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Abstract
 Tetramethylpyrazine (TMP) was reported to cause vasodilation and reduce arterial pressure. In vascular smooth 
muscle cells (VSMCs), TMP induced hyperpolarization by affecting VSMC ionic channels. Additionally, TMP could elicit 
endothelium-dependent pulmonary artery relaxation. Therefore, we hypothesized that TMP may similarly affect ionic 
currents of human coronary artery endothelial cells (HCAECs). Cultured HCAECs were studied using whole-cell patch clamp 
technique. Cells were stimulated with 600-ms pulses from -40 mV holding potential to -100, -80, -60 … +80 mV. TMP at 3 
and 30 μM signifi cantly decreased current densities at +60 mV to 73.0 ± 10.6 % (n=7) and 78.7 ± 5.8 % (n=7), respectively. 
To test the TMP effects on small- and intermediate-conductance Ca2+-sensitive K+ channels (SK

Ca
 and IK

Ca
), inward rectifi er 

K+ channels and non-selective cation channels, specifi c blockers were used (100 nM apamin, 10 μM clotrimazole, 100 μM 
Ba2+ and 10 μM La3+, respectively) When most channels were blocked, leaving primarily SK

Ca
 or IK

Ca
 currents, 30 μM TMP 

decreased the current density to 61.0 ± 20.0 % (n=3) and 50.3 ± 5.1 % (n=3). TMP did not affect currents through other 
channels in similar experiments. These data suggested that TMP could diminish HCAEC currents, and this effect could be 
mediated by SK

Ca
 and/or IK

Ca
 inhibition. Further investigation will elucidate the signaling pathways involved.

Keywords: tetramethylpyrazine, potassium channel, non-selective cation channel, human coronary artery endothelial cell, 
whole-cell patch clamp

vasorelaxing substances, e.g. ginsenosides and bilobalide,18-20

have also been shown to affect endothelial ion channels. 
To our knowledge, no report has addressed TMP effects on 
endothelial ion channels. Since coronary artery endothelial 
cells are a major player in the control of coronary artery 
tone 21 and are involved in the pathogenesis of coronary 
artery disease,22-23 and since TMP has been shown to relax 
coronary artery, our objective, therefore, was to investigate 
the effects of TMP on ionic currents in human coronary 
artery endothelial cells (HCAECs), as well as identifying 
the type(s) of ion channels affected.

Materials and Methods
Cell culture preparation
 Primary culture of human coronary artery endothelial 
cells (HCAECs), in the third passage, was obtained from 
Lonza Walkersville Inc., USA (CloneticsÒ endothelial cell 
system). Only the 4th to 8th passages were used in the 
experiments to minimize variations induced by cell culture 
environment. For electrophysiological study, cells were 
plated on coverslips for ease of transfer to the recording 
chamber.

Electrophysiological recording
 Chemicals and Solutions
 All chemicals were purchased from Sigma-Aldrich, 
(St. Louis, Missouri, USA), except where noted otherwise.  
2, 3, 5, 6-Tetramethylpyrazine (TMP) (>98% purity, HClO

4

assay) was obtained from Merck Chemicals, Germany. 
Deionized water was used as a solvent for all chemicals. 
The composition of the internal solution was modifi ed 
from Zünkler et al.24 and Brzezinska et al.25 and contained 
(in mM): 140 KCl, 1 MgCl

2
, 2 CaCl

2
, 5 HEPES, 10 EGTA 
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Tetramethylpyrazine (TMP), or ligustrazine, an active 
ingredient found in the rhizome of Ligusticum 

