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Background 

Migraine is ranked number seven in WHO’s list of all diseases causing disability (Jansen-Olesen et al., 2013), 

as it affects about 15% of the population worldwide. A considerable proportion of migraineurs experiences 

headaches every week (or in some cases even almost every day) that are characterized by throbbing, 

pulsating, and often unbearable pain accompanied by autonomic symptoms, like photo- and phonophobia 

(Silberstein et al., 2004).  

Both abortive and preventive drugs are used to treat migraine, spanning from generic non-steroidal anti-

inflammatory drugs (NSAIDs) and anti-convulsant agents (like carbamazepine) to triptans and calcitonin 

gene-related peptide (CGRP) antagonists, which are believed to be more specific for migraine pain 

(Goadsby and Sprenger, 2010; Loder, 2010; Hoffmann and Goadsby, 2012). Nevertheless, currently 

available pharmacological strategies are ineffective in about half of patients, thus highlighting the urgent 

need for the development of new and more effective analgesic approaches. Since most of the currently 

available anti-migraine drugs act on neuronal targets, one possible successful working hypothesis is 

represented by the search for innovative druggable targets by shifting the classical “neuron-centric” view of 

pain in general, and of migraine in particular, with a more integrated approach in which glial cells equal 

neurons in painful networks due to their ability to modulate neuronal firing, so that chronic pain is now 

currently referred to as a “gliopathy” (Ji et al., 2013). 

Migraine is a multifactorial disease with a complex genetic background, indicating that multiple genetic and 

non-genetic factors play a role in common migraine, which has a heritability of about 50% (de Vries et al., 

2009). Although this makes it challenging to identify its genetic and molecular mechanisms, several recent 

studies using genome-wide association approaches yielded several genetic factors that point towards 

dysfunction of neurotransmitter systems and the involvement of the vasculature (Eising et al., 2013). Most 

research into the molecular genetic mechanisms of migraine, however, has been done in Familiar 

Hemiplegic Migraine (FHM), which is a monogenic subtype of migraine with aura with some transient 

hemiparesis during the aura phase. Neurologic deficits with FHM attacks can be prolonged for hours or 

even days and may outlast the associated migrainous headache (Ducros et al., 2001). The severity of FHM, 

in addition to the motor problems of the hemiparesis, comes from the presence of cerebellar ataxia or 

epilepsy that can be present depending upon the specific mutations involved. Three FHM genes (FHM1-3) 

have been identified, all encoding ion transporters (van den Maagdenberg et al., 2007). FHM1 is caused by 

specific missense gain-of-function mutations in the CACNA1A gene, which encodes the pore-forming α1 
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subunit of voltage-gated neuronal CaV2.1 (P/Q-type) calcium channels, which in general cause an over-

activation of the channel at lower membrane potentials (Pietrobon, 2007; van den Maagdenberg et al., 

2007). 

The availability of genetic FHM1 mouse models (van den Maagdenberg et al. 2004; 2010) provides unique 

opportunities to study the molecular and cellular basis of the pathology, which could be translated, at least 

partially, to mechanisms that seem relevant to common migraine as well. The most studied FHM1 mouse 

knock-in model bears the human R192Q mutation, which was introduced by a gene targeting approach into 

the orthologous Cacna1a mouse gene (van den Maagdenberg et al., 2004). In the past 10 years, studies on 

this animal model have allowed scientists, including our research group, to demonstrate that genetic 

alterations of the CaV2.1 channel result in both central and peripheral dysregulation of neurotransmitter 

and neuromodulator release, which translates to the development of a pro-algogenic basal condition in the 

mutant animals (Ceruti et al., 2011). Interestingly, as for the CNS, R192Q mutant mice show a higher 

susceptibility to cortical spreading depression (CSD; a long-lasting wave of neuronal and glial 

hyperpolarization, which is believed to underlie the prodromic aura phase in migraine; Lauritzen, 1994; van 

den Maagdenberg et al., 2004), and a more pronounced activation of thalamic nuclei after electrical painful 

stimulation (Park et al., 2013). The R192Q mutant mice also show behavioral hallmark migraine features, 

namely photophobia and unilateral head pain (Chanda et al., 2013). 

