches and chronic migraine [ 82 ]. 

 Based on the above evidence, OXA and corticotropin-releasing factor (CRF) 
were determined in the CSF of CM patients without analgesic abuse and in that of 
MOH patients. Signifi cantly higher concentrations of both OXA and CRF were 
found in the CSF of MOH and to a lesser extent in patients with CM without anal-
gesic abuse compared with controls. A signifi cant positive correlation was also 
found between CSF OXA and CRF values, monthly drug intake group, and scores 
of a self- completion ten-item instrument to measure dependence upon a variety of 
substances, the Leeds Dependence Questionnaire (LDQ) in the MOH patient group. 
The signifi cantly higher OXA concentrations found in CM, mainly in MOH, can be 
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interpreted as a compensatory response to chronic head pain or, alternatively, as an 
expression of hypothalamic response to stress due to chronic pain. A potential role 
for orexin-A in driving drug-seeking in MOH patients through the activation of 
stress pathways in the brain can also be hypothesized [ 83 ]. 

 Changes in the concentrations of hypothalamic neuropeptides in migraineurs 
under preventive treatment with amitriptyline and fl unarizine were assessed in 
another study. Thirty-nine migraine patients with a body mass index <25 kg/m 2  and 
with no endocrinological or metabolic diseases were assigned to receive amitripty-
line, or fl unarizine, for 3 months. Orexin-A and orexin-B concentrations were sig-
nifi cantly reduced in both groups. Conversely, plasma neuropeptide-Y 
concentrations were markedly increased, with the highest concentrations at the 
second and third months, in both patient groups. Correlation of orexin-A concen-
trations with weight gain suggest their involvement in body weight increase occur-
ring in migraineurs during amitriptyline or fl unarizine prophylactic treatment [ 84 ].  

10.7.2     Adipokines 

 Adiponectin (ADP) is a protein primarily secreted from adipocytes, and its recep-
tors are expressed in the brain (particularly in the proopiomelanocortin [POMC] 
and neuropeptide Y [NPY] neurons of the hypothalamus), the blood vessel endothe-
lium, in addition to liver and muscle. 

 As far as migraine is concerned, a pattern similar to that observed with serotonin 
has been hypothesized in migraineurs, with low concentrations of ADP interictally 
and increased concentrations during acute attacks. ADP concentrations appeared to 
be raised in migraine and this increase was independent of psychiatric comorbidi-
ties, migraine severity and allodynia [ 85 ]. 

 Conversely, in a pilot study of female episodic migraineurs, the high molecular 
weight (HMW]):low molecular weight (LMW) ADP ratio concentration was asso-
ciated with migraine severity and was predictive of acute treatment response to 
sumatriptan. In responder patients, the HMW:LMW ratio concentration was in fact 
greater at pain onset compared with nonresponders. Responders also showed a 
decrease in the HMW:LMW ratio at 60 and 120 min after treatment compared with 
onset. These changes in responders remained signifi cant after adjusting for covari-
ates, including measured body mass index (m-BMI). Although nonresponders 
showed no signifi cant changes in unadjusted T-ADP or ADP oligomer or ratio con-
centrations, the HMW:LMW ratio appeared to be increased in nonresponders after 
adjustments [ 86 ]. ADP and the HMW:LMW ratio of ADP were therefore suggested 
to be potential novel biomarkers and drug targets for episodic migraine. 

 In the recent Atherosclerosis Risk in Communities Study, the prevalence of 
migraine was signifi cantly associated with total adiponectin only in older men, but 
not in older women [ 87 ].  
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10.7.3     Leptin 

 Leptin is an adipocytokine involved in appetite suppression and the modulation of 
infl ammatory processes. It is primarily produced by adipocytes such as adiponectin 
and leptin, but can also be produced by several other tissues, including the brain. 
Interestingly, leptin receptors are abundantly expressed in the arcuate nucleus 
(ARC) and dorsomedial nucleus (DM) hypothalamus. Leptin has also been shown 
to modulate infl ammation. 

 In the fi rst study leptin concentrations in migraineurs were determined in serum 
pre- and post-treatment in two small groups of patients treated with amitriptyline or 
fl unarizine. Body mass index (BMI) and serum leptin concentrations were found to 
be increased at 4 and 12 weeks post-treatment with both preventive drugs compared 
with baseline concentrations. It would not be possible to discriminate from the 
above results if the changes in leptin concentrations were entirely due to weight 
gain or a therapeutic response [ 88 ]. 

