
Ischemia is caused by sudden extreme restriction in blood
supply that leads to metabolic stress, due to oxygen and glu-
cose deprivation to a tissue. Hippocampus, which plays an
important role in learning and memory, is known as one of
the earliest brain regions to be damaged following ischemia
with high vulnerability both in animals1—4) and in humans.5)

Thus much research has been done to find potential therapeu-
tics to ameliorate damages to the hippocampus caused by is-
chemic insult. In vitro hippocampal oxygen–glucose depriva-
tion (OGD) has been widely used as an in vitro ischemia
model6,7) to assess the neuroprotective properties of potential
therapeutic drugs. Electrophysiological hallmarks of in vitro
OGD in acute rat hippocampal neurons are neuronal dys-
functions such as cell death, excitability degeneration and de-
crease in excitatory synaptic transmissions.8,9) Therefore, a
substance that can attenuate both neuronal death and electro-
physiological degeneration induced by OGD can be consid-
ered as a potential neuroprotective agent that could have clin-
ical implications in counteracting ischemia.

Sulbutiamine is a highly lipid soluble synthetic analogue
of vitamin B1 (thiamine) and is already being used clinically
to treat asthenia.10) It can cross the blood brain barrier (BBB)
more easily than thiamine thus it has significant advantage
over thiamine in bioavailability by oral intake.10) Especially,
it has been shown that sulbutiamine can directly increase thi-
amine level in the hippocampus10) and, in addition, in vitro
experiments where neuroblastoma cells were incubated in
10 mM of sulbutiamine showed ten-fold increase in intracellu-
lar thiamine content.11) Various studies indicate that thiamine
deficiency alone can have harmful effects on neuronal viabil-
ity in the hippocampus12) and to further support the impor-
tance of thiamine in cell viability, there are reports suggest-
ing the role of thiamine in enhancing the survival of cultured
neurons13) and attenuating cell death caused by ischemia in
cardiomyocytes.14) Interestingly, with its favorable properties
of readily crossing the BBB and increasing thiamine avail-
ability in tissues,10) sulbutiamine has recently been shown to
have neuroprotective effect on retinal ganglion cells under

trophic factor deprivation-induced apoptotic cell death15) and
it can improve energy metabolism during ischemia.16) Ample
evidence exist to show that sulbutiamine also possess several
neuromodulating functions such as improving long term
memory formation by modulating cholinergic activity in the
hippocampus17) and improving episodic memory in patients
with Alzheimer disease when it is administered with acetyl-
cholinesterase inhibitor.18)

Although sulbutiamine has been shown to have neuropro-
tective and neuromodulatory effects, there is no published in
vivo or in vitro data yet demonstrating the possible effect of
sulbutiamine on neuronal viability and electrophysiological
properties of hippocampal neurons under ischemia. There-
fore, here we performed TO-PRO-3 iodide staining and elec-
trophysiological recordings to evaluate the neuroprotective
effect of sulbutiamine on hippocampal CA1 pyramidal neu-
rons subjected to OGD.

MATERIALS AND METHODS

Slice Preparation Wistar rats (postnatal day (p) 14—40)
were deeply anesthetized with isoflurane and decapitated, fol-
lowing the guidelines of Institutional Animal Care and Use
Committee of Korea University (KUIACUC-2011-114). Ro-
dents are born with their eyes closed and eye opening is be-
lieved to have an effect on maturation of brain circuits so
only rats after eye opening were used in this study.19) The
brain was removed and horizontal hippocampal slices
(350 mm) were prepared in ice-cold artificial cerebrospinal
fluid (ACSF) containing (mM): NaCl 126; KCl 3; NaH2PO4

1.25; MgSO4 2; CaCl2 2; NaHCO3 24; glucose 10; pH 7.2—
7.4; bubbled with carbogen gas (95% O2–5% CO2). Hip-
pocampal slices were maintained in ACSF in a submerged-
style holding chamber for 60 min until transferred one by one
to the recording chamber.

Oxygen–Glucose Deprivation Procedure Glucose dep-
rivation was achieved by substituting D-glucose with equi-
molar sucrose in the standard ACSF. Oxygen deprivation was
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achieved by bubbling D-glucose-deficient ACSF with 95% N2

and 5% CO2 for 30 min to deplete O2 content in the ACSF,
maintaining the same pH at 7.3—7.4 as in the control normal
ACSF solution.