chaunxiong Hort., is widely used in traditional medicine 
as prescription for cardiovascular disease such as angina 
pectoris and myocardial ischemia, as well as cerebral 
ischemic syndrome.1-3 Indeed, TMP was shown to induce 
reductions of both portal venous and systemic arterial 
pressures in portal hypertensive rats, acting as a 
vasorelaxant.4,5 Another report described a direct relaxing 
effect of TMP on vascular tissues. In addition, the protective 
effect of TMP in acute coronary syndrome patients has been 
reported.6  Previous studies showed that TMP decreased 
tension of rat thoracic aorta, pulmonary artery and coronary 
artery.7-10 The effects of TMP have mostly been investigated 
in vascular smooth muscle cells (VSMC), showing that this 
substance could cause VSMC hyperpolarization, L-type 
Ca2+ channel inhibition and K+ channel activation, causing 
lowered Ca2+ infl ux.9,11,12 Few studies investigated the direct 
effects of TMP on endothelial cells. One report showed 
that TMP could induce endothelium-dependent relaxation 
in rat pulmonary artery by stimulating endothelial nitric 
oxide production.13 
 Production and release of vasodilators including nitric 
oxide from endothelial cells are known to be modulated 
by ion channels in these cells.14-17 Several exogenous 
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and 2 ATP; pH 7.2, adjusted with KOH. The ATP-containing 
internal solution was kept on ice until use, but no ATP 
regenerating system was present. The addition of ATP in 
this solution was not only for preserving cellular energy 
and increasing recording time, but also for blocking the 
ATP-sensitive K+ channel. The control (bath) solution was 
similar to a physiological solution and contained (in mM): 
145 NaCl, 5.4 KCl, 1.8 CaCl

2
, 1 MgCl

2
, 5 HEPES and 10 

glucose, 320 mOsmol/kg; pH 7.3, adjusted with NaOH. 
 Clear TMP crystals were obtained from Merck 
Schuchardt OHG, Germany. 10 mM TMP stock solution 
was prepared by dissolving in deionized water and diluted 
by external solution to various concentrations, ranging 
from 1-100 μM.
 To identify the HCAEC channels affected by TMP, 
known channel blockers were used: 100 nM apamin 
(Apa) for small-conductance calcium-activated (SK

Ca
) 

channel12 (Sigma-Aldrich); 10 μM clotrimazole (CTZ) for 
intermediate-conductance calcium-activated (IK

Ca
) 

channel26 (Merck KGaA), 100 μM BaCl
2
 for inward 

rectifi er potassium (K
ir
) channel27 (Sigma-Aldrich), and 

10 μM LaCl
3
 for non-selective cation (NSC) channel28 

(Sigma-Aldrich).

 Procedures
 All experiments were done at 25-28ºC. HCAECs 
selected for recording were isolated and round-shaped, with 
intact cell membrane. After immersion of a micropipette 
containing internal solution into the bath, the pipette offset 
was adjusted to cancel out the liquid junction potential and 
the pipette resistance was determined. The cell capacitance 
and series resistance were determined and cancelled after 
gaining whole-cell access, following the formation of a 
gigaohm seal between the micropipette tip and the cell 
membrane. The holding potential was -40 mV which 
approximated the HCAEC resting membrane potential 
previously reported.24 Test pulses were applied from the 
-40 mV holding potential to a test pulse for 600 ms, then 
returning to the holding potential. The test pulses started from 
-100, -80, -60 … to +80 mV to construct a current-voltage 
(I-V) curve afterwards. The inter-pulse interval was 1 s.
 For each cell, at least two-minute equilibration was 
allowed after gaining whole-cell access before a control 
current was recorded. Then the cell was exposed to a 
test concentration of TMP for at least fi ve minutes. TMP 
concentrations tested were 1, 3, 10, 30, and 100 μM. 
Attempts were always made to record the wash-out 
currents, i.e., currents on return to the control bath solution 
after a test TMP solution. However, wash-out currents 
could only be obtained in a few cells due to loss of gigaseal. 
To minimize the carry-over effect, a coverslip that had 
been exposed to a TMP concentration for more than fi ve 
minutes (i.e. in a previous experiment) would be discarded.
 In one-blocker experiments, the control and wash-out 
currents were recorded in the presence of a channel blocker. 
Test currents were recorded after a fi ve-minute exposure 
to 30 μM TMP and the continuous presence of the same 
blocker.

 In three-blocker experiments, HCAEC currents 
exposed simultaneously to three blockers were compared 
in the presence vs absence of 30 μM TMP, to confi rm the 
effect of TMP on a suspected target channel. The sets of 
three blockers were:  i) 10 μM CTZ + 100 μM Ba2+

 
+ 10 

μM La3+ (mostly SK
Ca

 remaining); ii) 100 nM Apa + 100 
μM Ba2+

 
+ 10 μM La3+ (mostly IK

Ca
 remaining); iii) 100 nM 

Apa + 10 μM CTZ + 10 μM La3+ (mostly K
ir
 remaining); 

and iv) 100 nM Apa + 10 μM CTZ + 100 μM Ba2+
 
(mostly 

NSC remaining) (See also under the x-axis labels of fi gure 
3 C for a simplifi ed representation of this protocol)