 In more recent research, Guldiken et al. [ 89 ] assessed interictal serum leptin con-
centrations in migraineurs compared with age- and gender-matched controls. Lower 
leptin concentrations and lower fat mass were found in episodic migraineurs. 
However, there was no signifi cant difference in leptin concentrations between the 
groups after adjusting for fat mass. 

 No conclusive results can be drawn from the above research on leptin. Further 
research is therefore needed evaluating serum leptin concentrations in migraineurs 
that should take into account disease duration, sex hormones, and the phase of the 
menstrual cycle in women.  

10.7.4     Neuropeptide Y 

 Neuropeptide Y is widely distributed throughout sympathetic nerve endings where 
it is costored and cosecreted with noradrenaline. It is considered a marker of norad-
renergic function. NPY participates in the autonomic control of cerebral circulation 
and can be involved in disorders characterized by neurogenically mediated changes 
in the cerebral blood fl ow, such as migraine, cluster headache, and stroke. 

 Studies on this marker are dated. Signifi cantly lower plasma concentrations of 
NPY in young MwA patients and, to a lesser extent, those with MwoA were found 
in the interictal period, compared with a control group. Plasma NPY concentrations 
tended to increase signifi cantly during migraine attacks, particularly in patients with 
MwA. No signifi cant variations were observed between headache-free periods and 
attacks in tension-type headache patients. 

 Reduced NPY concentrations in the interictal period have been interpreted as 
evidence of the derangement of the sympathetic function in the course of migraine 
(especially MwA), whereas the increase in NPY concentrations during migraine 
attacks was suggested to be an expression of sympathetic activation, even though 
this system is less functionally effi cient [ 90 ]. 
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 These results denied an increased sympathetic tone in migraine patients with 
either migraine or subarachnoid hemorrhage (SAH), and suggested that the higher 
CSF NPY might originate centrally. Findings in subarachnoid hemorrhage patients 
argue in favor of a decreased sympathetic tone, which could represent a homeostatic 
response counterbalancing vasoconstriction mediated by other mechanisms [ 91 ].  

10.7.5      Gamma-Amino Butyric Acid 

 Gamma-amino butyric acid (GABA) is the major inhibitory neurotransmitter in 
the CNS where it plays an important role in pain modulation. The most effective 
drugs for migraine prevention, valproate and topiramate, exert a potent 
GABAergic agonism. Direct evidence of the role of GABA in migraine is scarce. 
A dated research reported that this neurotransmitter could be detected during 
attacks only in migraineurs, but not in TTH patients, suggesting an increase in 
this inhibitory neurotransmitter in the brain of migraine patients ictally aimed at 
antagonizing pain [ 92 ]. 

 The GABA concentrations were also measured in the CSF of CM patients, and 
only those with comorbid depression showed signifi cantly lower concentrations of 
this inhibitory neurotransmitter with no difference when comparing patients with 
controls supporting the possibility that a GABA defi ciency might underlie mecha-
nisms of depression in CM and that preventive therapies modulating GABA neuro-
transmission might be useful in this condition [ 93 ]. 

 More recently, GABA concentrations were measured using magnetic resonance 
spectroscopy (MRS), in migraine patients. They did not differ signifi cantly in 
migraineurs and controls during attacks and interictally. GABA concentrations, how-
ever, did vary signifi cantly as a function of severe headache attacks and of attack-related 
disability, further suggesting the role of GABA in suppressing headache attacks [ 94 ]. 

 Despite the potential role of the GABAergic system in migraine, no association 
was found between common variants of the GABA A receptor and migraine, deny-
ing their major contribution to migraine susceptibility [ 95 ].   

10.8     Substance P 

 The neuropeptide substance P (SP) is widely distributed in both the central and the 
peripheral nervous system. In the trigeminal system, SP, present in sensory afferent 
neurons, mediates vasodilation and nociceptive information. 