Data published by the laboratory where I currently work show molecular and cellular changes towards a 

basal more inflammatory environment in the trigeminal ganglion (TG) of R192Q mutant mice (Ceruti et al., 

2011), accompanied by modulation of the purinergic system, one of the neurotransmitter systems 

emerging as key player in pain signaling (Magni & Ceruti, 2013). This system encompasses extracellular 

adenine (i.e. ATP and ADP) and uracil nucleotides (i.e. UTP and UDP), which behave as signaling molecules 

through the activation of ligand-operated P2X (the P2X1-7 subtypes; North & Jarvis, 2013) or G protein-

coupled P2Y receptors (the P2Y1,2,4,6,11,12,13,14 subtypes; Abbracchio et al., 2006). Our group has 

demonstrated that ADP-responsive and UTP-sensitive P2Y receptor (P2YR) subtypes expressed by satellite 

glial cells (SGCs) are significantly up-regulated in TG cultures from FHM1 mutant with respect to wild-type 

mice upon exposure to the pro-algogenic agent bradykinin (BK), through the neuronal release of CGRP 

(Ceruti et al., 2011). Moreover, in a model of Complete Freund’s Adjuvant (CFA)-induced trigeminal 

sensitization, we observed a complete inhibition of facial allodynia after administration of the selective 

P2Y2R antagonist AR-C118925. This behavioral effect was accompanied by a total inhibition of SGC 

activation in the TG (Magni et al., 2015). This is the first demonstration of a crucial involvement of the 

P2Y2R in the development and maintenance of inflammatory TG-related pain, and of the analgesic and anti-

allodynic action of the acute administration of a selective P2Y2R antagonist. 

Furthermore, the importance of myelination in migraine pathology has recently emerged. Imaging analysis 

of terminal branches of the trigeminal nerve show signs of disrupted myelin sheet in patients with migraine 

with respect to controls (Guyuron et al., 2014). Moreover, very recent data suggest that CSD transiently 

disrupts the myelin layers (Pusic et al., 2014). Therefore, an altered myelination pattern may lead to higher 

susceptibility to migraine triggers, and targeting the myelination process might prove useful in reducing the 

extent and severity of migraine attacks. The Cacna1a calcium channel affected by FHM1 mutations is 

generally believed to be a neuron-specific protein (Pietrobon, 2013). Thus, the possible dysregulated 

behavior of myelinating cells is likely due to the presence of an altered extracellular environment. It is in 

fact known that neurons bearing the mutated channels have a higher firing rate at lower membrane 

potential (Uchitel et al., 2012), which likely translates into increased neurotransmission in the CNS (Tottene 

et al., 2009), and in the generation of a pro-inflammatory milieu in peripheral ganglia (Ceruti et al., 2011). 

Astrocytes and surrounding glial cells could themselves contribute to the deregulation of the whole 

network by reacting to neuronal signaling and releasing a complex mixture of molecules and mediators. It is 
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possible that reactive astrocytes significantly contribute to the generation of an altered environment in 

FHM1 brain parenchyma, which could in turn modulate myelinating cells (i.e. oligodendrocytes) functions. 

It is in fact well known that astrocytes can release a wide variety of substances and factors either negatively 

or positively controlling OPC differentiation and myelinating ability (Lundgaard et al., 2014). Therefore, the 

role of glial cells (i.e. astroglia and microglia) in myelin composition in this model of genetic migraine is 

another aspect we have deemed as important to investigate, since to date no studies have been performed 

aimed at analyzing glial cell activation in FHM1 mice.  

 

Aims 

The overall aim of the present project is to investigate the role of the purinergic system, and in particular of 

P2Y2R subtype (whose crucial involvement in the development and maintenance of inflammatory TG-

related pain has already been demonstrated, Magni et al., 2015), in the pathogenesis of migraine attacks in 

FHM1 mice, in order to exploit it as innovative analgesic drug target. 

We recently submitted an authorization request to the Italian Ministry of Health (based on the Legislative 

Decree 26/2014) to perform in vivo experiments such as induction of pain paradigms, pharmacological 

treatments and behavioral experiments on FHM1 mice, as proposed in my experimental plan (“Nuove 

strategie terapeutiche per il dolore trigeminale e l’emicrania: studi in vivo e in vitro su ratti e topi”. 

