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Abstract

Senkyunolide I (SEI) and ligustrazine are two active components of 
Chuanxiong Rhizoma that is commonly prescribed for migraine therapy; 
However their actions in early stage of migraine are not fully understood. This 
study aimed to investigate effects of these two compounds in a chick migraine 
model and to explore their possible mechanism of action. An in vitro chick 
retinal spreading depression (RSD) was induced by KCl and intrinsic optical 
imaging was used for RSD recording. Enzyme-linked immunosorbent activity 
assay was used to quantify retinal Calcitonin Gene-Related Peptide (CGRP) 
level. The results show that SEI concentration-dependently suppressed both the 
magnitude and propagation rate of RSD in the chick retina. Similarly, but to a 
lesser extent, the magnitude of RSD was also suppressed by ligustrazine. ELISA 
data further shows that the retinal CGRP level during RSD was slightly reduced 
by SEI but this reduction did not reach significance. This data demonstrates that 
both SEI and ligustrazine had the ability in suppressing RSD, suggesting these 
two active components of Chuanxiong Rhizoma may perform similar function for 
migraine prophylaxis and their activity is of neuronal mechanism.
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with its vascular action in that the drug not only has the ability in 
regulating plasma 5-HIAA/5HT monoamine turnover rate [9], but 
also in reducing the elevated plasma concentrations of NO [9,10] 
and CGRP induced by CSD in rats [10]. Whether SEI has neuronal 
action is still controversial. On one hand, SEI is unable to alter the 
elevated NO level in the nitroglycerin-induced migraine model of rats 
[9]. On the other hand, SEI attenuates oxygen-glucose deprivation/
reoxygenation-induced inflammation in microglial cells [7], which 
suggests a neuronal action. In light of these observations, it is worth 
clarifying if the mechanism of action of SEI in a migraine model is 
neuronal. Ligustrazine (Figure 1) is another active component of 
Chuanxiong Rhizoma. This component can strengthen antioxidative 
function by lowering methylenedioxyamphetamine (MDA) content 
and elevating Superoxide Dismutase (SOD) activity [14]. Ligustrazine 
also alleviates N-Methyl-D-Aspartate (NMDA) receptor-elicited 
injury of rat retinal ganglion cells both morphologically and 
functionally by reducing reactive oxidative stress (ROS) level, Ca2+ 

response to NMDA and inhibiting the L-type calcium channel [15], 
signals of which are key in migraine pathophysiology [16,17]. Given 
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Introduction
Chuanxiong Rhizoma is the most commonly prescribed 

traditional Chinese medicine for migraine therapy [1] and 
ischemia [2]. The herb contains many active ingredients, which are 
classified into phthalide compounds, organic acids, phenols, ferulic 
acid, essential oil and alkaloid tetramethylpyrazine, also termed 
ligustrazine [3]. These active ingredients can exert distinct functions, 
either possessing neuroprotective role by elevating vasoactive 
molecules such as Nitric Oxide (NO) and Calcitonin Gene-Related 
Peptide (CGRP) [4,5], or regulating anti-inflammatory activity such 
as cytokines [6,7]. However, the role of these active ingredients in 
migraine and the associated mechanism are still not fully understood. 
Among these ingredients, phthalide compounds are regarded to 
have great therapeutic potential for treating migraine [7-9], in 
which Senkyunolide I (SEI, Figure 1) is a key component and shows 
effectiveness in migraine models. Oral administration of SEI can 
decrease pain threshold in a nitroglycerin-induced migraine model 
of rats [9]. When injected intraperitoneally in rats [10], the drug 
also suppresses the amplitude and frequency of Cortical Spreading 
Depression (CSD), the pathophysiological basis of migraine [11-
13]. The effectiveness of SEI on migraine models is associated 
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Figure 1: Chemical structure of SEI and Ligustrazine.
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that both ROS and NMDA receptor are key in migraine mechanism 
as ROS can be induced by CSD in the trigeminal nociceptive system 
[18] and inhibition of NMDA receptor can block CSD in various 
migraine models [16,19,20], we reason that ligustrazine may be also 
effective in suppressing CSD. 

This study aimed to examine if both SEI and ligustrazine have 
anti-CSD effects via its neuronal action. A possible involvement of 
CGRP associated with SEI is also explored. To this end, an in vitro 
migraine model in chick retina was applied because this tissue is lack 
of blood vessels and Retinal Spreading Depression (RSD) has been 
previously used as a useful predictor of migraine for assessing anti-
migraine potential of drugs [21,22].