 Experimental fi ndings demonstrated that stimulation of the trigeminal ganglion in 
cats and humans elicits release of SP and CGRP. Immunoreactivity of SP was found 
to be increased in the saliva of migraine and cluster headache patients during attacks. 
This increase was accompanied by a rise in CGRP in both migraine and cluster head-
ache patients, and also VIP, but only in cluster headache patients [ 96 ]. A further study 
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reported signifi cantly higher concentrations of SP, together with those of CGRP and 
NGF in the plasma and saliva of patients with CM compared with control subjects. 
Plasma concentrations of SP and CGRP correlated signifi cantly with their concentra-
tions in saliva. There was a signifi cant positive correlation between NGF and both 
neuropeptide concentrations in plasma, and between the neuropeptide concentrations 
in both plasma and saliva. NGF and both neuropeptides were highly associated with 
pain intensity [ 97 ]. 

 A central sensitization has been advocated to explain chronic daily headache due 
to sustained trigeminovascular system activation. Glutamate-NO-cGMP-mediated 
mechanisms and increased release of sensory neuropeptides have been shown to 
play an important role in the maintenance of chronic head pain. In particular, among 
sensory neuropeptides from the trigeminal system, SP, CGRP, and, to a lesser extent, 
neurokinin A, appeared to be signifi cantly increased in the CSF of CDH patients. 

 Substance P and somatostatin-like immunoreactivity in addition to enkephalinase 
activity have also been evaluated in a dated study in the CSF during spontaneous and 
histamine-induced attacks in cluster headache patients in the active phase. During the 
histamine-provoked attacks, CSF and plasma somatostatin and enkephalinase activity 
were unchanged, while plasma SP decreased signifi cantly. During spontaneous 
attacks, a signifi cant lowering of SP without changes in somatostatin was found in 
plasma compared with controls. Notably, both during and between attacks in the clus-
ter phase, plasma enkephalinase activity was increased in comparison with the values 
in controls and this could explain the reduced concentrations of SP detected [ 98 ]. 

 In a further study, SP and 5-HT concentrations were determined in platelets of 
migraine and TTH patients. SP concentration was signifi cantly higher, whereas 
5-HT concentration was signifi cantly lower in both patient groups compared with 
controls. Furthermore, there was signifi cant negative correlation between the con-
centrations of platelet SP and those of platelet 5-HT. These fi ndings may refl ect 
similar changes in monoaminergic pathways involved in trigeminal pain processing 
in both types of primary headache [ 99 ].  

10.9     Endothelins 

 Endothelin-1 (EDN-1), encoded by the EDN1 gene on chromosome 6p24, is one of 
the most potent vasoconstrictors in humans, but also exerts neuronal effects. EDN-1 
is in fact able to induce cortical spreading depression (CSD) in animal models and its 
involvement in migraine is demonstrated by increased concentrations during attacks 
[ 100 ]. In preclinical studies expression of ET(A) and ET(B) receptor mRNA was 
detected in human cerebral arteries with different effects: endothelin A receptor ago-
nism mediates strong vasoconstriction, whereas agonism to ET (B) receptor deter-
mines  concentration-dependent vasodilation. In one study, EDN-1 ictal values were 
markedly elevated at the beginning of the migraine crisis (<2 h) and declined to 
interictal or even lower concentrations later (4–6 h) in the course of an attack. The 
local vasoconstriction at the beginning of a migraine attack was interpreted to be 
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EDN-1- mediated secondary to serotonin activation [ 101 ]. Vasopressin, which is 
known to induce EDN-1 synthesis in endothelial cells, seems to play a role as a 
mediator of elevated plasma EDN-1 in migraine, as suggested by the fi nding of 
increased vasopressin concentrations 3 h after the attack onset, preceding an EDN-1 
increase at 6 h [ 102 ]. In contrast to the above results, only one study reported 
decreased concentrations of plasma EDN-1 during migraine attacks compared with 
interictal conditions, which returned to basal values after pain relief [ 103 ]. In a more 
recent study, EDN-1 appeared to correlate with the duration of migraine, systolic and 
diastolic blood pressure, carotid artery intima media thickness, and impaired endo-
thelial vasoreactivity. An increase in EDN-1 was indicated to be an expression of 
endothelial injury in migraineurs, independent of attacks and associated with vascu-
lar risk factors [ 104 ].  