Responsabile: Prof. MP Abbracchio). In the first part of the present project, I have thus focused my 

experimental work on the characterization of tissues from FHM1 mutant mice (as provided us by our 

external collaborators), by evaluating the expression of several glial and myelination markers and of 

selected purinergic receptors.  

 

Methods 

Immunohistochemistry: 3 months old R192Q mice and their wild-type (WT) counterparts were 

intraperitoneally anesthetized with 600 mg/kg chloral hydrate and transcardially perfused with 4% formalin 

fixative. Tissues (i.e. brain, brainstem and trigeminal ganglia) were then excised, postfixed in 4% formalin 

for 1 h, and cryoprotected in 30% sucrose for at least 24 hours. Tissues were embedded in mounting 

medium and cut on a cryostat at 15 µm thickness. Sections were incubated for 45 min in PBS containing 

10% normal goat serum and 0.1% Triton X-100 and then overnight at RT with primary antibodies (see 

Results). Sections were then rinsed with PBS and incubated for 1 h at RT with the AlexaFluor®488- or 

AlexaFluor®555-conjugated secondary antibodies. All antibodies were diluted in PBS containing 0.1% Triton 

X-100 and 5% normal goat serum. Nuclei were labeled with the Hoechst-33258 dye. 

Western blotting: protein lysates were prepared from freshly extracted tissues (i.e. cortex, striatum, 

cerebellum and trigeminal ganglia). Approximately 30 µg aliquots from each protein sample were loaded on 

11% sodium-dodecylsulphate polyacrylamide gels, and blotted onto nitrocellulose membranes. Filters were 

saturated with 10% non-fat dry milk in Tris-buffered saline (TBS) for 1 h at RT, and then incubated overnight 

at 4°C with primary antibodies (see Results). Filters were then washed in TBS-T (TBS plus 0.1% Tween20®), 

incubated for 1 h with secondary antibody conjugated to horseradish peroxidase in 5% non-fat dry milk in 

TBS. Detection of proteins was performed by enhanced chemiluminescence (ECL) and autoradiography. 

Non-specific reactions were evaluated by performing immunoreactions in the presence of the secondary 

antibodies alone. 

Real time PCR: RNA was extracted from freshly extracted tissues (i.e. cortex, striatum, cerebellum and 

trigeminal ganglia) using the TRIzol® reagent. Forward and reverse primers highly specific for the selected 

markers (see Results) were designed and evaluated in silico for specificity, using the BLAST search tool on 

the NCBI website. One-step SYBR Green-based RT-qPCR assay was performed using the qScript™One-Step 
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SYBR® Green kit. GAPDH gene expression was used as internal control. All SYBR-Green real time RT-qPCR 

reactions were conducted in a CFX96 thermocycler machine (BioRad). 

 

Results 

1. Reactive glial cells are detected in the brain and trigeminal ganglion of FHM1 mice 
As a first step, we have investigated the expression levels, both in terms of protein and mRNA, of typical 

glial markers in the brain and in the TG of FHM1 mice compared to WT. In order to verify whether the 

mutation carried by R192Q mice can influence brain astrocytes, we performed an immunostaining for the 

glial fibrillary acidic protein (GFAP), which represents the prototypical marker of astrocytes and of their 

reaction to injury/pathological conditions (Buffo et al., 2010). As evident from representative images shown 

in Figure 1A, a faint GFAP staining was observed in WT brains, with the highest concentration of cells 

detected in the subventricular zone lining lateral ventricles as expected (Boccazzi et al., 2014), and a very 

low staining in the cortex (see inset). Conversely, a marked GFAP immunopositivity, a clear sign of astrocyte 

reactivity, was observed in the slices from FHM1 mice, particularly in the higher cortical layers (see inset). 

Since a quantification of the cell number was quite difficult, we performed densitometric analysis on the 

whole slices, while real time RT-PCR and Western blotting analysis were performed on parallel tissue 

samples. A significant up-regulation of GFAP expression was detected by densitometric analysis (Figure 1B) 

and Western blotting (Figure 1C), while mRNA levels detected by real time PCR resulted to be unchanged 

(not shown), suggesting that the observed reactive gliosis is accompanied by an increased protein 

synthesis.  

