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Background: Tranexamic acid (TXA) is the most widely used hemostatic agent in surgical
patients. However, when used in a high dose, it could cause a seizure in the postoperative
period. The exact effector mechanism behind the seizure triggering remains unknown.
Therefore, the authors investigated the effects of TXA on the activity of glutamate transport-
er type 3 (excitatory amino acid transporter 3; EAAT3), which is the main neuronal gluta-
mate transporter type.

Methods: EAAT3 was expressed in Xenopus laevis oocytes through mRNA injection. Oocytes
were incubated with diluted tranexamic acid for 72 h. Two-electrode voltage clamping was
used to measure membrane currents before, during, and after applying 30 uM L-glutamate.
Responses were quantified by integrating the current traces and reported in microcoulombs
(MC). Results were presented as mean * SEM.

Results: TXA (30 to 1,000 uM) significantly decreased EAAT3 activity. Our kinetic study
showed that V., was significantly decreased in the TXA group compared with the control
group (1.1 £ 0.1vs. 1.4 £ 0.1 uC, n = 18-23, P = 0.043), but the K., did not significantly
change (12.7 £ 3.9 uM for TXA vs. 12.8 + 3.8 for control, n = 18-23, P = 0.986).

Conclusions: Our results suggest that TXA attenuates EAAT3 activity, which may explain its
proconvulsant effect.

Corresponding author
Sang-Hwan Do, M.D., Ph.D.
Department of Anesthesiology and
Pain Medicine, Seoul National
University Bundang Hospital, 82
Gumi-ro 173beon-gil, Bundang-gu,
Seongnam 13620, Korea

Tel: 82-31-787-7501

Fax: 82-31-787-4063

E-mail: shdo@snu.ac.kr

Keywords: Electrophysiology; Excitatory amino acid transporter 3; Glutamate plasma mem-
brane transport proteins; Tranexamic acid; Xenopus laevis.

INTRODUCTION

Tranexamic acid (TXA) is the most widely used hemostatic
agent in surgical patients, and it is known to induce hemosta-
sis by binding to the lysine binding site of plasminogen, which
in turn decreases plasmin activity and lowers fibrin degrada-
tion. However, the TXA application may have side effects in
the central nervous system (CNS), such as inducing seizures
[1,2]. Seizures, caused by an intraoperative use of TXA, not

only delay recovery but also have an adverse impact on the
patient’s outcome. It has been previously reported that the
TXA-induced seizure effector mechanism involves inhibitory
neurotransmitter inhibition through gamma-aminobutyric
acid (GABA) or glycine receptors [3]. However, unlike glial ex-
citatory amino acid transporters (EAAT1 and EAAT2), which
usually regulate excitatory neurotransmitters, EAAT3, a major
neuronal EAAT, exists both in inhibitory and excitatory neu-
rons, thereby regulating GABAergic neurotransmission
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through precursor glutamate uptake [4].

EAATS, also called glutamate transporters, are membrane
proteins that are present in neurons and glial cells in the
CNS [5]. Glutamate is a major excitatory neurotransmitter
with neurotoxic effect at high extracellular concentrations.
EAATs play a crucial role in transporting glutamates from
the extracellular space to inside the cell. EAAT dysfunction
leads to an extracellular glutamate accumulation, thereby
causing glutamate-induced neural damage or excitotoxicity,
associated with ischemic brain injury pathophysiology and
neurodegenerative diseases, such as amyotrophic lateral
sclerosis [6-8]. To date, there are five subtypes of EAATSs.
EAAT3 is the major EAAT and is expressed in neurons [5].

This study aims at investigating the impact of TXA on
EAATS3 activity by measuring TXA-induced membrane po-
tential changes using a two-electrode voltage clamp in a
Xenopus oocyte expression system, and to examine the
TXA effect patterns on EAAT3 through a kinetic study.