10.10     Hormonal Alterations in Primary Headaches 

 In primary headache disorders, contributions are made to the premorbid state by 
genetic and epigenetic factors. Hormonal fl uctuations alter the triggering of the 
migraine attack. Estrogen has mainly an excitatory effect, while progesterone has an 
inhibitory effect in the CNS. The progesterone concentration is decreased in the 
premenstrual phase and its withdrawal could cause cortical hyperexcitability. CSD 
is a propagating transient negative direct potential shift, which occurs in the aura 
phase of MwA. CSD is infl uenced by estrogen [ 105 ]. Estrogen receptors, which are 
expressed by the microglia, become activated during CSD, with the consequence of 
the release of cytokines [ 106 ]. In the migraine-related structures (e.g., hypothala-
mus, periaqueductal gray), estrogen has been revealed. Neuronal hyperexcitability 
during the menstrual cycle is modulated by the brain-derived neurotrophic factor, 
which is induced by estrogen and is decreased by progesterone. It is supposed that 
degranulation of the dural mast cells could activate the perivascular nerve fi bers. 
The mast cells synthesize gonadotropin-releasing hormone, which can modulate the 
neuronal activity [ 105 ]. 

10.10.1     Migraine 

 The prevalence of migraine changes with age. Migraine occurs in 3–10 % of prepu-
bertal children (puberty begins at 8–14 years in girls and 9–15 years in boys), and the 
rates are similar among boys and girls. In the postpubertal period, the hypothalamus 
resets its neurohormonal systems [ 107 ]. Migraine affects close to three times as many 
adult women (15–17 %) as adult men (6 %), and the prevalence of migraine decreases 
in postmenopausal women. Alterations in the hormonal milieu of the reproductive 
cycles of women are associated with the frequency of migraine headache. The pat-
terns of migraine correlate with menarche, pregnancy, lactation, and the menopause.  
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10.10.2     Tension-Type Headache 

 A literature review has indicated that TTH is triggered by the menses. Population 
studies have revealed that 12.7 % of women have menstrual TTH, but pregnancy, 
the clinical features of TTH may improve. TTH remains unchanged or worsens in 
70 % of postmenopausal women. A connection between the hormonal fl uctuation 
and the pathomechanism of TTH is currently lacking [ 108 ].  

10.10.3     Cluster Headache 

 No strong link has been detected between CH and hormones, nor is there any asso-
ciation between CH and menarche, menstruation, hormonal contraceptive use or 
menopause. In spite of this, data exist that point to the remission of CH during preg-
nancy, with a relapse several days after delivery and a worsening in the perimeno-
pausal period. The results of clinical studies revealed no relationship between 
menstruation and CH or between the use of hormonal contraceptives and CH [ 108 ].   

10.11     Immunological Findings in Primary Headaches 

10.11.1     Migraine 

 Among the mechanisms thought to intervene in migraine pathophysiology the 
involvement of allergic factors has been hypothesized for many years [ 109 ]. High 
comorbidity between migraine and atopic diseases such as eczema and asthma has 
been shown in dated studies, whereas the role of dietary factors as triggers of 
migraine via immunological mechanisms has been criticized over the years [ 110 ]. 

 Evidence for the involvement of the immune system in migraine comes from 
fi ndings of changes of serum concentrations in complement and immunoglobulins, 
histamine, and immune cells in migraine patients, without clarifi cation of the mech-
anisms involved [ 111 ]. 

 Research into cytokines in patients with migraine has demonstrated fl uctuations of 
cytokine concentrations in migraine. The involvement of proinfl ammatory cytokines in 
migraine attacks is emphasized in a study showing a trend toward an increase in plasma 
concentrations of TNF-α in children with migraine compared with controls. In the same 
study, TNF-α and IL-1 α, in addition to sTNF-RI concentrations, were signifi cantly 
higher in MwA than in MwoA [ 107 ]. Prophylactic drugs seemed to reduce all proinfl am-
matory cytokine concentrations with no signifi cant differences from each other [ 112 ]. 

 More recent research concerning the distribution of undetectable and detectable 
anti-infl ammatory cytokines in children and adolescents with migraine or TTH did 

P. Sarchielli et al.



205

not demonstrate differences among the two groups and age-matched control sub-
jects [ 113 ]. 

