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bone around the middle meningeal artery, while ensuring that the
dura mater was kept intact. A small bank was built around the
burr hole using carboxylate cement (Durelon®; ESPE, Norristown,

PA) to prevent the spreading of the tracer. A retrograde axonal”

tracer, True Blue (trans-1, 2-bis (5-amidino-2-benzofuranyl) ethyl-
ene-2 HCl; Molecular Probes, Eugene, OR) crystal (0.5 mg), was
applied to the dura mater. After the application of the tracer, the
application site was covered with carboxylate cement.

Two weeks after the tracer application, the animals were
reanesthetized using an intraperitoneal injection of pentobar-
bital and perfused as described above. The following structures
were dissected out from both sides: TG, DRG (C,), SPG, OTG and
SCG. All specimens were processed for the preparation of
cryostat sections, as described above. Sections were double
labeled using a rabbit anti-TRPV1 receptor antibody and guinea
pig anti-CGRP antibody. Secondary antibodies conjugated with
FITC and Cy 3 were used to distinguish the immunolabeling
from the labeling with True Blue.

To calculate the ratio of tracer-accumulated neurons, we
counted the total number of TG neurons and the number of
tracer-accumulated neurons in sections cut consecutively
from the top to the bottom; cells were counted when their
nuclei were visible. Two animals were used for the analysis.

To perform a quantitative analysis of the tracer experi-

ment, we counted the number of tracer-accumulated neurons

in every third section that contained nuclei. Four animals were
used for the analysis.

4.5. Microscopy and data acquisition

The immunolabeled specimens were examined under an
Olympus BX 50 microscope (Olympus, Tokyo, Japan) fitted
with highly discriminating filters. Images from the BX 50
microscope were captured via a Sony CCD video camera (model
XCD-SX 900; Sony, Tokyo, Japan) connected to an EPSON com-
puter. After the images were stored, the area of the cell bodies
that contained nuclei was measured using image analysis
software (CHORI Imaging Corporation, Yokohama, Japan).
According to a system reported in previous studies (Ichikawa
and Sugimoto, 2001), we categorized the neurons into small- and
medium-sized (area <1000 pum?) and large (area >1000 pm?)
neurons. The frequency data were analyzed using log-linear
analyses (SPSS for Windows, version 14; SPSS Inc., Chicago, IL).
Standardized residuals (z values) outside the range of -2.58 to
+2.58 were considered to represent significant deviations from
the null hypothesis.
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Abstract

We previously reported that dysfunctions in the autonomic nervous systems of patients with migraines occur not only in the brain, but
throughout the whole body. Serotonin and neuropeptides are also known to have important roles in the pathophysiology of migraine. With this
background in mind, we analyzed human lymphoblast cell lines from migraine with aura (MwA) patients to investigate the pathophysiology of
migraine. The characteristics of these lymphoblasts and the involvement of the lymphoblasts in serotonin metabolism were examined. The
lymphoblasts expressed serotonin receptors as well as some enzymes related to serotonin metabolism. The serotonin level in the MwA
lymphoblasts was higher than that in the control cells. However, serotonin uptake into the lymphoblasts in MwA patients was similar to that in the
control subjects. These findings suggest that lymphoblasts in MwA patients have altered levels of serotonin metabolism. Moreover, we propose that

this lymphoblast cell system could serve as a novel modality for migraine research.
© 2006 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

Keywords: Migraine with aura; Serotonin; Human lymphoblast; A novel modality for migraine research; Aromatic L-amino acid decarboxylase: Tryptophan

hydroxylase

1. Introduction

Migraine is a common, chronic, incapacitating neurovas-
cular disorder that is characterized by attacks of severe
headaches, autonomic nervous system dysfunction, and, in
some patients, an aura accompanied by neurologic symptoms
(Goasby, 2000; Edvinsson, 2001; Goadsby, 2003; Edvinsson
and Uddman, 2005).

One hypothesis explaining the pathophysiology of migraine
is that the aberrant activation of the trigeminovascular system
might trigger a migraine attack and be provoked by cortical
spreading depression, the latter of which is a self-propagating
depolarization associated with depressed neuronal bioelectrical
activity that sometimes occurs during migraine attacks,

* Corresponding author. Tel.: +81 48 873 4111; fax: +81 48 873 5451.
E-mail address: e-nagata@umin.ac.jp (E. Nagata).

especially in migraines with aura (Bolay et al.., 2002;
Grursoy-Ozdemir et al.. 2004). Moreover, the meninges are
densely innervated by small-caliber trigeminal axons, some of
which bifurcate in proximity to small blood vessels branching
from middle meningeal arteries (Silberstein, 2004). However,
research on the pathophysiology of migraine is difficult to
perform, mainly because of the lack of an appropriate animal
model for migraine.