Materials and Methods
Both SEI and ligustrazine were purchased from Pure One 

Biotechnology, China. Twenty-two male chicks (purchased at 1 day 
old, WuXi Yangjichang Ltd, Wuxi) were housed for at least a week 
before use (aged 8-28 days). The animal procedure was approved by 
the Ethical Review Panel of Soochow University under the agreement 
with Xi’an Jiaotong-Liverpool University (XJTLU) and performed in 
accordance with the associated guidelines. All efforts were made to 
minimize animal suffering to reduce number of animals used. 

RSD induction in chick retina 
Chick retina preparation and RSD induction were as that 

described previously [22]. Briefly, the posterior eyecup was positioned 
in a chamber. Unless otherwise stated, the chamber was perfused 
with Ringer’s solution (concentrations in mM: 100 NaCl, 6 KCl, 1 

MgSO4, 30 NaHCO3, 1 NaH2PO4, 1 CaCl2 and 20 glucose; bubbled 
with 95% O2 and 5% CO2; pH 7.3) at 0.5 ml/minute. The tissue was 
stabilized for at least 30 minutes before elicitation of the first RSD 
episode by ejection of 1 μl of 0.1 M KCl at the edge of the eyecup and 
the temperature was kept constant at 32°C.

Intrinsic optical imaging
The retina was illuminated for 25 Milli-Seconds (ms) using a 

high-power LED spotlight (625 nm peak wavelength, SLS-0307-A, 
Mightex; Pleasanton, USA) and the illumination was driven by a 
computer-controlled power supply (Sirius LED controller, SLC-
SA04-U; Mightex, Pleasanton, USA). The reflected light was 
simultaneously recorded with a monochrome camera (QIC-F-M-12, 
Qimaging, Media Cybernetics, Marlow, UK) used at a maximal spatial 
resolution. Image sequences were acquired at 1 Hz over a 3-minute 
period, started as each RSD was elicited. Camera exposure and 
illumination were synchronized using an external trigger (TG5011, 
TTi, UK). Image Pro Plus software (IPP 7.0; Media Cybernetics, UK) 
was used for image acquisition, storage and analysis. 

Experimental design for drug testing
Whether SEI and ligustrazine could alter RSD was examined with 

the following four groups. (i) SEI, concentration at 10, 30 and 100 μM 
(n = 6); (ii) Ringer’s solution was used as the control (n = 6) for SEI; 
(iii) ligustrazine, concentrations at 20, 60 and 200 μM (n = 4); and 
(iv) DMSO (Sigma-Aldrich, Dorset, UK) at 0.01%, 0.03% and 0.1% 
was applied as the ligustrazine vehicle group in respective order (n 
= 6). In each experiment, ten RSD episodes were induced, with each 
RSD followed by a 20-minute interval for tissue recovery. In order to 
minimize the animal use, two separate and consecutive RSDs was used 
for each of the following different tests: (i) initial Ringer’s control; (ii) 
low concentration of drug or vehicle; (iii) medium concentration of 
drug or vehicle; (vi) high concentration of drug of vehicle; (v) post-
treatment with Ringer’s control (i.e. drug removal). For each test 
sequence, the perfusion medium was changed immediately after the 
end of the 2nd, 4th, 6th, and 8th RSD recording when required, such 
that the preparation was adequately perfused with the proper drug 
or vehicle or Ringer’s medium for the subsequent test. At end of 
RSD recording, the retina tissue was snap frozen in liquid nitrogen, 
transferred to -80°C freezer for the subsequent measurement of 
CGRP level.

Enzyme-linked immunosorbent assay (ELISA)
Enzyme-Linked Immunosorbent Assay (ELISA) was applied for 

examining if SEI could alter release of CGRP during RSD. Protein 
was extracted from chick retina homogenate from both the above 
mentioned Ringer’s control and SEI groups. Protein detection was 
carried out by following the manufacturer’s instruction using the 
CGRP Enzyme Immunoassay kit (Bertin Pharma). Briefly, all retinas 
were rapidly homogenized within 15 seconds in 2N acetic acid as 2 
ml/100 mg tissue. The extract were heated to 90°C for 10 minutes, 
centrifuged at 10,000 × g for 30 minutes, dried for an hour and stored 
at -80°C. Immediately before assay, samples were reconstituted with 
enzyme immunoassay buffer and analyzed using a microplate reader 
(Synergy HT, BioTek, USA) for CGRP detection. CGRP levels are 
presented as the mean ± SEM.