 Chronic migraine with MOH is also characterized by alterations of some immune 
parameters compared with episodic migraine patients indicating an infl ammatory 
state, as in other chronic pain conditions, especially with comorbid depression 
[ 114 ]. They include changes in white blood cell and total lymphocyte count and 
number and percentages of some lymphocyte subsets, such as CD4, CD19, CD8, 
and CD3 [ 115 ,  116 ]. These changes are accompanied by a reduction in beta- 
endorphin lymphocyte concentrations, according to previous fi ndings in migraine 
and tension- type headache. 

 The assessment of cytokine concentrations in the cerebrospinal fl uid of headache 
patients assessed during attacks showed signifi cant group differences in IL-1ra, 
transforming growth factor-beta (TGF)-β1, and monocyte chemoattractant protein 
(MCP)-1 in episodic TTH and migraine compared with controls, and a signifi cant 
difference in MCP-1 between cervicogenic headache and MwA. Intrathecal MCP-1 
appeared to correlate with IL-1ra, IL-10, and TGF- β 1 in episodic TTH, and MCP-1 
with IL-10 in MwA patients. Cytokine changes are modest compared with those 
found in other serious neurological conditions, and have been interpreted as being a 
mild response to pain [ 117 ]. 

 More information on the involvement of immune cells in migraine is derived 
from research into meningeal sterile infl ammation. Sterile infl ammation is believed 
to play a role in the persistent activation of meningeal trigeminal nociceptors and 
related blood vessels underlying migraine attack precipitation and maintenance. 

 Mast cells surrounding dural nociceptors are activated in the course of sterile 
meningeal infl ammation. Activated mast cells degranulate and release several pro-
infl ammatory mediators such as histamine and proinfl ammatory cytokines, which 
contribute to sustained trigeminal nociceptor activation. Among proinfl ammatory 
mediators, tumor necrosis factor (TNF)-α, in particular, is thought to intervene in 
the sensitization of meningeal nociceptors and the induction of intracranial throb-
bing pain through a complex meningeal immunovascular mechanism implicating 
activation of the TNF receptor (TNFR) 1 and 2 on both vascular and immune cells, 
in addition to downstream activation of meningeal NOS, COX-1, and COX-2, and 
phosphorylation of MAP kinase p38 in vascular cells. IL-1β, but not IL-6, also pro-
motes the activation and increased mechanosensitivity of intracranial meningeal 
nociceptors. 

 Other mediators potentially implicated in promoting the persistent activation of 
meningeal nociceptors after CSD might be vasoconstricting mediators released dur-
ing the prolonged reduction in CBF that follows CSD [ 118 ]. One potential factor in 
this regard is the arachidonic acid-derived 20-hydroxyeicosatetraenoic acid (20- 
HETE), because of its ability to activate the ion-channel TRPV1 on nociceptors. 

 The involvement of TNF-α in trigeminovascular activation is supported by its tran-
sient increase together with that of soluble intercellular adhesion molecule (ICAM)-1 in 
the internal jugular blood of MwoA patients assessed ictally. The increase in TNF-α 
can be induced by sensory neuropeptides, mainly CGRP released from activated tri-
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geminal endings. sICAM-1 concentrations then progressively decrease and the very 
late activation antigen (VLA)-1 expression by lymphocytes is downregulated during 
migraine attacks. This could antagonize their transvascular migration in the brain, to 
further support the hypothesis of “sterile” infl ammation in the dura mater [ 119 ]. 

 A further fi nding in the jugular venous blood of MwoA patients is the transient 
increase in the concentrations of the neutrophil chemotactic chemokine IL-8, but not 
the monocyte chemotactic chemokine MCP-1 or the lymphocyte chemotactic che-
mokine RANTES during attacks, consistent with the increase in CGRP. Experimental 
evidence demonstrated a CGRP-induced activation of IL-8 gene expression, but not 
RANTES and MCP-1, via transcriptional factor AP-2 transduction in response to 
cyclic adenosine monophosphate in sensory neurons involved in infl ammatory pain 
models. Although IL-8 is transiently increased during migraine attacks, it is unlikely 
to be due to an accumulation of leukocytes secondary to neurogenic infl ammation, 
as it is for other neuroinfl ammatory conditions affecting CNS [ 120 ]. 