Recently, selective serotonin (5-HT) receptor agonists that
constrict dilated vessels have been used to relieve headaches
(Nilsson et al., 1999; Raymond et al., 2001). This treatment
strategy led to the development of triptans, which are 5-HT 1B/D
receptor agonists. These drugs dramatically attenuate migraine
headaches (Mathew and Loder, 2005; Taylor, 2005), suggesting
that 5-HT plays an important role in the pathophysiology of
migraine (Ferrari et al., 1989; Ferrari and Saxena. 1993).

We have developed a novel modality for migraine research
utilizing lymphoblasts from migraine patients. Using this

0168-0102/$ - see front matter © 2006 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

doi: 10.1016/j.neures.2006.10.003
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model, we investigated 5-HT metabolism in migraine patients
by examining the expression levels of various molecules in
these lymphoblasts.

2. Materials and methods

Data were collected from five patients who visited the Neurology Outpatient
Clinic complaining of symptoms consistent with migraine with aura (MwA).
All of the patients were carefully interviewed and examined by two different
neurologists to confirm the MwA diagnosis. The new THC criteria (ICHD-II)
were utilized in this study (HCSTHS, 2004). At this time, we just investigated
MwA patients because it is easier to diagnose MwA which has distinctive visual
aura than, migraine without aura patients. None of the patients presented
evidence of any other neurologic disease; the presence of tension-type head-
aches, in particular, was excluded. Each patient had been free of migraine
attacks and had taken no medicine for at least 7 days prior to blood sampling.
The main clinical data concerning the patients’ group are summarized in
Table 1.

The University Ethics Committee reviewed the study’s protocol, and the
patients gave their informed consent after receiving an explanation of the
procedure. Lymphoblasts were obtained from the peripheral blood of five MwA
patients (one man, four women; mean % S.D. age, 29 + 7 years) and seven
volunteers (all women; mean age, 27 £ 2 years; control group) using Lym-
phoprep (Nycomed Pharma, Oslo, Norway). The lymphoblasts were infected by
Epstein-Barr viruses and then, Epstein-Barr virus-immortalized lymphoblast
cell lines were established. The duration of freezing was the same for the cells
from each group. Both the control and migraine cells were thawed at the same
time (within 4 weeks of use in the experiments) and maintained under exactly
the same conditions in RPMI 1640 medium plus 10% fetal bovine serum. No
differences in adventitious factors, dietary treatments or drug treatments were
likely to impact our experimental results.

2.1. Western blot analysis

Lymphoblasts were collected and centrifuged at 3000 rpm for 10 min at
4°C and washed twice with PBS. The cells were then sonicated with a
homogenizing buffer (10 mM Tris—HCI [pH 9.5], 5 mM MgCl,, | mM EGTA,

-1 mM DTT). Protein concentrations were determined using a Protein Assay Kit
(Bio-Rad Laboratories, CA, USA) utilizing bovine serum albumin as a standard.
The samples were then separated using 4-12% gradient gel electrophoresis.
After electrophoretic transfer to Immobilon-P (polyvinylidene fluoride [PVDF},
Millipore, MA, USA), the membranes were blocked with 4% skim milk in PBS.
The membranes were then washed and incubated with the primary antibodies at
4 °C overnight. After incubation with the primary antibodies, the membranes
were washed with PBS-T (0.1% Tween 20) and incubated with appropriate
horseradish peroxidase-labeled secondary antibodies (Vector Laboratories, CA,
USA) for 2 h at room temperature. Then, an enhanced chemiluminescence
system was performed using an ECL Western blotting system (Amersham-
Pharmacia, NJ, USA). In the present study, we used antibodies against 5-HT1B
receptor (Imgenex, CA, USA), aromatic L-amino acid decarboxylase (AADC)
(a generous gift from Dr. Ichinose, Tokyo Institute of Technology), tryptophan
hydroxylase (TH), and serotonin transporter (SERT) (Oncogene Research

Table 1
Clinical features of the migraine patients

Products, MA, USA). Equal amounts of proteins were confirmed with B-actin
(Sigma—Aldrich, MO, USA) and a-tubulin (Sigma-Aldrich).