TO-PRO-3 Iodide Staining TO-PRO-3 (Molecular
probes, Eugene, OR, U.S.A.) is a fluorescent DNA-binding
probe which is used as a dead cell marker.20) Cell viability of
hippocampal slices subjected to OGD with or without sulbu-
tiamine was determined by TO-PRO-3 iodide staining (dilu-
tion 1 : 1000). Photographs were taken at 40� magnification
using a digital camera (Nikon Coolpix 995) mounted to the
eyepiece of a Zeiss epifluorescence microscope. Hippocam-
pal slices were exposed to 10 min of OGD to determine the
effects of 50 mM sulbutiamine. Fifty micromolar sulbutiamine
was used in TO-PRO-3 iodide staining experiments since it is
the concentration that has been already shown to have the
most significant effect in protecting neurons from oxidative
stress.15) To select immune-labeled cells against the back-
ground, “density slice” option of the Image J (National Insti-
tute of Health) was used. The areas of selected particles of
each section were then quantified using the “analyze parti-
cle” option. TO-PRO-3 fluorescence densities of different
conditioned-slices were normalized to the control slices as
100%. All data represents mean�S.E.M. and Student’s t-test
was used for testing statistically significant differences.

Electrophysiology Whole-cell patch-pipette recordings
of hippocampal CA1 pyramidal neurons were made under vi-
sual guidance by infrared differential interference contrast
video microscopy. Patch pipettes (5—8 MW) were pulled
from standard-walled borosilicate glass using a microelec-
trode puller and were filled with a solution containing (mM):
Potassium gluconate 110; 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid (Hepes) 40; NaCl 4; ATP-Mg 4; GTP 0.3
(pH 7.2—7.3; osmolarity 270—290 mosmol/l). Whole-cell
current-clamp recordings were made with Multiclamp 700B
(Molecular Devices) in current clamp mode. All recordings
were made at temperatures between 27 and 32 °C. Signals
were filtered at 1 kHz, digitized at 2 kHz and acquired with
ITC-18 (Heka). All data was analyzed using Igor Pro soft-
ware (Wavemetrics). Excitatory postsynaptic potentials
(EPSPs) were stimulated extracellularly by placing the stimu-
lating electrode in the stratum radiatum of the CA1 area.
After a stable recording of EPSP for 5 min, slices were ex-
posed to OGD for 5 min by replacing the superfusate to the
sucrose-based oxygen-depleted ACSF, after which the super-
fusate was switched back to the normal ACSF. Input resist-
ance (Rin) was measured by giving a brief hyperpolarizing
current pulse of 100 pA and 50 ms duration and Rin was cal-
culated using Eq. 1 where V0 is the initial voltage, Vsteady is
the steady state voltage of the first exponential curve fit and
the amplitude of current pulse, 100 pA.

(1)

In order to test the excitability of the neuron, depolarizing
current pulse amplitude of 200—400 pA and 100 ms duration
was given to evoke action potentials (Fig. 3A). In all experi-
ments, EPSP, Rin and excitability were measured every 10 s
throughout the experiment.

RESULTS

Neuroprotective Effects of Sulbutiamine on Hippocam-
pal CA1 Pyramidal Neurons Subjected to Oxygen–Glu-
cose Deprivation In order to determine the effect of sulbu-
tiamine on hippocampal CA1 pyramidal neurons subjected to
OGD, TO-PRO-3 iodide staining, which labels nuclei of dead
cells selectively,20) was performed on hippocampal slices
under four conditions: Control condition in normal ACSF
(Control), OGD condition (OGD), OGD condition in the
presence of sulbutiamine (OGD�sulbutiamine) and OGD
condition in the presence of dimethyl sulfoxide (DMSO)
(OGD�Vehicle) (Figs. 1A—C n�5 for each conditions).
OGD, OGD�sulbutiamine and OGD�Vehicle conditions
showed 6.2, 4.1 and 6.1-fold increase in TO-PRO-3 iodide
staining density compared to the control condition, respec-
tively (Fig. 1D). Comparing the staining density of each con-
dition to control (normal ACSF), the density of TO-PRO-3
staining was significantly greater in OGD and OGD�Vehicle
conditions (n�5 each). For hippocampal slices under OGD�
sulbutiamine condition, however, the staining density was
significantly reduced compared to the OGD and OGD�Vehi-
cle conditions (n�5, p�0.01).