Data analysis
 Currents selected for analysis must pass the following 
criteria: i) the seal resistance must be larger than 1 gigaohm; ii) 
the maximum voltage error must not exceed 4 mV; and iii) 
the current magnitude at +60 mV must be at least 25 pA.
 Data were initially analyzed using the pCLAMP10 
software (Molecular Devices, USA). Current amplitude 
was taken as the difference between the steady-state 
current during a test pulse and the holding current. Currents 
at -100 and +60 mV were chosen to represent the inward and 
outward currents, respectively. Outward currents were not 
represented by those at +80 mV, the largest depolarization 
tested, because gigaseals could not be maintained at this 
depolarization in some cells, and therefore data at this 
potential were not consistently reliable. Current density 
was calculated by dividing maximum current amplitude 
at -100 and +60 mV with the whole-cell capacitance, and 
reported as pA/pF. GraphPad PRISM® 5 program (GraphPad 
Solfware, San Diego, CA, USA) was used to plot I-V 
curves and bar graphs, as well as performing all statistical 
analyses.
 All data were tested for normality using Komogorov-
Smirnov test. For normally distributed data, Student paired 
t-test or one-sample t-test (for data expressed in percentage 
of control) was used for paired data, and ANOVA with post 
hoc Bonferroni test was used for multiple comparisons. For 
non-normally distributed data, Wilcoxon signed-rank test 
and Kruskal-Wallis followed by Dunn’s multiple comparison 
test were used for paired and multiple comparisons, 
respectively. All data were presented as mean ± standard 
error of mean (SEM), taking P value < 0.05 as statistically 
signifi cant.

Results
Effect of TMP on HCAEC whole-cell currents
 HCAECs were exposed to control solution and then 
TMP at a concentration of 1, 3, 10, 30, or 100 mM. Figure 1 
A displays an example of current traces from a cell recorded 
in control compared to those in 30 mM TMP. Contrary to 
our expectation, 30 mM TMP actually inhibited HCAEC 
outward currents. In addition, the wash-out currents could 
be successfully recorded in this particular cell, as shown in 
the lowest panel of the fi gure, confi rming the reversibility 
of the TMP block. The current density-voltage (I-V) curves 
obtained from this cell are plotted in fi gure 1 B. Average 
I-V curves from experiments with 3 and 30 μM TMP 
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are displayed in fi gure 1 C and D. At +60 mV, the mean 
current densities in control and 3 mM TMP solutions were 
10.64 ± 2.39 and 7.41 ± 1.72 pA/pF, respectively (n = 7; 
p = 0.0837, paired t-test), and those in control and 30 
mM TMP external solutions were 3.26 ± 1.06 and 2.48 
± 0.85 pA/pF (n = 7; p = 0.0686, paired t-test). When the 
remaining currents during TMP exposure were expressed 
as percentage of control (Table 1), signifi cant decrease 
in ionic currents could be demonstrated in the presence 
of 3 and 30 mM TMP. The percentage of 3 and 30 μM 
TMP-treated currents compared to controls were 73.0 
± 10.6 % (n = 7) and 78.7 ± 5.8 % (n = 7), respectively 
(P = 0.0448 and 0.0104, respectively; one-sample t-test). 
On the other hand, none of the TMP concentrations tested 
could signifi cantly affect the inward currents at -100 mV 
(data not shown). Apparently, TMP at 3 and 30 mM could 
signifi cantly reduce outward HCAEC currents by almost 
30%. Signifi cant differences with 10 and 100 mM TMP 
could not be demonstrated, possibly due to a rather high 
variability in the data.

Table 1.  Percentage of outward currents (at +60 mV) 
compared to control at various TMP concentrations tested. 

[TMP] 
(μM)

n % Control P value

1 6 102.0 ± 23.1 0.9351

3 7 73.0 ± 10. 6 0.0448*

10 8 118.5 ± 17.5 0.3266

30 7 78.7 ± 5.8 0.0104*

100 10 82.4 ± 9.2 0.0888

Data are expressed as mean ± SEM. Kolmogorov-Smirnov 
test showed that all data were normally distributed. 
One-sample t-test was employed to test if the % control 
(or percentage remaining) was signifi cantly different from 
100% (or control currents). * P < 0.05; one-sample t-test.

