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Effect of Alpha Lipoic Acid on hyperemia and
trigeminovascular nociceptive activity induced
by cortical spreading depression

Juntima Pleumsamran,' Hirunya Ronran,' Supang Maneesri le Grand,? Salin Mingmalairak,’
and Apisate Pleumsamran’

'Department of Physiology, Faculty of Medicine, Chiang Mai University, 2Department of Pathology,
Faculty of Medicine, Chulalongkorn University

Objective Cortical spreading depression (CSD) is a phenomenon associated with migraine attack,
which can cause cerebral hyperemia and activation of the trigeminovascular nociceptive system.
Alpha-lipoic acid (ALA) was reported to have the potential of reducing attack frequency in migraine
patients. However, the underlying mechanism was unclear. This study aimed to investigate the ef-
fects of ALA on cerebral hyperemia and activation of the trigeminovascular nociceptive system in a
CSD migraine animal model.

Methods Wistar rats were divided into 7 groups: control group, CSD group, 4 CSD with ALA-
pretreated groups, and a sumatriptan-pretreated group. pretreated groups received intravenous
injection (i.v.) of saline or ALA at 10, 30, 100 or 300 mg/kg bodyweight 30 minutes before CSD in-
duction or sumatriptan at 0.4 mg/kg bodyweight 5 minutes before CSD induction by placing 3 mg of
solid potassium chloride (KCI) on the right parietal cortex. Cerebral blood flow was monitored using
a laser Doppler flowmeter for 2 hours. After blood flow measurement, brain tissue was collected for
c-Fos staining at the trigeminal nucleus caudalis (TNC).

Results Application of KCI produced a series of hyperemia peak characteristics of CSD. ALA
pretreatment reduced amplitude and the number of hyperemic peaks, and increased the period
(peak-to-peak duration), similar to sumatriptan pretreatment. Furthermore, 30, 100, and 300 mg/kg
body weight of ALA showed a larger reduction of c-Fos positive cells than sumatriptan at the TNC.

Conclusion ALA pretreatment reduces CSD-induced cerebral hyperemia and activation of the
trigeminovascular nociceptive system. These findings support the role of ALA as a prophylactic drug
for migraine headache. Chiang Mai Medical Journal 2015;54(4):185-96.
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Introduction

Migraine headache is a significant source  Indirect costs are around 15 bilion US §$
of both medical costs and lost productivity. ~ worldwide, of which absence from work is the
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greatest component!l. Those who do attend
work with migraine are less effective by around
one third®?. Migraine attack is characterized
by a severe, debilitating headache associated
with nausea, vomiting, photophobia and/or
phonophobial®. Management of migraine is
more effective if medications are used early in
an attack®. Medication such as sumatriptan
is effective for both pain and nausea*?%. It is
used for patients with moderate to severe pain
or those with milder symptoms who do not
respond to simple analgesics!®. In general, all
triptan medications appear to be equally effec-
tive with similar side effects. However, over-
use of medications, including triptans, may
cause headaches, which become more severe
and frequent”. Thus, preventive measures,
including prophylactic medications, are prefer-
able to the frequent use of abortive drugs that
might cause headaches from overuse. To pre-
vent migraine effectively, medications should
reduce the frequency or severity of migraine
attacks by at least 50%, which would lead to
improved quality of life!®.

Alpha-lipoic acid (ALA) is a natural meta-
bolic antioxidant substance that provides
neuroprotective effects in many conditions®
including traumatic brain injury!®, cerebral is-
chemial'l, and neurodegenerative diseases!'?.
Recently, a randomized controlled trial re-
ported that the frequency of attack, headache
days, and headache severity were reduced in
patients receiving ALA for 3 months!*®. How-
ever, the trial was incomplete and the mecha-
nism of ALA remained unknown. Therefore,
this study aimed to determine the role and
mechanism of ALA as a dietary supplement for
migraine prevention by using cortical spread-
ing depression (CSD) as a migraine model in
rats. It has been demonstrated that CSD is not
only a pathophysiologic mechanism of aura,
but also of migraine headache via stimulation
of the trigeminovascular nociceptive system!,
Therefore, an animal CSD model has been
well accepted and recommended for use as
an investigative model for anti-migraine drug
development. In addition, many drugs that can
prevent migraine effectively have been shown
to reduce CSD production!'s!,