2.2. RT-PCR

Total RNA was extracted from the lymphoblasts using Trizol (Invitrogen,
CA, USA). We then performed reverse transcription of the RNA samples using
random hexamers and amplified the resulting cDNAs using the following
primers: AADC (non-neuronal type), 5-GCG GAT CCT CAA TGC CTT
CCA TGT AGT T-3' for the antisense primer, 5-AAG GAA TTC GAA
TTT CCA GCA T-3' for the sense primer; AADC (neuronal type), 5'-GCG
GAT CCT CAA TGC CTT CCA TGT AGT T-3' for the antisense primer, 5'-
AAG GAA TTC GAA TTT CCA GCA T-3' for the sense primer. The
amplification conditions were as follows: 30 cycles of denaturation at 94 °C
for 30s, annealing at 55 °C for 30s, and extension at 72 °C for | min. The
amplified DNA fragments were electrophoresed on a 1% agarose gel.

2.3. Measufement of 5-hydroxytryptophan (5-HTP) and 5-HT in
lymphoblasts

After centrifugation at 3000 rpm for 10 min at 4 °C, the pellets were
collected and washed twice with PBS. The supernatants were removed, and
perchloric acid was added to the pellets. We measured and evaluated the 5-
hydroxytryptophan (5-HTP) and 5-HT levels in the two groups of the MwA and
controt lymphoblasts using an HPLC apparatus (HTEC-500, Eicom, Japan).
The samples were injected (20 1) into the HPLC apparatus. The flow rate was
0.3 ml/min and the electrodetection was performed at 0.65 V. The composition
of the mobile phase contains 50 mM citric acid, 10 mM sodium citrate, 0.5 mM
octyl sulfate, 13.4 pM EDTA-2Na, 15% methanol.

The statistical analyses were performed using Mann—Whitney U-test.

2.4. 5-HT uptake assay

5-HT uptake assays were performed using bottle-type 250-ml fasks. Cells
were incubated in a total volume of 100 mi of RPMI 1640 in the presence of
1 aM [°H] 5-HT for 1 h at 37 °C. Afterwards, the cells were centrifuged and
washed five times with PBS. Then, the cells were collected, and ACS-II
(Amersham-Pharmacia, NJ, USA) was added. Afterwards, the ["H] levels were
counted using a liquid scintillation counter (TR1-CARB 3100TR, Packard,
USA). The statistical analyses were performed using Mann—Whitney U-test.

3. Results

3.1. Serotonin receptors and serotonin-related enzymes in
human lymphoblasts

5-HT1B receptor, and SERT were identified in the human
lymphoblasts. Moreover, enzymes needed for serotonin
synthesis, like TH and AADC, were also identified. No
significant differences in the protein levels of these receptors

Patient Age Gender Drugs Mean of attack duration time (h) Annual frequency of attacks
Prophylaxis Symptomatic
1 21 F No Triptans 24 12
2 36 F No Triptans 8 120
324 29 F No Triptans 6 24
4 22 F No Triptans 24 6
5 37 M No Triptans 36 48
Mean 29 19.6 42
S.D. 7 12.5 46
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Fig. 1. (a) Immunoblotting showing the expression of 5S-HTIB receptor, serotonin transporter, tyrosine hydroxylase, and aromatic L-amino acid decarboxylase in
lymphoblasts. All of these molecules were seen in lymphoblasts from both MwA patients and control subjects. M1, M2: migraine with aura; C1, C2: control; 5-HT1B
R: 5-HTIB receptor: SERT: serotonin transporter; AADC: aromatic L-amino acid decarboxylase; TH: tyrosine hydroxylase. (b) The expression level of AADC was
examined using RT-PCR. The expression of non-neural type AADC was seen in lymphoblasts from both MwA patients and control subjects, whereas the expression
of neural type AADC was not seen in both lymphoblasts. P: positive control (mouse brain).

and enzymes were seen between the MwA and control cells
(Fig. 1(a)).

As for AADC, non-neuronal type was found in the human
lymphoblasts employing RT-PCR (Fig. 1(b)).

3.2. 5-HTP and 5-HT levels in human lymphoblasts
On the other hand, the 5-HT level in the MwA lymphoblasts

(1.77 £ 0.66 pg/10* cells) was significantly higher than that in
the control cells (0.51 + 0.34 pg/10* cells) (Fig. 2), whereas no
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Fig. 2. 5-HT levels in lymphoblasts. The 5-HT concentration was significantly
higher in lymphoblasts from MwA patients than in those from control subjects.
'p<0.01.
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significant ‘difference in the 5-HTP concentration was seen
between the MwA lymphoblasts (0.79 + 0.41 pg/10° cells) and
the control cells (6.4 + 9.3 pg/10° cells) (Fig. 3). However,
there was no correlation between 5-HT level in the MwA
lymphoblasts and any specific features of migraine attack in
each migraine patient.