Effects of Sulbutiamine on Excitatory Synaptic Trans-
mission in Hippocampal CA1 Pyramidal Neurons Sub-
jected to Oxygen–Glucose Deprivation One of the key
electrophysiological characteristics of neurons during OGD
is the disruption of synaptic transmission.21) Thus, whole-cell
current-clamp recording was carried out to study the effect of
sulbutiamine on excitatory synaptic transmission of CA1 
pyramidal neurons subjected to OGD. After 5 min of stable
baseline, when hippocampal slices were exposed to 5 min of
OGD, EPSP amplitude decreased following OGD and recov-
ered after reperfusion with ACSF (Figs. 2A, B). The mini-
mum EPSP amplitude occurred at 15 min after the start of
the experiment for OGD condition (Fig. 2B). When EPSP
amplitudes were normalized to the first 5 min of baseline
(100%), the minimum normalized EPSP amplitude was
12.8�9.8% (n�7) whereas, in the presence of 1, 10 and
50 mM of sulbutiamine, the corresponding value at 15 min
were 25.1�2.21%, 47.3�3.11% and 66.3�11.0%, respec-
tively (n�7). The EPSP amplitudes recorded in the presence
of 10 and 50 mM of sulbutiamine were significantly different
from control (p�0.01 for 50 mM and p�0.05 for 10 mM, n�7
each) whereas the EPSP amplitude after reperfusion of ACSF
(recorded at 25 min) was not significantly different for any of
the conditions (Fig. 1C; p�0.05, n�7) (Fig. 2C).

Effects of Sulbutiamine on Neuronal Membrane Input
Resistance in Hippocampal CA1 Pyramidal Neurons
Subjected to Oxygen–Glucose Deprivation To investigate
the effect of sulbutiamine on intrinsic properties of neurons,
we monitored the changes in input resistance in OGD and
OGD in the presence of 1, 10 and 50 mM of sulbutiamine
(Fig. 3B). Rin decreased upon OGD exposure but recovered
afterwards (Figs. 3A, B). Normalizing the Rin to the first
5 min of baseline, minimum Rin was observed (71.6�4.9%,
n�7) at 15 min in OGD condition and the normalized Rin

values in the presence of 1, 10 and 50 mM of sulbutiamine at
15 min were 73.3�2.61, 87.5�6.61 and 100.5�6.3%, re-
spectively (n�7). Input resistance was significantly different
from control for 10 and 50 mM sulbutiamine treatment
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(p�0.01 for 50 mM and p�0.05 for 10 mM, n�7 each). How-
ever, normalized Rin after reperfusion of ACSF (recorded at
25 min) was not significantly different for all conditions
(p�0.05) (Fig. 3C).

Effects of Sulbutiamine on Excitability in Hippocampal
CA1 Pyramidal Neurons Subjected to Oxygen–Glucose
Deprivation To evaluate whether sulbutiamine has any ef-
fect on membrane excitability, we monitored the resting
membrane potential and also the number of spikes evoked by
a fixed amount of current step before, during and after OGD
treatment (Fig. 4A). In both OGD, and OGD�1, 10 and 50
mM of sulbutiamine groups, there were no significant changes
in either the resting membrane potential or the number of
spikes (p�0.05, Figs. 4B, C). The resting membrane potential
at the start of the experiments were �64.7�0.6 mV,
�64.8�0.5 mV, �64.5�0.3 mV and �64.3�1.3 mVfor OGD,
OGD�1, 10 and 50 mM of sulbutiamine conditions, respec-
tively. At 15 min, where significant changes in EPSP ampli-
tude and Rin changes were observed, the membrane potentials
were �66.8�2.9 mV, �64.6�1.5 mV, �65.9�1.5 mV and
�64.0�1.6 mV for OGD, OGD�1, 10 and 50 mM of sulbuti-
amine, respectively, which were not significantly different
(p�0.05, n�7). Similarly, the number of spikes at the start of
the experiments were 4.7�0.2, 4.5�0.3, 4.6�0.1 and 4.7�
0.4, while at 15 min into recording, the number of spikes
were 4.4�0.4, 4.1�0.3, 4.33�0.5 and 4.6�0.3 for OGD,
OGD�1, 10 and 50 mM of sulbutiamine conditions, respec-
tively, which were not significantly different (p�0.05, n�7).
Thus, sulbutiamine did not have much effect on the resting
membrane potential nor the excitability of hippocampal CA1

pyramidal neurons for the 5-min OGD-treatment we used in
our experiments.

