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Abstract: Our previous study showed that the anticonvulsant Q808 might be effective against seizures
induced by maximal electroshock, pentylenetetrazole (PTZ), isoniazid (ISO), thiosemicarbazide
(THIO), and 3-mercaptopropionic acid (3-MP). In the present study, we explored the possible
mechanism of action of Q808. Results obtained with high-performance liquid chromatography
(HPLC) suggest that Q808 may affect neurotransmitter content in the brain, by specifically increasing
GABA content in the rat hippocampus at doses of 40 mg/kg and 80 mg/kg, and by reducing the
content of glutamate and glutamine in the rat thalamus at a dose of 80 mg/kg. Intriguingly, there
were no changes in the neurotransmitter content in the cortex in response to Q808. In vitro brain
slice electrophysiological studies showed that 10−5 M Q808 enhanced the frequency of spontaneous
inhibitory postsynaptic currents (sIPSCs) in corn cells of the CA1 area of the hippocampus, and
had no effect on the amplitude of sIPSCs, the frequency and amplitude of spontaneous excitatory
postsynaptic currents (sEPSCs), or γ-aminobutyric acid (GABA) receptor-mediated currents in
primary cultured hippocampal neurons. These findings suggest that the antiepileptic activity of Q808
may be due to its ability to increase the amount of GABA between synapses, without affecting the
function of GABA receptors.
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1. Introduction

Epilepsy is a common neurological disorder that affects more than 60 million individuals worldwide
annually [1]. Although epileptic seizures have been investigated for many years, the mechanisms
underlying epileptogenesis are still unclear. Given this lack of knowledge, few treatment options are
available to patients with epilepsy [2], and around one-third of patients are not satisfied with current
pharmacotherapies [3]. Furthermore, the mechanisms of action of current anti-epilepsy drugs are
diverse. For example, bumetanide displays anti-epileptic activity by acting on the GABA equilibrium
potential of neurons or abnormal mature neurons, shifting the balance from depolarization to
hyperpolarization, whereas cannabidiol exerts its antiepileptiform effects on both 4-aminopyridine-and
Mg2+-free-induced epileptiform local field potentials [4–8]. Furthermore, ganaxolone plays a role on
GABAA receptors [9], whereas huperzine A is a potent acetylcholine esterase (AChE) inhibitor that
increases GABAergic inhibition of abnormal CNS activity via pre-synaptic mechanisms [10].
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In our previous study, Q808 (6-(4-chlorophenoxy)-tetrazolo[5,1-a]phthalazine) exhibited potent
anti-epileptic activity in a maximal electroshock mouse seizure model, with an ED50 of 6.8 mg/kg and
a TD50 of 456.4 mg/kg. The chemical structure of Q808 is shown in Figure 1. Mice treated with Q808
were also resistant to seizures induced by PTZ, ISO, THIO, and 3-MP, with ED50 values of 22.8, 9.5, 2.2,
and 1.5 mg/kg, respectively [11].
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Different compounds may induce seizures via different mechanisms. It is thought that PTZ
and ISO inhibit GABA neurotransmission [12,13]. However, THIO and 3-MP inhibit glutamate
decarboxylase (GAD) [14]. In this study, we explored the possible mechanisms of action of the
antiepileptic activity mediated by Q808.

2. Results

2.1. The Effect of Q808 on Neurotransmitters in the Brain

Neurotransmitter measurements after Q808 administration are shown in Figure 2. In the hippocampal
region, Q808 had no effect on the content of glutamate and glutamine. The content of GABA, however,
was significantly increased by 40 mg/kg and 80 mg/kg doses of Q808. The largest amount of GABA
was measured at 330.7 µg/g after a dose of 40 mg/kg Q808. Compared with the control group, there
were no changes in the content of neurotransmitters in the cortical region. In the thalamic region,
however, Q808 reduced neurotransmitter levels, as compared to control animals. More specifically,
there was a significant difference in glutamate between the control group (465.0 µg/g) and rats that
received 80 mg/kg Q808 (224.9 µg/g; p < 0.01), as well as a significant difference in glutamine between
the control group (314.8 µg/g) and rats that received 80 mg/kg Q808 (174.8 µg/g; p < 0.05).
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2.2. The Effect of Q808 on Electrophysiology in a Seizure Model

2.2.1. The Influence of Q808 on Bicuculline-Induced Epileptiform Bursts

As shown in Table 1, there was a clear change in the frequency and amplitude of bicuculline-induced
epileptiform bursts. The frequency was reduced from 1.424 Hz to 0.008 Hz when hippocampal slices
were treated with 10−4 M Phenytoin. The rate of decrement was 0.987, which differed significantly
from the control group (p < 0.001). Different doses of Q808 also reduced the frequency of epileptiform
bursts in neurons. There was a dose-dependent effect on epileptiform bursts. Q808 yielded its greatest
effect at a concentration of 10−5 mM, with a rate of decrement of 0.829 (p < 0.01). Intriguingly, although
treatment with Q808 effectively reduced the frequency and amplitude, it was not as effective as
phenytoin at inhibiting neuronal action potentials.