Figure 1. Tetramethylpyrazine (TMP) inhibits the outward currents of human coronary artery endothelial cells (HCAECs). A) An 
example of whole-cell currents obtained from an experiment with 30 μM TMP in an HCAEC with successful recording of wash-out currents. 
The uppermost panel diagrams the pulse pattern used in all experiments (HP, holding potential). Control and Wash-out currents were 
recorded in control external solution. B) current density-voltage (I-V) curves of the experiment in A, showing reversibility of TMP effect. C) 
and D) Average I-V relationships of control and 3 and 30 mM TMP-treated currents, respectively; error bars are SEM (n = 7 and 7). E) Bar 
graphs showing average TMP-exposed currents (at +60 mV), as expressed in percentages of control currents. The TMP concentrations 
were indicated on the x-axis. Error bars are SEM. The numbers in parentheses are sample size. Data are from Table 1. * P < 0.05 
(one-sample t-test).
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One-blocker experiments
 To identify the type of HCAEC ionic channels affected 
by TMP, experiments with 30 μM TMP were repeated in the 
continuous presence of either 100 nM Apa (SK

Ca
 blocker), 

10 μM CTZ (IK
Ca

 blocker), 100 μM Ba2+ (K
ir
 blocker) or 

10 μM La3+ (NSC blocker). The average outward currents 
(at +60 mV) remaining during exposure to 30 μM TMP, 
expressed as percentage of controls were 93.4 ± 12.6 % 
(n = 5, p = 0.6609), 109.7 ± 15.4 % (n = 7, p = 0.5540), 
74.3 ± 13.8 % (n = 6, p = 0.1222), and 150.1 ± 46.3 % 
(n = 9, p = 0.7344), respectively (one-sample t-test) (fi gure 2). 
Therefore, no significant effects of TMP could be 
demonstrated in our one-blocker experiments.

Three-blocker experiments
 Because the type of currents affected by TMP could 
not be concluded from the one-blocker experiments, 
a different approach was taken. Three blockers were 
present simultaneously in control external solution and the 
remaining HCAEC currents recorded, comparing control vs 
30 μM TMP exposure. The blockers’ concentrations were 
the same as above.

 Average current density at +60 mV in the presence 
of CTZ, Ba2+ and La3+ (remaining currents were primarily 
through SK

Ca
) in control and 30 μM TMP were 2.18 ± 0.69 

and 1.32 ± 0.56 pA/pF, respectively (n = 3; I-V curves 
in fi gure 3 A), or the TMP-treated currents were 61.0 ± 
20.0 % of control currents (fi gure 3 C). In Apa+Ba2++La3+

(remaining currents were mainly IK
Ca

), control and 30 μM 
TMP-treated currents at +60 mV were 3.50 ± 0.25 and 1.78 
± 0.29 pA/pF, respectively (n = 3; I-V curves in fi gure 3 B), 
i.e., 30 μM TMP could decrease the outward currents to 
50.3 ± 5.1 % (fi gure 3 C). When the remaining currents 
were mostly K

ir
 (in Apa+CTZ+La3+), however, the control 

and 30 μM TMP- exposed currents were 13.73 ± 2.96 
and 14.99 ± 3.52 pA/pF (n = 3), or currents in TMP were 
108.6 ± 2.7 % of those in control (fi gure 3 C). Finally, 
in the presence of Apa+CTZ+Ba2+ (remaining currents 
were mostly NSC), the average current density in control 
and 30 μM TMP were 6.20 ± 0.97 and 6.53 ± 1.55 pA/pF 
(n = 4), and TMP-treated currents were 103.7 ± 16.3 % of 
control (fi gure 3 C). Although the sample size was too small 
for any reliable statistical analysis, due to the diffi culty of 
fi nding cells with suffi ciently large currents, these data 
hinted that 30 μM TMP may decrease SK

Ca
 and IK

Ca

currents in HCAECs.  