Figure 2: SEI suppressed both the magnitude (A) and propagation rate (B) 
of RSD induced by KCI+ in the chick retina. Data was plotted as percentage 
of their initial levels and indicated as mean ± SD. Data analyzed by Mann-
Whitney U test for comparison between SEI (n = 6) and Ringer’s control (n = 
6), *p < 0.05, **p ≤ 0.01.
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Data presentation and statistical analysis
For RSD data, as reported previously [20], for each 360-frame 

sequence, an Area of Interest (AOI) parallel to the RSD wave front 
was delineated manually. For each picture within the sequence, 
the gray levels of the pixels constitute in the AOI were averaged 
and plotted against the time as an indicator to characterize RSD. 
For each RSD wave, the area under the curve (AUC, gray level x 
minute) of the transient cellular depolarization was calculated and 
used as an index of the magnitude of propagating RSD. Propagation 
rate was also calculated to reflect the degree of tissue excitability. 
The calculated values within each different test were averaged and 
all corresponding data were given as mean ± SD in percentages of 
their respective baselines, that is, averaged value for the first two K+ 
stimuli. Two-tailed Mann-Whitney U test was used for comparison 
of the magnitude and propagation rate of RSD between the drug and 
respective control group. For ELISA data, statistical analyses were 
done using Graph Pad Prism and unpaired comparisons between the 
drug and control group were done using a one-tailed Mann-Whitney 
U-test.

Results
SEI inhibited the magnitude and propagation rate of RSD

We firstly examined the effects of SEI on RSD in the chick 
retina. In the Ringer’s group, there was no significant change in both 
the magnitude and propagation rate over repeated RSD episodes 
throughout the experiment (Figure 2, n = 6). In SEI group, the drug 
suppressed the magnitude of RSD in a concentration dependent 
manner (Figure 2A). The magnitude was reduced to 86.4% ± 2.8%, 

69.6% ± 4.5%, and 75.4% ± 3.8% of initial level at 10, 30 and 100 µM 
in respective order and this reduction was significant when compared 
with the Ringer’s group (p = 0.0087, 0.0411 and 0.0152, in respective 
order, n = 6, Figure 2A). Similarly, the drug at all three concentrations 
tested also reduced RSD propagation rate to 93.4% ± 2.2%, 88.6% ± 
2.1%, and 86.4% ± 3.4% in respective order (Figure 2B). This reduction 
was significant when compared with their respective Ringer’s group 
(p = 0.0087, 0.0411 and 0.0152 in order, n = 6, Figure 2B).

This inhibitory effect was persistent after the drug removal, 
and the magnitude and propagation rate of RSD was maintained at 
74.4% ± 8.6% and 85.8% ± 3.6% of initial level, respectively, which 
was significant when compared with the control group (p = 0.0411 
respectively, Figure 2).

Ligustrazine suppressed the magnitude of RSD 
We further examined effects of ligustrazine on RSD in the chick 

retina. The results showed that DMSO at all concentrations tested 
did not alter both the magnitude and propagation rates of RSD 
(Figure 3, n = 6). Ligustrazine at 20 µM and 60 µM did not alter RSD 
magnitude. However, at the highest concentration (200 µM) tested, 
the drug reduced the magnitude of RSD to 81.3% ± 4.8%, and this 
reduction was significant when compared with respective vehicle 
group (p = 0.0381, n = 6, Figure 3A). Differently, ligustrazine at all 
concentrations applied did not alter the propagation rate (Figure 3B).

SEI does not alter retinal CGRP level during RSD
As SEI suppressed both RSD magnitude and propagation rate and 

exhibited better efficacy than ligustrazine (Figures 3,4), only SEI was 
further considered for the subsequent examination of retinal CGRP 
levels after repeated RSD. The results showed that in the control 
group after repeated RSD was induced, chick retinal CGRP level was 
0.93 ± 0.21 ng/g tissue (n = 6). In SEI group, the retinal CGRP level 
was slightly reduced to 0.67 ± 0.07 ng/g tissue (n = 6). However, this 
reduction was insignificant when compared to the control group 
(Figure 4).