Table 1. The effect of Q808 on bicuculline-induced epileptiform burst.

Groups Control Phenytoin Q808

Concentration - (n = 5) a 10−4 M (n = 6) 10−6 M (n = 8) 10−5 M (n = 10) 10−4 M (n = 9)

Frequency
(Hz)

pre- b 4.247 ± 1.063 1.424 ± 0.539 1.646 ± 0.243 3.400 ± 0.875 2.169 ± 0.754
post- b 4.194 ± 1.437 0.008 ± 0.008 * 0.385 ± 0.116 ** 0.337 ± 0.148 ** 0.947 ± 0.291 *

Amplitude
(mV)

pre- b 27.09 ± 0.833 25.614 c 34.070 ± 5.288 34.310 ± 3.937 44.140 ± 5.232
post- b 29.85 ± 4.161 28.514 c 33.980 ± 5.431 22.590 ± 7.328 33.000 ± 5.169

Frequency rate of
decrement 0.088 ± 0.089 0.987 ± 0.013 ### 0.696 ± 0.111 ### 0.829 ± 0.0729 ## 0.590 ± 0.071 ###

* p < 0.05, **, ## p < 0.01, and ### p < 0.001 as compared to control; a The number of observed neuron, - : not treatment;
b pre-: pre-treatment; post-: post-treatment; c only one neuron could be observed the changes of action potential
per- and post-treatment with phenytoin.

2.2.2. The Influence of Q808 on High-K+-Induced Epileptiform Activity

The frequency of action potentials after treatment of CA1 pyramidal neurons with different
concentrations of Q808 (10−6 M, 10−5 M and 10−4 M) is shown in Table 2. The frequency of action
potentials was reduced from 0.579 Hz to 0.05 Hz after treatment with 10−4 M phenytoin (p < 0.01).
The three concentrations of Q808 also reduced the frequency of neuronal action potentials, although
treatment with 10−6 M Q808 did not yield a significant effect. Intriguingly, the efficiency of 10−5 M
Q808 was similar to that of 10−4 M phenytoin. Neither phenytoin nor Q808 had an effect on the
amplitude of neuronal action potentials.

Table 2. The effect of Q808 on high-K+-induced epileptiform activity.

Groups Control Phenytoin Q808

Concentration - (n = 5) 10−4 M (n = 7) 10−6 M (n = 9) 10−5 M (n = 9) 10−4 M (n = 10)

Frequency
(Hz)

pre- 2.663 ± 0.943 0.579 ± 0.155 0.821 ± 0.190 1.462 ± 0.377 0.794 ± 0.169
post- 1.800 ± 0.416 0.05 ± 0.024 ** 0.336 ± 0.148 ** 0.139 ± 0.031 ** 0.270 ± 0.110

Amplitude
(mV)

pre- 34.84 ± 1.290 57.60 ± 11.260 55.370 ± 6.842 58.980 ± 6.259 51.060 ± 6.335
post- 34.61 ± 1.741 67.400 ± 18.00 53.46 ± 5.747 52.14 ± 6.728 49.71 ± 11.39

Frequency rate of
decrement 0.183 ± 0.127 0.921 ± 0.030 0.665 ± 0.096 0.817 ± 0.078 0.283 ± 0.345

** p < 0.01 as compared to control; - : not treatment.

2.2.3. The Influence of Q808 on Epileptiform Activity Induced by Mg2+ Depletion

Application of Q808 also affected low-Mg2+-induced epileptiform activity. As shown in Table 3,
the frequency of nerve impulses was reduced to 0.6703 Hz and 0.576 Hz when treated with Q808
at concentrations of 10−5 M and 10−4 M, respectively. The efficiency of Q808 increased as the
concentration increased. The rates of decrement were 0.513 ± 0.122 (10−6 M, n = 8, p < 0.05),
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0.659 ± 0.106 (10−5 M, n = 8, p < 0.05), and 0.802 ± 0.112 (10−4 M, n = 9, p < 0.01). There was
no difference in amplitude between pre-and post-treatment in the experimental groups.

Table 3. The effect of Q808 on low-Mg2+-induced epileptiform activity.