DISCUSSION

Here we report that sulbutiamine, an analogue of thiamine
(Vitamin B1), has neuroprotective effects on hippocampal
CA1 pyramidal neurons and attenuates the negative neuro-
physiological changes caused by OGD. Our findings show
significant neuroprotective effect of sulbutiamine on neurons
exposed to OGD in preventing cell death and in enhancing
excitatory synaptic transmission and maintaining intrinsic
properties such as the input resistance of the neuronal mem-
brane (Figs. 1—4).

The hydrophobic nature of sulbutiamine has the advantage
over thiamine in that it can cross the BBB readily and subse-
quently increase the levels of thiamine and thiamine phos-
phate esters in the brain.10) Although there is experimental
evidence suggesting the role of thiamine in neuronal survival
upon ischemia in hippocampal neurons12,13) and in cardiomy-
ocytes,14) there is yet no report on the role of sulbutiamine in
hippocampal CA1 pyramidal neurons exposed to OGD. Our
results further substantiate the neuroprotective effects of its
derivative sulbutiamine on CA1 hippocampal pyramidal neu-
rons against OGD and, based on studies that intraperioneal
injection of sulbutmiane increases thiamine content in the
hippocampus10) and also incubation of sulbutimaine in neu-
roblastoma cells show ten-fold increase in intracellular thi-
amine content,11) we believe that the effect we see is medi-
ated by the increase level of thiamine in hippocampus.
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Fig. 1. Neuroprotective Effect of Sulbutiamine in OGD-Exposed CA1 Hippocampal Neurons Characterized with TO-PRO-3 Iodide Staining

(A) In the control condition few spontaneous dead cells appear, (B) in OGD condition, marked increase of TO-PRO-3-labeled nuclei of dead cells appear, (C) sulbutiamine
(50 mM) significantly attenuated the detrimental effect caused by OGD, (D) quantitative analyses of the pyramidal neuronal death with or without inclusion of sulbutiamine in hip-
pocampal slices subjected to OGD. The fluorescent density in the hippocampal CA1 pyramidal neuron layer was increased to 6.2�0.3 folds in slices subjected to OGD and 50 mM

sulbutiamine significantly reduced the fluorescent density to 4.1�0.4 fold (n�5, p�0.01). Scale bars 100 mm and data represent the mean�S.E.M. ∗∗ p�0.01.



One of the major electrophysiological characteristics of
hippocampal neurons during exposure to OGD is the reduc-
tion in excitatory synaptic transmission.22) In this study, we
also demonstrated that 5 min of OGD resulted in a reduction
of the EPSP amplitude. However, in the presence of sulbuti-
amine, the reduction of EPSP amplitude was significantly
less than control in a concentration-dependent manner, which
suggests that sulbutiamine plays a role in enhancing excita-
tory synaptic transmission during OGD. Although the exact
mechanism underlying sulbutiamine’s action on excitatory
synaptic transmission during OGD is not fully understood,
recent evidence, however, shows that sulbutiamine can en-
hance cholinergic and glutamatergic neurotransmission,17,23)

which are excitatory. Thus, there are possibilities that these

factors might have played a role in enhancing excitatory
synaptic transmissions during OGD. In addition, sulbuti-
amine increases the availability of thiamine triphosphate and
thiamine in brain slices in vitro10) and thiamine phosphate in
turn increases the release of dopamine.24) Since thiamine in-
creases excitatory synaptic transmission,25) excitatory action
of dopamine may have also played a role in the increase of
EPSP amplitude observed in the presence of sulbutiamine
during OGD. However, further research is needed to fully un-
derstand the mechanisms underlying the role of sulbutiamine
in the enhancement of EPSP against OGD as it would be in-
teresting to see which specific excitatory systems become 
activated among many candidates.