Moreover, no significant difference in the uptake of 5-HT
into the lymphoblasts was seen between the MwA lympho-
blasts (4.90 £ 0.87 DPM/10* cells) and the control cells
(4.91 £+ 0.97 DPM/10* cells) (Fig. 4).
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Fig. 3. S5-HTP levels in lymphoblasts. No notable difference was seen between
the MwA patients and the control subjects.
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Fig. 4. [*H] 5-HT uptake in lymphoblasts. No significant difference in [*H] 5-
HT uptake was observed between lymphoblasts from MwA patients and those
from control subjects.

4. Discussion

Infection with Epstein-Barr virus in vitro easily transforms
resting B cells obtained from human peripheral blood into
actively proliferating lymphoblast cell lines. The percentage of
B cells susceptible to transformation has been estimated to be
10-100%. In general, these cells become immortalized without
becoming tumorigenic. They also have an unlimited life span
with no other additional changes, although they usually have a
normal diploid karyotype (Sugimoto et al.. 2004 Miller, 1990).
Previously, we used a gene array to examine expressions in
Epstein-Barr virus-immortalized lymphoblast cell line and B
cell from the same control subject. No significant differences in
the expression of molecules related to S-HT metabolism, such
as 5-HT receptors and enzymes, were detected between the two
groups (data were not shown).

To date, lymphoblast cell lines have been used for a variety
of purposes, such as sources of DNA, cells to study various
genetic disorders, and the study of cell biology. Moreover, we
previously reported the use of lymphoblasts from patients with
Huntington disease to reveal mitochondrial dysfunction and
morphological alterations (Sawa et al.. 1999, 2005; Nagata
et al., 2004).

We prepared the human lymphoblast cell lines used in the
present study using cells obtained from MwA patients and
healthy controls. Careful attention was given to the cell culture
conditions used for both cell lines: the duration of freezing was
the same, the cells were thawed at the same time (within 4
weeks of the experiments), and the cells were maintained in the
same medium (RPMI 1640 plus 10% fetal bovine serum). No
differences in adventitious factors, dietary treatments, or drug
treatment were likely to impact our experimental results.

Recent evidence has shown that 5-HT is closely related to
migraine pathophysiology. 5-HT is synthesized from an
essential amino acid, tryptophan, in a two-step process:
hydroxylation of tryptophan, catalyzed by the enzyme TH,
producing 5-HTP, and decarboxylation of 5-HTP, catalyzed by
the enzyme AADC (Ichinose et al., 1992). TH is the rate
limiting enzyme in the biosynthesis of 5-HT, catalyzing the

oxygenase reaction. On the other hand, SERTs are localized on
presynaptic axon terminals and are widely known as the site of
action of serotonin reuptake inhibitors (Lima and Urbina,
2002). A polymorphism of the SERT gene promoter might be

involved in the polygenic etiology of MwA (Yilmaz et al,,

2001; Marziniak et al., 2005). o

Human lymphoblasts express receptors and enzymes
relevant to 5-HT metabolism, like S-HT1B/D receptors,
AADC, and SERT. Our data suggest that no significant
differences in the expression levels of these molecules exist in
lymphoblasts from MwA patients and control subjects.

We previously reported that the plasma 5-HT level was
significantly lower in the MwA group than in the control group,
whereas no significant difference in the plasma 5-HTP
concentration was seen between the MwA group and the
controls group (Nagata et al., 2006). However, the 5-HT level in
the lymphoblasts of MwA patients was higher than that in the
lymphoblasts of control patients. [*H] 5-HT uptake into the
lymphoblasts was similar in the MwA patients and the control
subjects. Moreover, the 5-HTP concentration was similar in the
lymphoblasts from the MwA patients and the control subjects.
Thus, the level of 5-HT synthesis was likely similar in the
lymphoblasts from the MwA patients and the control subjects.
Therefore, lymphoblasts in MwA patients have altered levels of
serotonin metabolism. Those results support that several
previous papers also have reported platelet dysfunction in
patients with migraines (Rishpon et al., 1976, Malmgran et al.,
1980; Gawel and Rose, 1982; Oxman et al., 1982).

However, platelet cell lines cannot be established. The lack
of a model system is one reason why the pathophysiology of
migraine has yet to be clarified. This study suggests that
lymphoblasts could be used as a model system for studying the
pathophysiology of migraine. That is, we can investigate the
mechanisms of the migraine pathophysiology not only in brain,

. but also in peripheral blood. Moreover, lymphoblast cell lines

could be used to customize treatments, since lymphoblasts
carry an individual’s genetic information. A notable advantage

of our system is that it enables us to perform repeated genetic -

and biochemical analyses using only a single blood sample.
Moreover, this method could be applied to a variety of diseases
other than migraine.

We emphasize that this lymphoblast model for studying
migraine could be very useful for the elucidation of the
migraine pathophysiology.
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