Groups Control Phenytoin Q808

Concentration - (n = 6) 10−4 M (n = 9) 10−6 M (n = 8) 10−5 M (n = 8) 10−4 M (n = 9)

Frequency
(Hz)

pre- 1.583 ± 0.391 1.003 ± 0.229 1.233 ± 0.409 1.726 ± 0.398 1.810 ± 0.465
post- 1.527 ± 0.519 0.372 ± 0.241 ** 0.441 ± 0.180 0.6703 ± 0.257 * 0.576 ± 0.241 *

Amplitude
(mV)

pre- 35.34 ± 0.960 37.850 ± 0.167 43.530 ± 5.220 37.730 ± 3.874 34.110 ± 3.490
post- 40.53 ± 0.060 32.810 ± 1.510 34.380 ± 9.550 35.750 ± 2.062 31.750 ± 3.360

Frequency rate of
decrement 0.060 ± 0.145 0.183 ± 0.127 0.513 ± 0.122 # 0.659 ± 0.106 # 0.802 ± 0.112 ##

*,# p < 0.05 and **,## p < 0.01 as compared to control; - : not treatment.

2.2.4. The Influence of Q808 on sEPSCs and sIPSCs in the CA1 Region

The effect of 10−5 M Q808 on sEPSCs and sIPSCs in the CA1 region is presented in Figure 3.
The sEPSCs and sIPSCs were measured in six and nine pyramidal neurons in rat hippocampal slices,
respectively. The mean amplitude of the sEPSCs was reduced from 35.05 pA to 33.31 pA, and the
frequency was reduced from 1.359 Hz to 1.288 Hz after treatment with Q808. Similarly, the mean
amplitude of the sIPSCs, was reduced from 117.9 ± 44.24 pA to 110.4 ± 45.34 pA after treatment with
Q808. Neither of these differences, however, was significant. On the contrary, there was a significant
increase in the average frequency upon treatment with Q808 (7.036 Hz to 10.64 Hz; p < 0.05).
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2.3. The effect of Q808 on GABA Receptor-Mediated Current Characteristics

To investigate whether Q808 acts on GABA receptors, neuronal GABA receptor currents (n = 12)
were measured and are shown in Table 4. Neurons in the experimental group were treated with a
solution containing 50 µM GABA and 10 µM Q808, and neurons in the control group were treated
with the same solution without Q808. The mean amplitude was 219.5 pA, which was slightly lower
than that of the control group. There were no noticeable changes in receptor current amplitudes and
decay times when compared to the control group.

Table 4. The effect of Q808 on GABA receptor-mediated current characteristics (n = 12).

Groups Control Q808

Amplitude (pA) 227.3 ± 62.00 219.5 ± 52.55
The time to half-decay (↑ a, ms) 661.0 ± 47.91 575.4 ± 38.86
The time to half-decay (↓ b, ms) 11220 ± 2767 10360 ± 1882

a Increasing current; b Dropping current.
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3. Discussion

Previous studies have shown that some neurotransmitters, including glutamate, glutamine, and
GABA, play an important role in epileptic seizures [15–18], and that many anti-epileptic drugs mediate
their effects through their receptors. Thus, to determine the mechanism of action of Q808, it was
worthwhile to measure changes in neurotransmitters. As our results indicated, Q808 significantly
altered neurotransmitter levels in the hippocampus, as well as in the thalamus, but not in the cortex.
This suggests that the anti-epileptic effect of Q808 can vary and is specific to certain brain regions.
Hence, we hypothesized that its underlying mechanism was related to the GABAergic system in
certain brain regions, including, most significantly, the hippocampus.

Bicuculline can induce epileptiform bursts by acting as a GABAA receptor antagonist to block
inhibitory synaptic transmission, which results in pyramidal cell depression [19,20]. We recorded
changes in neuronal action potentials in hippocampal slices, and our results indicated that Q808
prevented epileptic seizure activity caused by inhibition of GABAA receptors. This provided further
evidence that its mechanism of action is associated with the GABAergic system. The efficacy of Q808
was not, however, dose-dependent. Based on the above reasons, we concluded that the GABAergic
system might be one of several potential targets for Q808. It is likely that its mechanism is complex
and involves other pathways in addition to the GABAergic system.