MATERIALS AND METHODS

Xenopus oocyte preparation and EAAT3 expression
studies

Fig. 1 shows a schematic diagram of the process of
EAAT3 expression. Xenopus laevis, a research model frog,
was managed in an independent water tank with
twice-weekly feedings. To obtain oocytes, 0.2% 3-amino-
benzoic ethyl ester (Sigma, USA) was added to 500 ml of
water, in which the animal was subsequently immersed for
30 min, and once its response to the painful stimuli was
lost, the animal was placed on an ice bath in a supine posi-
tion. A 0.5-1-cm incision was made in the lower lateral ab-
dominal wall to obtain a part of the ovarian tissue, which
was immediately placed into a modified Barth’s solution
(NaCl 88 mM, KCl 1 mM, NaHCO, 2.4 mM, CacCl, 0.41 mM,
MgS0, 0.82 mM, Ca(No,), 0.3 mM, gentamicin 0.1 mM,
HEPES 15 mM, pH 7.6). After removing the follicular layer,
the tissue was placed into an OR-2 solution (NaCl 82.5 mM,
KCI 2 mM, MgCl, 1 mM, HEPES 5 mM, collagenase type Ia
0.1%, pH 7.5), mildly shaken for two hours, then incubated
in modified Barth'’s solution for storage at 16°C.

The EAAT3 cDNA was provided by Dr. Mattias A. Hediger
(Brigham and Women’s Hospital, Harvard Institute of
Medicine, USA), and it was subcloned into a commercial
vector (Bluescript-SKm). After a restriction endonuclease

(Not I) treatment, mRNA was prepared using a commercial
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kit (Ambion, USA). The mRNA quantitative analysis was
performed using a spectrophotometer. The obtained
mRNA (concentration: 30 ng/30 nl) was injected into the
oocyte cytoplasm using an automatic injector (Drummond
Nanoject, Drummond Scientific Co., USA).

Electrophysiological measurements

The experiment was conducted at 21-23°C, considered as
room temperature. A single defolliculated oocyte was placed
in the recording chamber of a 2-electrode voltage clamp
(OC725-A, Warner Corporation, USA), and while perfusing
with Tyrode solution (150 mM NaCl, 5 mM KCl, 2 mM CaCl,,
1 mM MgSO,, 10 mM dextrose, 10 mM HEPES, pH 7.5), the
oocyte was pricked at the sides with the microelectrodes
connected to the voltage clamp to measure the membrane
potential. The membrane potential value obtained from the
voltage clamp was processed with the DAS-8A conversion
board (Keithley-Metrabyte, USA) and analyzed using the
Ooclamp software. All measurements were conducted at a
holding potential of -70 mV. Oocytes not showing a stable
holding current of less than 1 mA were excluded from the
analysis. The oocyte was then superfused with Tyrode solu-
tion-diluted L-glutamate for 20 s at 3 ml/min, and the mem-
brane potentials were measured at 125 Hz for one minute.
We integrated the bell-shaped current trace to quantify the
response and describe the value as microCoulombs (pC),
which equates to the total amount of transported glutamate.
Each experiment was performed by using oocytes obtained

from at least three different Xenopus frogs.

Injection of various chemicals

To examine the effects of TXA on EAAT3 activity, we ex-

EAAT3 plasmid DNA
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transcription
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translation

Fig. 1. The EAAT3 expression process. EAAT3: excitatory amino acid
transporter 3.
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posed oocytes to various TXA concentrations diluted in a
modified Barth solution (3, 10, 30, 100, 300, 1,000 uM) for
72 h and measured membrane potential changes after in-
jecting an agonist (L-glutamate 30 pM). The control group
oocytes were incubated in a modified, non-TXA-contain-
ing Barth solution for 72 h before the response measure-
ment. In this experiment, we used the agonist L-glutamate
to induce a glutamate transporter current through EAAT3.
In our previous study, we established that the EAATS3 re-
sponse-triggering L-glutamate median effective concentra-
tion (EC,,) is 27.2 pM [9], we thus used 30 pM of L-gluta-
mate in this study. After computing responses at each TXA
concentration, we performed a kinetic study to compute
K, and V,,,, by measuring response values in the control
group and the experimental group upon exposure to a TXA
concentration close to the half-maximal inhibitory concen-
tration (IC,,) using five different L-glutamate concentra-
tions (3, 10, 30, 100, 300 uM).