 Several preclinical and clinical data suggest the putative role of matrix metallo-
proteinases in migraine. These proteolytic enzymes involved in the remodeling of the 
majority of protein components of the extracellular matrix may alter the composition 
and function of the blood–brain barrier and promote a local infl ammatory process 
with accumulation of infl ammatory mediators capable of discharging and sensitizing 
meningeal nociceptors. In experimental models, they are upregulated by CSD [ 121 ].  

10.11.2     Tension-Type Headache 

 Few studies have been performed in TTH patients, suggesting dysfunction of the 
immune system in patients, mainly in the chronic form (CTTH). 

 Decreased serum concentrations of IL-2 were found in patients with CTTH and in 
those with CM compared with controls. Decreased serum IL-2 concentrations have 
been interpreted to be a refl ection of the reduction in 5-HT or catecholamine concentra-
tions in CNS [ 122 ]. Conversely, concentrations of interleukin (IL)-1β were signifi cantly 
elevated in participants diagnosed with CTTH compared with healthy controls, while 
IL-18 concentrations were found to be signifi cantly elevated in men with CTTH [ 123 ]. 

 In a recent study, children with CTTH showed lower IgA concentrations, but not 
lower cortisol concentrations. A signifi cant negative association between the num-
ber of years with headache and IgA concentration was found [ 124 ].  

10.11.3     Cluster Headache 

 Some evidence suggests the involvement of an infl ammatory process in CH. Reduced 
activity of the NK cells and an increase in lymphokine-activated killer (LAK) gen-
eration has been shown in patients with CH compared with controls [ 125 ,  126 ]. 
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Impairment of the cytolytic and proliferative responsiveness of peripheral blood 
mononuclear cells to IL-2 was also found [ 127 ]. 

 Further fi ndings in cluster headache patients concern the increase in the number 
of monocyte and NK cell populations (despite the reduced activity of these cells), 
alterations in NK+, CD3+, and CD4+ concentrations found in the cluster period, 
probably pain- or stress-related, reduced activity of Gi proteins, and a marked 
downregulation of Gi α mRNA [ 128 ,  129 ]. An increase in IL-1 β concentrations in 
CH patients between attacks has been shown compared with controls. IL-1 β was 
further increased during the ictal phase of CH compared with patients between 
attacks and normal individuals [ 130 ]. These data were contradicted by a more 
recent study on systemic changes in the IL-1 or IL-6 systems in CH patients [ 130 ]. 
In the same study, elevated soluble IL-2 receptors indicative of T cell activation 
were also found in cluster headache patients assessed during attacks. It has been 
hypothesized that IL-2 might be involved in the activation of the hypothalamus by 
stimulating CRF release.  

10.11.4     Other Primary Headaches 

 Elevated TNF alpha concentrations were found in the CSF, but not in the plasma, of 
almost all new daily persistent headache (NDPH) patients assessed; similar concen-
trations were found in CM patients. An infl ammatory status in the CNS has been 
hypothesized in both conditions and is considered one of the causes of refractoriness 
to treatment [ 131 ].   

10.12     Magnesium in Primary Headaches 

 Magnesium (Mg) is an essential element that controls several cellular functions. 
Its physiological roles include control of neuronal activity, cardiac excitability, 
muscular contraction, neuromuscular transmission, vasomotor tone, blood pres-
sure, and peripheral and cerebral blood fl ow. A defi ciency of Mg in migraineurs 
was proposed for the fi rst time by Durlach [ 132 ], who found that migraineurs may 
excrete excessive amounts of Mg owing to stress. More recently, a Mg load test 
study [ 133 ] revealed that migraine patients had greater retention of Mg than 
healthy controls, suggesting its systemic defi ciency. Lower concentrations of Mg 
were found in CSF and were detected by  31 P-magnetic resonance spectroscopy in 
the brain of migraine patients assessed interictally [ 134 ]. Low free Mg in the brain 
was also associated with defi cient energy metabolism in patients with migraine 
and cluster headaches [ 135 ]. 