Figure 2.  Bar graphs to summarize the results of one-blocker experiments. The x-axis indicates the blocker which was present con-
tinuously during recording of control, 30 μM TMP and wash-out currents. Y-axis represents the average percentage of remaining currents 
(at +60 mV) in 30 μM TMP compared to control currents. Apa, 100 nM apamin; CTZ, 10 μM clotrimazole; Ba2+, 100 μM BaCl2; La3+, 10 μM 
LaCl3. Error bars indicate SEM. The sample sizes are in parentheses. 
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Discussion
 The present study showed that TMP could partially 
decrease HCAEC whole-cell outward currents at +60 mV, 
with signifi cant inhibition demonstrated at concentrations 
of 3 and 30 μM. In one-blocker experiments, TMP could 
not inhibit outward currents in the presence of either 100 
nM Apa (specifi c SK

Ca
 blocker12) or 10 μM CTZ (specifi c 

IK
Ca

 blocker26), while it may be able to do so, albeit without 
statistical signifi cance, in the presence of K

ir
 blocker (fi gure 

2). These results hinted at the involvement of SK
Ca

 and IK
Ca

 
in mediating TMP’s action. That statistical signifi cance 
could not be reached may be due to the variability in our 
preparation.
 Many studies suggested that endothelial currents 
were principally generated from NSC and K+ channels, 
namely SK

Ca
, IK

Ca
, BK

Ca
, K

ATP
, and K

ir
.28 Since BK

Ca
, or the 

large-conductance Ca2+-activated K+ channel, was shown to 
play minor role in endothelial cells,29-31 it was not studied 
in our experiments. Addition of 2 mM ATP in all internal 
(pipette) solutions also excluded K

ATP
. In our three-blocker 

experiments, inhibiting IK
Ca

, K
ir
 and NSC channels, so 

that remaining currents were mainly SK
Ca

, and subjecting 
the cells to 30 μM TMP, resulted in about 61 % average 
inhibition. Similarly, in the continuous inhibition of SK

Ca
, 

K
ir
 and NSC channels, leaving primarily IK

Ca
, channels, 30 

μM TMP could decrease HCAEC currents, to approximately 
50 % on average. However, when blockers were applied 

such that mostly K
ir
 or NSC channels remained, 30 μM 

TMP could not depress the average currents (average 
percentages of control in TMP were about 109 and 104 %, 
respectively). These data tended to be consistent with SK

Ca

and IK
Ca

 being the channels inhibited by TMP.
 Taken together, data from both one- and three-blocker 
experiments showed a trend which suggested that the 
specific types of ion channels involved may be SK

Ca

and IK
Ca

. This is in contrast to previous studies which 
suggested that 10 μM TMP could increase the SK

Ca
 current 

in vascular smooth muscle, causing smooth muscle cell 
relaxation.9,12 The discrepancy may be due to different 
cell type (endothelial cells vs vascular smooth muscle), 
different type of vessels (coronary artery vs aortic smooth 
muscle; small vs large vessels), or different TMP doses 
(10 vs 30 μM TMP).
 Outward currents in endothelial cells help keep 
the membrane potential negative, thus maintaining the 
driving force for Ca2+ infl ux through the endothelial cell 
membrane, resulting in increased vasodilator release.14-17

Our results that TMP was inhibitory, rather than stimulatory, 
to endothelial outward currents means that the vasorelaxing 
effect of TMP, as shown in porcine coronary artery,10 was 
the action of TMP mainly on vascular smooth muscle cells 
and the effect was not endothelium-dependent. 
 It remains to be tested whether higher doses of TMP 
could adversely cause vasoconstriction because of its action 

Figure 3.  Three-blocker experiments.  Average I-V curves of control and 30 μM TMP-exposed currents in the continuous presence of 
A) 10 μM clotrimazole + 100 μM Ba2+ + 10 μM La3+ (leaving mainly SKCa current; n = 3) and B) in control 100 nM apamin + 100 μM Ba2+ + 
10 μM La3+ (leaving mainly IKCa current; n = 3). Error bars represent SEM; C) Bar graphs showing average 30 μM TMP-exposed currents 
(at +60 mV) as percentage of control currents when the indicated specifi c blockers were present; error bars indicate SEM. Apa, 100 nM 
apamin; CTZ, 10 μM clotrimazole; Ba2+, 100 μM BaCl2; La3+, 10 μM LaCl3; +, present; -, not present; Iremain, expected remaining current after 
three blockers had been applied; n, sample sizes.
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on endothelial cells. Further investigations are also needed 
to demonstrate the same effects in native (not cultured) 
human coronary artery endothelial cells. Finally, the 
involvement of BK

Ca
 and probably Cl- currents, though 

minor in contribution, has not been ruled out by our 
experiments. This could be a cause of variability in our 
preparation and needs to be further studied.
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