Data analysis

The response values were presented as mean * SEM. As
the response values commonly vary depending on the oo-
cyte batch, we obtained normalized data by dividing the
response values by the average value of the control group
in each batch for the dose-response study. Between-group
differences were analyzed with student’s ¢-test or one-way
analysis of variance (ANOVA). Post-hoc comparison was
performed with Bonferroni correction or Student-New-
man-Keuls correction. Statistical differences were consid-

ered significant for P values < 0.05.

RESULTS

Oocytes injected with EAAT3 mRNA showed inward cur-
rents in response to the application of L-glutamate. In con-
trast to that, no membrane current changes were observed
in oocytes that were not injected with EAAT3 mRNA. No
membrane potential changes were observed when EAAT3
mRNA-not injected oocytes were exposed to TXA. Accord-
ingly, all subsequent experiments were conducted only
with oocytes injected with EAAT3 mRNA.

Exposing the oocytes to various TXA concentrations
showed that TXA decreased EAAT3 activity in a dose-de-
pendent manner (Fig. 2). In the kinetic study, we used the
lowest TXA concentration of 30 pM that significantly de-
creased EAAT3 activity.
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Compared to the control group, the TXA exposure group
(30 uM) showed a significant reduction in the response to
10, 30, 100, and 300 pM L-glutamate except 3 pM L-gluta-
mate (Fig. 3). A further analysis of the data demonstrated
that TXA significantly decreased V,,, (1.1 * 0.1 pC for TXA
vs. 1.4 £ 0.1 pC for control; n = 18-23 in each group, P =
0.043). However, TXA did not cause a significant change in
K,, value for EAAT3 in response to L-glutamate 12.7 £ 3.9
UM for TXA vs. 12.8 £ 3.8 uM for control; n = 18-23 in each
group, P = 0.986).

DISCUSSION

As an antifibrinolytic agent, TXA effectively promotes
hemostasis in surgical patients, but there have been con-
cerns about its main adverse effect, namely postoperative
seizure. Such an effect has been frequently reported in car-
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Fig. 2. Changes in EAAT3 activity relative to tranexamic acid exposure
level. EAAT3: excitatory amino acid transporter 3. *P < 0.05 compared
with the control group (tranexamic acid concentration O uM).
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Fig. 3. EAAT3 dose-response curve of for L-glutamate relative to
tranexamic acid presence. EAAT3: excitatory amino acid transporter
3. *P < 0.05 compared with control group (tranexamic acid
concentration O uM).
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diac surgeries when a high TXA dose was used [10].
TXA-induced seizures occur within several hours of trans-
ferring the patient from the operating room to an intensive
care unit, a period characterized by a rapid decline of anes-
thetics with an anticonvulsant effect and high TXA concen-
tration [11]. A recently published meta-analysis of 28 ran-
domized controlled studies reported a high-risk ratio (6.67)
of postoperative seizure for using TXA during coronary ar-
tery bypass grafting [12].

No theory has been established for the CNS mechanism
underlying TXA-induced seizures. It has been reported that
TXA has an inhibitory effect on inhibitory neurotransmit-
ter receptors GABA and glycine receptors, but its effect on
the excitatory glutamate neurotransmission has not been
reported yet. Particularly, EAAT3, a main glutamate neuro-
transmission-regulating EAAT, plays an important role in
maintaining GABA neurotransmission towards neurons by
providing the glutamate needed for GABA synthesis [4,13].
Therefore, studies on the effect of TXA on EAAT3 activity
would provide a key to understanding the effector mecha-
nism of TXA-induced seizures.