CSD is depolarized waves moving across
the surface of the cerebral cortex at the speed
of 2-5 mm/minute!l®. Studies have shown that
CSD occurs following several pathological
conditions such as head trauma, stroke, ex-
acerbated brain injuries and migraine. Several
studies on migraine indicated strong associa-
tion between CSD and the aura phase, which
occurs prior to the headache phase in patients
who have migraine with aural'”'®l, CSD can be
induced in a rat migraine model by a variety
of stimuli such as continuous cortical applica-
tion of solid potassium chloride (KCI), infusion
of a nitric oxide and mechanical stimulation
of meninges!'®2%. |t is accompanied by a se-
ries of changes in neurovascular responses,
including marked alteration of ion homeosta-
sis, release of several neurotransmitters and
a short-lasting increase in regional cerebral
blood flow or hyperemial?™-23l. CSD also could
lead to migraine headache by stimulation of
the pain pathway of the trigeminovascular
nociceptive system. Increased pain signal
transmission along the pain pathway of the
trigeminovascular nociceptive system is indi-
cated by an increased number of c-Fos posi-
tive cells at lamina | and Il of the trigeminal
nucleus caudalis (TNC)!"4,

According to the CSD model, an effective
anti-migraine drug should be able to reduce
CSD, cerebral blood flow or hyperemia, and
eventually the number of c-Fos positive cells
atthe TNC. An effective anti-migraine medica-
tion such as sumatriptan; a serotonin receptor
agonist, was shown to reduce the release of
nitric oxide responsible for vasodilation during
CSD, and the number of c-Fos positive cells
in rats and cats, when given before CSD in-
duction?®, Therefore, to determine the role of
ALA in migraine prevention, it is essential that
the effect of ALA on cerebral blood flow and
number of c-Fos positive cells at the TNC in
rats is comparable to that of sumatriptan under
the induction of hyperemia and activation of
the trigeminovascular nociceptive system by
CSD, which is considered to be a prominent
underlying mechanism of migraine headache.
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Methods

Adult male Wistar rats (250-350 g) were pur-
chased from the National Laboratory Animal Center,
Mahidol University, Nakhon Pathom, Thailand. They
were allowed to acclimatize to housing conditions for
1 week before the experiment. All experiments were
conducted in accordance with the approved standard
guidelines for animal experimentation of the Faculty
of Medicine, Chulalongkorn University and the Ethical
Principles and Guidelines for the Use of Animals for
Scientific Purposes by the National Research Council
of Thailand 1999.

Study design

Animals were divided into 7 groups (6 to 8 rats in
each group) as follows: control, CSD, CSD with ALA
pretreatment at the concentration of 10, 30, 100 or 300
mg/kg bodyweight and CSD with sumatriptan pretreat-
ment. They were housed in a light/dark cycle with the
light on from 6.00 to 18.00. Food and water was pro-
vided ad libitum.

Pretreated rats were given ALA or normal saline via
intravenous (i.v.) injection 30 minutes before CSD in-
duction or sumatriptan at 0.4 mg/kg bodyweight via i.v.
5 minutes before CSD induction. To induce the CSD,
3 mg of KCl was placed on the rats’ cerebrocortical sur-
face. Solid sodium chloride (NaCl) of the same weight
was applied on the cortex of the control animals. The
cerebral blood flow (CBF) was monitored continuously
for 120 minutes using a Laser Doppler flowmeter. After
completion of the CBF recording, all of the rats were
sacrificed using an excessive dose of pentobarbital.