Discussion
The key finding of this study is the inhibitory effect of SEI on the 

magnitude and propagation rate of RSD, suggesting a therapeutic 
potential of SEI for migraine treatment. This data extends a previous 
study in vivo that SEI suppresses the amplitude and frequency of CSD 
after intraperitoneal injection [10].

The mechanism of SEI on RSD is not clear. However, several 
possible explanations may account for this observation. Firstly, that 
the inhibitory effect was observed in the chick retina, a tissue that 
lack of blood vessels, suggests the neuronal action of SEI on RSD. 
Secondly, the effect of SEI on RSD is likely to be attributed to a 
reduced TNF-α as SEI can reduce the production of proinflammatory 
cytokines including TNF-α and inflammation-related enzymes that 
are stimulated by oxygen-glucose deprivation/reoxygenation in rats 
[10]. Supporting this notion comes from that TNF- α plays a key role 
in regulating CSD [23,24] as in hippocampus, CSD increases TNF-α 
level [24] and this protein in turn increases the cortex susceptibility to 
CSD [23]. An alternative explanation to account for the suppressive 
effect of SEI on RSD is related to ROS. SEI is known to be an anti-
oxidant as it decreases the levels of MDA and increases the activities 
of SOD to prevent the cerebral morphologic damage and brain edema 

Figure 3: Ligustrazine suppressed the magnitude (A) but not the propagation 
rate (B) of RSD induced by KCI in the chick retina. Data was plotted as 
percentage of their initial levels and indicated as mean ± SD. Data analyzed 
by Mann-Whitney U test for comparison between ligustrazine (n = 4) and 
DMSO control (n = 6), *p < 0.05, **p ≤ 0.01.
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in rats [4]; Whilst CSD induces  ROS in trigeminal nociceptive system 
[18] and in microglial cells [23]. This raises the possibility that ROS 
as a link between SEI and its inhibition on RSD in the chick retina.

It is also possible that the action of SEI during RSD is associated 
with CGRP because increase in CGRP gene expression after CSD 
can be observed in various tissues including pia [25], neocortical 
slice [26] and cortex of rats [27] and SEI can reduce plasma CGRP 
contents induced by CSD in rats [10]. Interestingly, in this study, 
SEI only slightly but not significantly reduced retinal CGRP level in 
chick retina after RSD (Figure 4), which appears not to support the 
involvement of CGRP. However, one may argue that the inhibitory 
effect on RSD by SEI was persistent after SEI removal, suggesting 
a sufficient ligand-receptor binding. It is possible that the slight 
reduction of CGRP by SEI after RSD (Figure 4) may have been 
sufficient for modulating CGRP receptor activity in the chick retina, 
leading to RSD suppression. Additionally, a proportion of CGRP 
may have released into the chamber and perfused away during the 
last two RSD episodes after the drug removal, which may have limited 
a significant reduction of CGRP by SEI to be observed. Further 
investigation overcoming this limitation is necessary to address this 
possibility, in particular, unaltered brain CGRP contents by SEI is 
indeed shown in a nitroglycerin-induced migraine model [10].

Another finding of this study is that ligustrazine also suppressed 
RSD magnitude, which action is similar to that of SEI, but to a lesser 
extent (Figure 3). The reduction of RSD magnitude complements 
to a previous study that ligustrazine reduces neuropathic pain via 
its action on neuronal apoptosis in the rat spinal dorsal horn [28]. 
One plausible explanation to account for the inhibitory effect of 
ligustrazine on RSD is related to NMDA receptor/Ca2+ signaling as 
these signals play key roles in migraine pathophysiology [16,17]. 
Ligustrazine is able to reduce ROS level and Ca2+ response to NMDA 
as well as inhibit the L-type calcium channel in rat retinal ganglion 
cells [15] and inhibition of NMDA receptor can block RSD [20]. 
Another explanation is related to ROS as ligustrazine can significantly 
strengthen antioxidative function by lowering MDA content and 
elevating SOD activity in mice [14]. 

In summary, this study demonstrates that both SEI and 
ligustrazine inhibit RSD, suggesting multiple active components in 
Chuanxiong Rhizoma may perform similar function in regulating 
key signals in migraine pathophysiology via neuronal mechanism. 
These two compounds may exert synergistic action for migraine 
therapy and this requires further investigation.
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