Lecker et al. [14] established peak TXA concentrations at
1.9 £ 0.4 mM in the serum and 220.8 + 116.7 pM in the ce-
rebrospinal fluid in patients undergoing heart surgery us-
ing a cardiopulmonary bypass machine. Furthermore, in
the same study, the half-maximal inhibitory concentration
(IC,,), measuring the TXA inhibition of glycine receptors,
was 1.1 mM.

In this study, TXA significantly decreased EAAT3 activity
at concentrations of 30, 100, 300, and 1,000 pM. Decreased
EAATS3 activity lowers glutamate uptake into neurons and
thus increases extracellular glutamate concentration,
which can explain the onset of seizures. In our previous
study, we observed that etomidate and estrogen (17-p-es-
tradiol), which have a proconvulsant effect, also decreased
EAATS3 activity [15,16]. Moreover, the results of the kinetic
study shed light on how TXA alters EAAT3 activity. In other
words, considering that TXA significantly reduced V,,,, but
did not significantly alter K, it is appropriate to assume
that TXA causes dynamic changes, such as increasing the
number of available EAAT3 or its turnover rate, in the neu-
ronal cell membrane as opposed to changing the affinity of
EAATS3 for glutamate.

The TXA-induced CNS hyperexcitation seems to be at-
tributable to the so-called “disinhibition” that reduces neu-
rotransmission [17]. Glycine receptors and GABA, recep-

tors are some of the major inhibitory neurotransmission
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systems in the CNS. According to Furtmiiller et al. [18],
while TXA does inhibit GABA, receptors, its IC,, is quite
high, at 7 mM. That is, although we could not calculate IC,,
in the present study due to the atypical pattern of EAAT3
activity across varying TXA concentrations, the result that
EAAT3 activity was significantly decreased at concentra-
tions of 30 uM or higher suggests that EAAT3 had signifi-
cant responses to markedly lower TXA concentrations
compared to glycine or GABA, receptors. However, a com-
prehensive comparison is difficult due to the differences in
the experimental methods.

There are several methods of measuring glutamate trans-
porter activity, and we chose electrophysiological mea-
surement using a 2-electrode voltage clamp in the present
study. For this method, Xenopus oocytes from Xenopus
laevis frogs are essential. Xenopus oocytes are widely uti-
lized in experiments using a voltage clamp, as they do not
contain endogenous receptors other than lysophosphati-
date receptors, and receptor proteins can be expressed on
the cell membrane within a few days of injecting the DNA
or RNA of various receptors into the nucleus or cytoplasm.

In this study, we observed that TXA attenuates EAAT3
activity but could not identify its mechanism. It is possible
that TXA can affect EAAT3 activity through its impact on
enzymes that regulate intracellular signaling, such as pro-
tein kinase C (PKC) or phosphatidylinositol 3-kinase
(PI3K). We also observed in our previous studies that vari-
ous anesthetics, hormones, alcohol, caffeine, and nicotine
alter glutamate transporter activity through the mediation
of PKC or PI3K [19-22]. However, we could not additionally
study PKC or PI3K in the present study due to inadequate
study conditions. Furthermore, we used normalized data
obtained by dividing each response value by the average of
the control for each oocyte batch instead of the raw data
when analyzing the results of the dose-response experi-
ment. This is a common method in electrophysiological
experiments using the Xenopus oocyte expression system,
and we have used this method in our previous studies as
well [9,12,17-20,23,24].

In conclusion, we used the Xenopus oocyte expression
system and observed that TXA decreases the activity of glu-
tamate transporter, EAAT3, presumably by increasing the
number of available EAAT3 or its turnover rate as opposed
to altering its affinity for glutamate. Additional studies are

needed to examine the underlying mechanism.
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