Surgical operation and CSD induction

The rats were anesthetized with pentobarbital
sodium (50 mg/kg bodyweight, intraperitoneally) and
mechanically ventilated through the tracheostomy
opening with a positive pressure ventilator (Rodent
ventilator model 683, Harvard Apparatus, South
Natick, USA). Blood pressure was monitored continu-
ously with an intra-arterial pressure transducer (Gould
P23 Statham, USA) placed in a femoral artery. Data
were recorded continuously and digitized using a data
acquisition system for off-line analysis (PowerlLab,
ADInstruments, CO, USA). After tracheostomy and
cannulation, the rats were placed on a surgical frame
with their head fixed to a head holder. Craniotomy (2
mm in diameter) was performed on the parietal bone
at 7 mm posterior and 1 mm lateral to the bregma. The
dura was opened to expose the cortical surface. Three
milligrams of solid KCI were placed directly on the sur-
face of the parietal cortex. NaCl was placed instead of
KCl in the control group.
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CBF monitoring

To measure the CBF, an anterior craniotomy (2 mm
in diameter) was performed in the parietal bone at 1 mm
anterior and 1 mm lateral to the bregma. Hypothermia
and drying of the cortical surface were prevented by
superfusion with artificial cerebrospinal fluid (NaCl 118
mM, KCI 4 mM, Na,HPO,.H,O 1 mM, NaHCO, 25 mM,
CaCl,.2H,0 1.5 mM, MgSO,.7H,0 1.2 mM, dextrose 5
mM in distilled water, pH 7.4, 37 °C). A fiber optic nee-
dle probe of the Laser Doppler flowmeter (MNP 110XP;
ADInstruments, CO, USA) was placed perpendicularly,
at a distance of 2 mm above the cortical surface. The
wavelength of the laser beam was 780 nm. Changes
in CBF in response to CSD or non-CSD induction were
recorded continuously for 2 hours.

Measurement of c-Fos expression

After taking CBF measurements, the rats were per-
fused transcardially with 250 ml of ice-cold phosphate
buffered saline (PBS), pH 7.4. The cervical part of the
spinal cord was removed and immersed in 4% para-
formaldehyde in 0.1 M PBS, pH 7.4.

The caudal medulla (3 mm caudal to the obex) to
the first cervical cord was fixed overnight in 4% para-
formaldehyde in 0.1 M PBS, pH 7.4, and then placed in
a cryoprotective solution consisting of 30% sucrose in
0.1 M PBS, pH 7.4. The tissue was cut into transverse
serial sections at 30 uym thickness using a cryostat at
-20 °C (Leica CM 1,580, Germany). One in every five
sections was collected serially and then rinsed in 0.1
M PBS. All sections were prepared for c-Fos immu-
nochemistry staining, as described by Supornsilchai
W24, The number of c-Fos positive cells in lamina |
and Il of the TNC was determined using image analy-
sis software (ImagePro® Plus; Media Cybernetics Inc.,
Bethesda, Maryland, USA).

Statistical analysis

All data were expressed as meanzstandard error
of mean (SEM), and analyzed for possible statistical
significance using ANOVA for repeated measurements
with the Student-Newman-Keuls Method. P-values of
less than 0.05 were considered statistically significant.

Results

CSD-evoked changes in CBF

KCI application produced CSD that caused
repeated cycles of cerebral hyperemia, while
NaCl had no effect on CBF (Figure 1). Hyper-
emic peaks caused by CSD in each animal
in the CSD groups had different amplitudes.
Thus, amplitudes of all hyperemic peaks in
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Figure 1. Changes of cerebral blood flow (CBF) with time after application of 3 mg of NaCl in the control group (A),
3 mg of KCl in the CSD group (B), and 3 mg of KCl in the CSD group with 30-minute pretreatment of ALA 10 (C),
30 (D), 100 (E), 300 (F) mg/kg bodyweight or 5-minute pretreatment with sumatriptan (G).
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Figure 2. Average cumulative blood flow amplitude. Data are expressed as mean+SEM; n = 8 in the CSD-control
group, n=7 in the CSD-ALA10 and CSD-ALA 30 group, n = 6 in other groups. All differences are significant at
p <0.05. Asterisk (*) denotes significant difference between the CSD-control group and other groups; the hash
mark (#) indicates significant difference between the sumatriptan-pretreated group and ALA-pretreated group.