In parallel, an increased number of microglial cells expressing the typical marker Iba1 was observed in the 

brain of KI mice compared to WT (26.31 vs 38.89 cells/counted field for WT and KI mice, respectively, 

meaning an increase of 47.8%; data were obtained from one animal for each condition; see representative 

images in Figure 1D). Overall, these data suggest that an altered astrocytic/microglial reactivity is basally 

present in the brains of R192Q animals, probably as a consequence of the increased neuronal excitability. 

Interestingly, signs of reactive glial cells were also observed in the trigeminal ganglion of R192Q animals. As 

shown in Figure 2A (upper row), satellite glial cells (SGCs) showed an increased expression of GFAP protein, 

which for this peculiar type of glial cells represents a marker of sensitization and activation (Magni et al., 

2015). The increased expression of GFAP protein has also been confirmed by Western blotting analysis, as 

shown by densitometric analysis of protein bands in Figure 2B. Moreover, an increased number of 

infiltrating macrophages expressing IB4 protein (109 vs 179 cells/TG for WT and KI mice, respectively; data 

were obtained from one animal for each condition; Figure 2A, lower row), which is known to be a marker of 

activated microglia/macrophages, was observed in parallel.  
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Figure 1: reactive astrocytes are detected in the brain of FHM1 mice, in parallel with an increased 

number of microglial cells. 

A: coronal slices from the brains of WT and R192Q (KI) animals were stained with an anti-GFAP antibody 

(1:600). Representative pictures are shown with magnified details. Pictures clearly show a significantly 

higher staining, meaning increased GFAP production by reactive astrocytes, in the cortex of KI mice. 

B: GFAP immunoreactivity was quantified by densitometric analysis. A digital image of the immunolabeled 

sections was acquired at 10x magnification, and the mean values of pixel intensity were then automatically 

evaluated by using the NIH Image-J software. Histograms show the results obtained in 2 and 3 animals for 

WT and KI group, respectively. The pixel intensity values were expressed as mean±S.E.M. compared to WT 

animals set to 100%. *P<0.05 with respect to WT, Student’s T test. 

C: portions of cortical and striatal tissue were lysed in lysis buffer and prepared for Western blotting 

analysis, as described in Methods. Filters were incubated with an anti-GFAP antibody (1:1,000), while β-

actin (1:1500) was utilized as internal loading control. After ECL and autoradiography, the relative amount 

of protein was evaluated by the ImageJ program, and normalized for the corresponding β-actin. Histograms 

show the optical density of protein bands expressed as mean±S.E.M. with respect to WT animals set to 

100%. Data were obtained from 3 and 4 animals for WT and KI group, respectively. *P<0.05 and **P<0.01 

with respect to WT, Student’s T test. 

D: representative pictures showing Iba1+ cells (indicated by red arrows) in the brain of WT and KI mice. The 

number of Iba1+ microglial cells was counted on sections captured at 20x magnification (see Results). Scale 

bars: 20 µM. 
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Figure 2: reactive SGCs and infiltrating macrophages are detected in the TG of FHM1 mice. 

A: longitudinal slices from the TG of WT and R192Q (KI) animals were stained with anti-GFAP (1:600; red, 

upper row) and anti-IB4 (1:100; green, lower row) antibodies. Pictures show a significantly higher staining in 

the TG of KI mice, meaning increased GFAP production by reactive SGCs (indicated by yellow arrows) and 

increased number of IB4+ infiltrating macrophages. In all pictures nuclei were labeled with the 

Hoechst33258 dye (1:20,000; blue). Scale bars: 50 and 20 µM for GFAP and IB4, respectively. 

B: trigeminal ganglia from WT and KI mice were lysed in lysis buffer and prepared for Western blotting 

analysis, as described in Methods. Filters were incubated with an anti-GFAP antibody (1:1,000), while β-

actin (1:1,500) was utilized as internal loading control. After ECL and autoradiography, the relative amount 

of protein was evaluated by the ImageJ program, and normalized for the corresponding β-actin. Histograms 

show the optical density of protein bands expressed as mean±S.E.M. with respect to WT animals set to 

100%. Data were obtained from 4 and 2 animals for WT and KI group, respectively. *P<0.05 with respect to 

WT, Student’s T test. 