Interestingly, sulbutiamine is a thiol containing compound
and such compounds have been used as potential neuropro-
tectants due to its involvement in regulating the redox status
of cells, especially that in oxidative stress.15) Thus, there is a
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Fig. 2. Effects of Sulbutiamine on Excitatory Synaptic Transmission in
Hippocampal CA1 Pyramidal Neurons Subjected to OGD

(A) Traces of sample EPSP stimulated during baseline condition (first 5 min), 15 min
and 25 min after the start of recording in OGD (top black trace) and OGD�50 mM sul-
butiamine (bottom grey trace) conditions, (B) time course of EPSPs recorded during
OGD (filled circle) and OGD�1 mM sulbutiamine (empty downward triangle),
OGD�10 mM sulbutiamine (empty upright triangle) and OGD�50 mM sulbutiamine
(empty circle) conditions. Recordings were done for 25 min and normalized to the first
5-min of EPSPs baseline. EPSPs was recorded every 10 s, averaged over 1 min-bin and
each data point represents mean�S.E.M. (n�7). OGD was given 5 min after the start of
a stable baseline recording and lasted for 5 min (thick black bar), (C) histogram illus-
trating the changes of EPSP amplitudes during control and 15 and 25 min after the start
of experiments in 4 different conditions (mean�S.E.M., n�7 for each condition).
∗∗ p�0.01, ∗ p�0.05.

Fig. 3. Effects of Sulbutiamine on Neuronal Membrane Input Resistance
in Hippocampal CA1 Pyramidal Neurons Subjected to OGD

(A) Sample traces of voltage deflection caused by �100 pA current input of 50 ms
duration during baseline and 15 and 25 min after the start of experiment in OGD (top
black trace) and OGD�sulbutiamine (bottom grey trace) conditions, (B) time course of
Rin recorded during OGD (filled circle) and OGD�1 mM sulbutiamine (empty down-
ward triangle), OGD�10 mM sulbutiamine (empty upright triangle) and OGD�50 mM

sulbutiamine (empty circle) conditions Recordings were done for 25 min and normal-
ized to the first 5 min of Rin baseline. Rin was recorded every 10 s, averaged over 1 min-
bin and each data point represents mean�S.E.M. (n�7). OGD was given at 5 min after
the start of stable baseline recording for 5 min (thick black bar), (C) histogram illustrat-
ing the changes in Rin during baseline and 15 min and 25 min after the start of experi-
ments for 4 different conditions (mean�S.E.M., n�7). ∗∗ p�0.01, ∗ p�0.05.



possibility that sulbutiamine also had an effect on protecting
the initiation of oxidative stress,26) and subsequent preserva-
tion of excitatory synaptic transmission following OGD.

Input resistance of CA1 pyramidal neurons during OGD
exposure was reported to decrease27) and, in support of this,
our study also showed that the input resistance decreased
during the 5 min of OGD exposure. Interestingly, sulbuti-
amine had a significant effect in counteracting the decrease
of input resistance (Fig. 3B). Membrane potential depolariza-
tion as well as attenuation of neuronal excitability in hip-
pocampal CA1 pyramidal neurons during OGD have been re-
ported.28,29) In our study, however, there was no significant
change in membrane potential and number of spikes in be-
tween OGD and OGD in the presence of sulbutiamine. Such
differences are most probably due to fact that the OGD dura-
tion in our experiments were shorter (5 min) than other stud-

ies.28,29) Also, as reported from Lipski et al.,27) the tempera-
ture at which the OGD experiment is conducted has an in-
fluence on the amount of membrane potential change dur-
ing/after OGD, with lower temperatures causing slower
change in membrane potential.27) One of the reasons why we
see less change in membrane potential during/after OGD is
probably due to our experiments being performed at 27—32
degrees, much lower temperatures than that done in Lipski et
al.27) The 5 min-OGD we used in our experiments could be
considered as the early-stage OGD, before the occurrence of
large membrane depolarization that normally would damage
the neuron irreversibly.27) Thus, our results suggests that, dur-
ing the initial stage of OGD where electrophysiological
changes are reversible following OGD, sulbutiamine has a
neuroprotective role and subsequently rescuing the neuron
form further irreversible damage.

In summary, here we demonstrate, for the first time to our
knowledge, the experimental evidence to support the neuro-
protective role of sulbutiamine in hippocampal CA1 pyrami-
dal neurons exposed to OGD in vitro. Our results indicate
that sulbutiamine can have positive effects on neuronal sur-
vival and can counteract the dysfunction of electrophysiolog-
ical properties of neurons by increasing excitatory synaptic
transmission and input resistance of neurons. This beneficial
effect could help maintain the electrical properties of neurons
during ischemic insult, thus sparing neurons from ischemic
damage.
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(B) and (C) membrane potential (B) and number of spikes (C) monitored during the ex-
periments in OGD (filled circle), OGD�50 mM sulbutiamine (empty circle),
OGD�10 mM sulbutiamine (empty upright triangle) and OGD�1 mM sulbutiamine
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