each animal were added together during the = The average cumulative blood flow amplitude
recording period to produce a cumulative blood  in the CSD control group was 12.54+2.50 x103
flow amplitude, which represented a total in- BPU (Figure 2). The average period (peak-
crease in blood flow caused by CSD waves. to-peak duration) was 5.47+0.32 minutes
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Figure 3. Average numbers of hyperemic peaks. Data are expressed as mean+SEM; n = 8 in the CSD-control
group, n=7 in the CSD-ALA10 and CSD-ALA 30 group, n = 6 in the other groups. All differences are significant at
p <0.05. Asterisk (*) denotes significant difference between the CSD-control group and other groups; the hash
mark (#) indicates significant difference between the sumatriptan-pretreated group and ALA-pretreated group.
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Figure 4. Average periods between cycles. Data are expressed as mean+SEM; n = 8 in the CSD-control group,
n=7 in the CSD-ALA10 and CSD-ALA 30 group, n = 6 in other groups. All differences are significant at p <0.05.
Asterisk (*) denotes significant difference between the CSD-control group and other groups; the hash mark (#)
indicates significant difference between the sumatriptan-pretreated group and ALA-pretreated group.

(Figure 3). The average number of peaks per Effect of sumatriptan on CSD-evoked
hour was 10.25+0.70 (ranging from 8 to 14) changes in CBF
(Figure 1 and 4). The results confirmed that Pretreatment with sumatriptan 5 minutes

only KCI, and not NaCl, could induce CSD  before CSD induction by KCI reduced cerebral
resulting in episodic increases of CBF. hyperemia significantly. The average cumu-
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lative blood flow amplitude was reduced to
3.031£0.76x10% BPU, when compared with that
of the CSD-control group (Figure 2). The
average number of peaks per hour was
3.67+0.56, with that being a significant reduc-
tion when compared with CSD-control group
(Figure 3). The average period was increased
to 13.76+1.58 minutes (Figure 4). The results
clearly show that sumatriptan reduced cer-
ebral hyperemia by decreasing the amplitude
of cumulative increase in CBF, decreasing the
amount of episodic blood flow, and lengthen-
ing the period between individual blood flow
events.

Effect of ALA on CSD-evoked changes
in CBF

The average cumulative blood flow am-
plitude in the pretreated groups of ALA at
10, 30, 100 and 300 mg/kg bodyweight was
9.60+2.01, 11.15+£2.07, 7.96+1.80 and 3.10+
0.56x10° BPU, respectively (Figure 2). Only
the pretreated groups of ALA at 300 mg/kg
bodyweight could reduce cumulative blood
flow amplitude significantly, when compared
with the CSD-control group. The average
number of peaks per hour in the pretreated
groups of ALA at 10, 30, 100 and 300 mg/
kg bodyweight was 8.29+0.29, 6.43+0.37,
6.0+0.26 and 5.00+0.38 peaks, respectively
(Figure 3). The number of peaks in the pre-
treated groups of ALA at 30, 100 and 300 mg/
kg bodyweight was reduced significantly when
compared with the CSD-control group. The av-
erage cycle period was 6.49+0.17, 7.9910.29,
8.63+0.32, and 10.671£0.42 minutes in the pre-
treated groups of ALA at 10, 30, 100 and 300
mg/kg bodyweight, respectively (Figure 4). A
significant increase in cycle period was ob-
served in only the pretreated groups of ALA
at 100 and 300 mg/kg bodyweight when com-
pared with the CSD-control group.

Comparing the effects of ALA and su-
matriptan on CSD-evoked changes in CBF
ALA at 300 mg/kg bodyweight reduced lo-
cal cerebral hyperemia by reducing cumulative
blood flow amplitude (Figure 2) and average

numbers of hyperemic peaks (Figure 3), as
well as increasing the average period or dura-
tion between each peak (Figure 4). However,
ALA at 300 mg/kg bodyweight did not lengthen
the duration between each hyperemic peak as
much as sumatriptan (Figure 4).

Although ALA at 30 and 100 mg/kg body-
weight could reduce the average peak number
and prolong the duration between peaks, the
effects were dissimilar to those of sumatriptan.
ALA at 10 mg/kg bodyweight only affected the
average number of peaks, and not the am-
plitude or period of hyperemic peaks, when
compared with the CSD-control. However,
the effect of ALA at 10 mg/kg bodyweight on
the hyperemic peak number was less than
that of sumatriptan (Figure 3). Thus, ALA at
300 mg/kg bodyweight had similar effects to
sumatriptan regarding blood flow amplitude,
number of peaks, and peak period.