 

 

2. P2YRs expression in the TG of R192Q mice. 
Our already published data show that P2Y2Rs expressed by SGCs are significantly up-regulated in TG 

cultures from FHM1 mutant compared to WT mice upon exposure to the pro-algogenic agent bradykinin 

(BK). This effect is mediated by the neuronal release of calcitonin gene-related peptide (CGRP; Ceruti et al., 

2011). Moreover, we observed a complete inhibition of facial allodynia after administration of the selective 

P2Y2R antagonist AR-C118925 in a rat model of trigeminal sensitization. This behavioral effect was 

accompanied by a total inhibition of SGC activation in the TG (Magni et al., 2015). 

We therefore evaluated the expression of P2Y2R (and of ADP-sensitive P2Y1R subtype as a comparison) in 

the cell populations within the trigeminal ganglion, and its possible modulation by the genetic mutation in 

FHM1 animals. As shown in Figure 3, both receptor subtypes are expressed by SGCs, as demonstrated by 

the co-localization with the typical marker glutamine synthase (GS; right column). As expected, the P2Y1R 

subtype is also expressed by trigeminal neurons, as shown by the co-localization with the neuronal markers 

NeuN (intracellular; Figure 4A) and SNAP25 (membrane; Figure 4B). At variance from our data obtained in 

rats (Magni et al., 2015), but in agreement with literature data on mice, we detected P2Y2 immunostaining 

on neurons as well as on SGCs, as shown by the co-localization with both NeuN (Figure 5A) and SNAP25 

(Figure 5B). No differences in both receptors protein expression were detected between WT and FHM1 
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mice, also concerning results from Western blotting analysis (not shown). Receptors protein expression 

analyses on CNS tissues are currently ongoing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: both P2Y1Rs and P2Y2Rs are expressed by SGCs in the TG of WT and FHM1 mice. 

Immunofluorescence staining showing P2Y1R (A, green) and P2Y2R (B, green) co-localization with the glial 

marker glutamine synthetase (red; see yellow staining in Merged). In all pictures nuclei were labeled with 

the Hoechst33258 dye (blue). Scale bars: 50 µM. 
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Figure 4: P2Y1Rs are expressed by TG neurons of WT and FHM1 mice. 

Immunofluorescence staining showing P2Y1R (green) co-localization with both the nuclear/cytosolic 

neuronal marker NeuN (A, red; see yellow staining in Merged), or the membrane neuronal marker SNAP-25 

(B, red; see yellow staining in Merged). In all pictures nuclei were labeled with the Hoechst33258 dye (blue). 

Scale bars: 50 µM. 
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Figure 5: P2Y2Rs are expressed by TG neurons of WT and FHM1 mice. 

Immunofluorescence staining showing P2Y2R (green) co-localization with both the nuclear/cytosolic 

neuronal marker NeuN (A, red), or the membrane neuronal marker SNAP-25 (B, red see yellow staining 

in Merged). In all pictures nuclei were labeled with the Hoechst33258 dye (blue). Scale bars: 50 µM. 

 

 

3. Alterations in the oligodendrocyte phenotype are observed in the brain of R192Q mice. 
Our group has identified the P2Y-like G protein-coupled receptor GPR17 (activated by both uracil 

nucleotides and cysteinyl leukotrienes; Ciana et al., 2006) as a key regulator of OPC maturation. Specifically, 

activation of GPR17 in oligodendrocyte precursor cells (OPCs) promotes their maturation to 

oligodendrocytes, but the receptor has to be downregulated in a very specific time window to allow for cell 

terminal differentiation and myelin deposition (Fumagalli et al., 2011). Alterations in this tightly regulated 

dynamic lead to aberrant myelination phenotypes (Chen et al., 2009). Therefore, in search of additional 

possible alterations of glial cell functions and of the pattern of myelination in the brain of FHM1 transgenic 

animals, we have deemed it interesting to evaluate the number of cells expressing GPR17. As shown by 

histograms in Figure 6, a significant reduction in the total number of GPR17+ cells/counted field was 

observed in FHM1 with respect to WT mouse brains. When the number of cells in specific brain areas was 

considered, a trend to a reduction was observed in the cortex, but the highest reduction was evident in the 

striatum. As GPR17 receptor expression needs to be down-regulated in pre-oligodendrocytes in order to 

allow for their terminal maturation (Fumagalli et al., 2011), and alterations in the correct timing of its 

expression lead to defective or excessive myelination (Chen et al., 2009), the observed reduction in GPR17+ 

cells might be due to accelerated oligodendrocyte maturation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: a reduced number of GPR17+ cells is observed in the brain of FHM1 mice. 