 Low Mg concentrations have been associated with vasoconstriction, platelet 
aggregation, neurotransmitter release, including SP. Based on the preclinical and 
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clinical evidence, Mg was assessed in the serum, but contrasting results were 
obtained in this regard. In particular, they did not appear to be signifi cantly differ-
ent among episodic (both with and without aura) and chronic migraine patients 
[ 136 ], and in hemiplegic migraine [ 137 ], or conversely to be reduced interictally 
and more consistently ictally [ 138 ]. Interestingly, an inverse correlation between 
increased P100 amplitude and lowered serum Mg concentrations was found in a 
study involving children suffering from migraine with and without aura assessed 
in a headache-free period. Both groups expressed neuronal hyperexcitability of 
the visual pathways related to a lowered threshold for migraine attacks, which 
can be normalized in most patients by treatment with oral magnesium pidolate 
[ 139 ]. 

 Studies on Mg in erythrocytes and lymphocytes are more consistent, all showing 
on average a signifi cant reduction in migraine patients compared with controls or 
TTH patients with no signifi cant variations between ictal and interictal concentra-
tions [ 140 ,  141 ]. It has been hypothesized that this reduction might be due to abnor-
mal regulation of intracellular Mg that can refl ect at the peripheral concentration 
changes observed in the brain of a migraineur. Red blood Mg defi ciency may also 
explain premenstrual syndrome including migraine. 

 Serum ionized magnesium (IMg2+) was also measured by an ion-selective elec-
trode for Mg2+ in patients with various headache syndromes. Low serum IMg2+ 
and a high ICa2+/IMg2+ ratio were found in 42 % of migraine patients assessed 
with attacks, but in only 23 % of patients with other severe, continuous headaches. 
Conversely, total serum Mg was normal in all patients [ 142 ]. In another study, 
30.8 % of chronic migraine patients had low serum ionized but not total Mg concen-
trations, and 61.5 % had high ionized Ca/Mg ratios. Proportions for chronic tension-
type headache patients were 4.5 and 36.4 % respectively. A high incidence of IMg2+ 
defi ciency and elevated ICa2+/IMg2+ ratio has also been demonstrated during 
 menstrual attacks (45 %), confi rming previous suggestions of the involvement of 
Mg defi ciency in its development [ 143 ]. 

 Taking into account the above results, some Mg formulations have been used for 
prophylactic treatment (magnesium pidolate, trimagnesium dicitrate, magnesium 
oxide) and for the treatment of acute headaches (magnesium sulfate). 

 Two double-blind, randomized, placebo-controlled trials have shown the thera-
peutic effi cacy of Mg supplementation in migraine patients, one involving women 
with menstrual migraine treated with two cycles of Mg or placebo taken daily from 
ovulation to the fi rst day of fl ow [ 144 ,  145 ]. A third trial using a different Mg salt 
showed no effect of oral Mg on migraine [ 146 ]. 

 In a randomized, double-blind, placebo-controlled study involving children 
and adolescents (aged 3–17 years), the administration of magnesium oxide 
induced a statistically signifi cant trend toward reduction in headache frequency 
[ 147 ]. 
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 Further trials have also shown that intravenous magnesium sulfate is effective in 
the treatment of acute migraine [ 148 ]. Intravenous magnesium sulfate with pro-
chlorperazine was also able to abort a prolonged migrainous aura [ 149 ]. 

 In addition, Mg was found to be effective for the treatment of CH. After i.v. 
administration of magnesium sulfate, 41 % of patients reported meaningful relief 
defi ned as a complete cessation of attacks or relief for more than 3 days [ 150 ]. 

 Based on the promising fi ndings described above, Mg in the sulfate salt formula-
tion can be recommended for migraine and possibly CH attacks. This may be particu-
larly relevant for migraine patients) considering that up to 50 % of patients during 
attacks have low ionized Mg concentrations. Furthermore, Mg in chelated formula-
tions may be recommended for the prophylactic treatment of patients with MwA and 
MwoA. Mg may also be indicated for patients with other headaches, such as TTH, 
with pericranial muscle tenderness, if peripheral Mg defi ciency is demonstrated [ 151 ].  

10.13     Conclusion 

 In this chapter we reviewed the most important aspects of the biochemistry of pri-
mary headaches. The most consistent results have been obtained for migraine 
(Tables  10.1  and  10.2 ). Further investigations are needed to broaden the horizons of 
this topic. The integration of the different fi elds of the pathophysiology of head-
aches could, in future, allow for a signifi cant improvement in the knowledge and the 
management of such a relevant and common ailment.     
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