Effect of CSD on the number of c-Fos
positive cells at the trigeminal nucleus
caudalis (TNC)

CSD increased the number of c-Fos posi-
tive cells at lamina | and Il of the TNC (Figure
5). The average number of c-Fos positive cells
in the CSD group (14.63+1.24 cells) was sig-
nificantly higher than that of the non-CSD con-
trol group (1.42+0.35 cells). The result indicat-
ed that CSD activated the neurons at the TNC
of the trigeminovascular nociceptive system.

Comparing the effects of ALA and su-
matriptan on the number of c-Fos positive
cells induced by CSD at the TNC

Sumatriptan reduced the number of c-
Fos positive cells significantly at the TNC to
4.49+0.18 cells when compared to those in
the CSD-control group (Figure 5). Similarly,
ALA at 10, 30, 100, and 300 mg/kg body-
weight reduced the number of c-Fos positive
cells to 4.04+0.22, 3.01+0.23, 2.74+0.16 and
2.3240.27 cells, respectively (Figure 5). Inter-
estingly, ALA at 30, 100, and 300 mg/kg body-
weight significantly reduced more c-Fos posi-
tive cells than sumatriptan.
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Discussion

Patients with spontaneous migraine head-
aches have increased blood flow or hyperemia
to the brain during an attack®®. Sumatriptan
is similar structurally to serotonin (5-HT), and
it activates a specific receptor subtype in cra-
nial and basilar arteries. Receptor activation
causes constriction of the dilated arteries. The
vasoconstrictive effect of sumatriptan is con-
firmed in this study, whereby cerebral hyper-
emia was reduced, as indicated by decreased
cumulative blood flow and number of hyper-
emic peaks, as well as increased duration be-
tween hyperemic peaks.

As demonstrated by this study, 300 mg/
kg bodyweight of ALA given 30 minutes prior
to CSD induction mimicked the effects of su-
matriptan. In Addition, ALA at every dosage
was better than sumatriptan in reducing the
number of c-Fos positive cells at the TNC. The
results suggested that ALA is a better agent in
reducing pain through activation of the trigemi-
novascular nociceptive system. It has been
demonstrated that CSD induces oxidative
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stress in the trigeminal nociceptive system®®,
Oxidative stress produces neurogenic inflam-
mation through the activation of TRPA1, lead-
ing to migraine headache®”l. Thus, ALA, with
its anti-inflammatory and anti-oxidant proper-
ties?® prevented or minimized activation of
the trigeminovascular nociceptive system, as
indicated by decreased c-Fos expression, and
could reduce oxidative stress more than suma-
triptan, which does not have anti-inflammatory
activity. The data in this study also support
the role of oxidative stress and inflammation
as an important mechanism of migraine head-
achel,

Additionally, the reduced number of hy-
peremic peaks signified the decrease in CSD
production. Therefore, it is most likely that ALA
is a better agent in preventing or minimizing
activation of the trigeminovascular nocicep-
tive system in response to CSD. Many studies
have shown that the number of cortical hyper-
emic peaks corresponds with frequency of the
CSD wave series, as detected by a direct cur-
rent (DC) electrode®**. The speed of depo-

Figure 5. Numbers of c-Fos positive cells at the TNC. Data are expressed as mean+SEM; n = 6. All differences are
significant at p <0.05. Asterisk (*) denotes significant difference between the CSD-control group and other groups;
the hash mark (#) indicates significant difference between the sumatriptan-pretreated group and ALA-pretreated

group.
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Figure 6. Effects of ALA or sumatriptan pre-treatment on CSD-evoked c-Fos expression at the trigeminal nucleus
caudalis. Cells stained positive for c-Fos protein are indicated by a dark brown color. (A) non-CSD Control; (B)
CSD control; (C) sumatriptan-pretreated; and (D) ALA 300-pretreated groups. Marker scale bar indicates a length

of 100 um.