Three months old WT and R192Q (KI) animals were perfused in 4% paraformaldehyde, and, after 

decapitation, the brains were removed, frozen, and cut on a cryostat. Coronal slices of the brains were 

stained with an home-made antibody against GPR17 (1:20,000). Cell nuclei were counterstained with the 

Hoechst33258 dye (1:20,000). The number of GPR17-positive cells was counted in the whole slice and in 

selected brain areas, i.e., the cortex and the striatum. Representative pictures are shown on the left. 

Histograms show the mean±S.E.M. of GPR17+ cell number/counted field in the different brain areas. 
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Data were obtained by counting 7 slices from 4 independent animals/condition. *P<0.05 with respect to 

WT, Student’s T test. 

 

We next aimed at evaluating the expression of markers of more mature oligodendrocytes, like 2',3'-

cyclic nucleotide-3'-phosphodiesterase (CNPase), and of myelinating cells, like myelin basic protein 

(MBP). A quantitative evaluation of these markers by immunohistochemistry resulted quite difficult, due 

to the high number of positive cells and to their complex morphology (not cortex from WT and R192Q 

animals. Results show a significant up-regulation of both proteins (around +25%) in the brains from 

FHM1 mice under basal conditions (Figure 7). These data further suggest dysregulation of myelination 

processes as a consequence of the neuronal Cav2.1 ion channel mutation expressed by these transgenic 

mice, which might, in turn, participate to their higher brain excitability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: an increased expression of markers of mature oligodendrocytes is observed in the cortex of 

FHM1 mice. 

Cortex portions from WT and KI mice were lysed in lysis buffer and prepared for Western blotting analysis, 

as described above. Filters were and incubated with primary antibodies against CNPase (1:250) or MBP 

(1:500). Alpha-tubulin (1:1500) was utilized as internal control for protein loading. After ECL and 

autoradiography, the relative amount of protein was evaluated by the ImageJ program, normalized for the 

corresponding a-tubulin and expressed as fold over WT. The three MBP bands were analyzed altogether. 

Representative images are shown on the right. Histograms show the optical density of protein bands 

expressed as mean±S.E.M. with respect to WT animals set to 1. Data were obtained from 3 and 4 animals 

for WT and KI group, respectively. *P<0.05 with respect to WT, Student’s T test. 

 

Conclusions and future plans 

Although data need to be confirmed by analyzing more animals, it appears that KI mice bearing the R192Q 

mutation show clear signs of astrogliosis and microgliosis, both in the brain and in the TG. We are currently 

analyzing the brainstem and the cerebellum, to complete the characterization of CNS tissues.  

Concerning the purinergic system, we have shown that the specific genotype of FHM1 animals does not 

translate into basally increased expression of P2YRs (namely, the P2Y2R and the ADP-sensitive P2Y1R 

subtype as a comparison) in the TG. Our further step will be to evaluate their expression and function upon 
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exposure to a specific pain paradigm, and to verify whether their pharmacological manipulation can 

promote analgesic effects. 

It also emerged that FHM1 animals bear a general deficit in the number of GPR17+ OPCs, which seems more 

pronounced in the striatum; in parallel, we observed an increase in proteins related to myelination (i.e. 

CNPase and MBP). These observations are in agreement with each other, since GPR17 expression is down-

regulated when oligodendrocyte differentiation takes place. Studies with additional markers of pre-

oligodendrocytes are needed to verify whether GPR17 down-regulation reflects either a real reduction in 

the overall number of OPCs in FHM1 mice or rather their increased terminal differentiation.  

In conclusion, both purinergic receptors on glial cells and myelination pathways represent interesting 

targets to be pharmacologically modulated and exploited as innovative “druggable” targets to treat 

migraine in its different features.  
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