larizing CSD waves traveling along the cortical
surface of the patient’s brain occurs during vis-
ual aura, prior to the development of migraine
symptoms!'”-'8l, Besides migraine, CSD could
occur spontaneously in hypoxic, ischemic, or
hypoglycemic brain tissue, and could recover
in a prolonged time coursel®. However, fur-
ther investigation is required to determine the
mechanism underlying CSD generation in
humans. Attempts have been made to corre-
late CSD with migraine symptoms. Evidence
in an animal model showed that CSD could
activate the trigeminovascular nociceptive
system('®l. Therefore, it is generally believed
that CSD is an important pathophysiologic
mechanism of migraine. For this reason, the
reduction of CSD should minimize activation
of the trigeminovascular nociceptive system,
leading to a reduction in headache.
Sumatriptan has been shown to decrease
activity of the trigeminal nervel, thereby
reducing pain transmission to the central nerv-
ous system (CNS). Similar to sumatriptan,
ALA at every dosage was shown to reduce
activation of the trigeminovascular nocicep-

tive system, as indicated by the decreased
number of c-Fos positive cells at the TNC.
Furthermore, ALA at 30, 100, and 300 mg/
kg bodyweight showed a larger reduction of
c-Fos positive cells than sumatriptan (Figure
5 and 6). Therefore, ALA is a good candidate
agent for preventing migraine because of its
ability to reduce both cerebral hyperemia and
stimulation of the trigeminovascular nocicep-
tive system, which together indicate suppres-
sion of CSD production.

Migraine was originally thought to be a sys-
temic metabolic disorder, due to several lines
of evidencel®¥. During CSD initiation, the con-
centration of extracellular K+ ions increases,
causing neurons to become excited and de-
polarized followed by a period of electrical
silence on the brain cortical surface. Additional
negative ion species move outwards to main-
tain electrical balancef. In response to CSD,
the brain increases oxygen demand in order
to generate energy®®*%! and maintain electri-
cal balance. It has been estimated that when
mitochondria generate energy, approximately
2% of the oxygen used is converted to oxygen
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free radicals®. These free radicals are pro-
duced normally during oxidative metabolism
and they can damage mitochondrial calcium.
Not only does CSD activate trigeminovas-
cular afferents!'d, but also neurons causing
increased intracellular Ca?* ions that are taken
up by mitochondria. Elevation of mitochondrial
calcium levels leads to a production of free
radicals that damage mitochondria further*®.,

ALA s essential for normal oxidative metab-
olism, as a cofactor in mitochondrial a-keto acid
dehydrogenase complexesi?. Exogenously
supplied ALA is taken up rapidly by cells and
reduced to dihydrolipoate (DHLA). The reduc-
ing power of this reaction produces both Nico-
tinamide adenine dinucleotide (NADH) and
Nicotinamide adenine dinucleotide plus hydro-
gen (NADPH)#!, DHLA is one of the most po-
tent naturally occurring antioxidants®*2. In fact,
there is evidence that both ALA and DHLA are
capable of scavenging a variety of free radi-
cals**44  Furthermore, DHLA appears to re-
generate other endogenous antioxidants (e.g.
vitamins C and E) and has a salubrious prop-
erty for neutralizing free radicals without be-
coming one in the process itselfl**48, Another
way in which mitochondria may be important
in neurodegeneration is through alterations in
their effects on calcium homeostasis. Chris-
toph Richter®*”! reported that ALA also inhibits
mitochondrial calcium transport, suggesting
that ALA has specific effects on intracellular
calcium homeostasis. Therefore, exogenously
administered ALA has been considered a mi-
tochondrial nutrient. It supports mitochondria
to generate energy (NADH) for maintaining
electrical balance, resulting in not only reduc-
tion of oxygen demand, but also reduction of
hyperemia and elimination of oxygen radicals
that damage mitochondria.

Therefore, evidence suggests that through
improvement of metabolism, including mito-
chondrial oxygen free radicals and calcium
balance, ALA can decrease the number and
frequency of CSD waves, leading to concomi-
tant changes in CBF and decreased activity of
the trigeminovascular nociceptive system.

The results from this study clearly support
the role of ALA as a prophylactic intervention
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for migraine, as demonstrated by the ability
of ALA to reduce activation of the trigemino-
vascular nociceptive system that occurs in
response to CSD; a hallmark of migraine head-
ache.
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