In order to investigate the possible mechanism of Q808, other electrophysiological experiments
were performed. In an epileptiform model in which seizures were induced by high-K+ [21,22], a high
concentration of exogenous K+ ions disturbs the balance of K+ inside and outside the cell membrane,
which closes outwardly rectifying potassium ion channels, leading to depolarization and enhanced
excitability. In this experiment, Q808 significantly reduced the frequency of neuronal action potentials,
which suggests that it may be increasing the concentration of K+ ions or inactivating K+ channels.
Furthermore, we suspect that Q808 may affect K+ channels; therefore, future studies should examine
the influence of Q808 on both K+ and Na+ channels. In another epileptiform model in which seizures
are induced by Mg2+ depletion, glutamate N-Methyl-d-aspartate (NMDA) receptors are no longer
blocked by Mg2+, which results in the opening of their channels and enhanced excitatory synaptic
transmission. Q808 was able to effectively suppress the frequency of pyramidal cell action potentials,
and its efficiency was enhanced as its concentration was increased. Moreover, its effect was greater
than that of the drug phenytoin. These results indicate that Q808 can intervene in epileptiform
seizures caused by excessive opening of NMDA receptors, and that it likely has an inhibitory effect on
these receptors.

Considering the complexity of its mechanism, we also investigated the effect of Q808 on GABA
receptors and inhibitory synaptic transmission. These findings make important contributions toward
the elucidation of the possible mechanisms of Q808. sEPSCs are spontaneous excitatory synaptic
transmissions that are mediated by glutamate receptors [23,24], while sIPSCs are spontaneous
inhibitions of synaptic transmission that are mediated by GABA receptors [25]. Our observations
showed that Q808 altered the frequency of sIPSCs, without affecting the amplitude of sIPSCs or the
frequency and amplitude of sEPSCs. We concluded that Q808 displayed anti-epileptic activity by
increasing the frequency of GABA released at the synapse. When we measured GABA-mediated
neuronal currents, we found no significant effect of treatment with Q808. This indicates that Q808 does
not influence the function of GABA-related receptors.

4. Materials and Methods

4.1. Animals and Drugs

Sprague–Dawley rats (weight 280–340 g, half male and half female) were purchased from Zhejiang
academy of medical sciences, China. Grade II, Certificate No. SCXK-2008-0033. They were maintained
in individual cages with a 12-h light/dark cycle with free access to water and food. Q808 was prepared
in our laboratory. Drugs and reagents were purchased from Sigma-Aldrich Chemical Company
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(St. Louis, MS, USA). All animal use protocols were approved by the local Institutional Animal Care
and Use Committee.

4.2. The Maximal Electroshock Mouse Model of Epilepsy

Seizures were elicited in mice using a 60 Hz alternating current of 50 mA. The current was applied
via corneal electrodes for 0.2 s. Tonic hind leg extension was regarded as a successful model of epilepsy.
Protection against the spread of MES-induced seizures was defined as the abolition of tonic hind
leg extension.

4.3. Measurement of Neurotransmitter Content of the Brain

Twenty normal male rats were randomly segregated into four equal groups. Solid dispersion
particles containing Q808 were suspended in 0.5% CMC-Na (0.5 mL/100 g). The appropriate dose of
the suspension liquid (20 mg/kg, 40 mg/kg, 80 mg/kg) was administered to rats via oral gavage. At 2 h
after treatment with the suspension liquid, male rats were euthanized and decapitated. The cortex,
thalamus, and hippocampus were subsequently dissected out on an ice-cold stainless steel plate.
The brain tissue was homogenized in 0.1 M perchloric acid (10 µL/mg) and centrifuged at 15,000 rpm
for 30 min at 4 ◦C. The supernatant was then collected and centrifuged at 15,000 rpm for 15 min and
then re-collected and filtered with a 0.22 µm polyvinylidene difluoride membrane.

The contents of the cortex, thalamus, and hippocampus were separated using HPLC and
measured with an electrochemical detector [26]. Derivating agent was prepared as a solution of
27 mg o-phthalaldehyde (OPA) dissolved in 1 ml methanol that was added to 10 mg thiofluor and
9 mL 100 M sodium tetraborate. The analytes were separated on a 3 µm, 3 × 50 mm Capcell Pak
MGC18 column from Shiseido (Tokyo, Japan). The mobile phase was divided into two-components:
component A (288 mL acetonitrile, 512 mL methanol, and 1200 mL 0.1 M Na2HPO4 aqueous solution)
and component B (36 mL acetonitrile, 64 mL methanol, and 1900 mL 0.1 M Na2HPO4 aqueous solution).
A gradient elution profile was used as follows: 0.00 min, isocratic 100% B; 10.00 min, isocratic 90%
B; 20.00 min, isocratic 40% B; 30.00 min, isocratic 0% B; 35.00 min, isocratic 0% B; 36.00 min, isocratic
0% B; 41.00 min, isocratic 100% B. The flow rate was set to 0.7 mL/min. The temperature of the
column was maintained at 38 ◦C. The data were acquired and analyzed using CoulArray software
(ESA, Chelmsford, MA, USA).

4.4. Electrophysiological Model

Rat hippocampal slices were prepared as previously reported [27–31]. All efforts were made to
minimize the number of animals used and their suffering. Male rats were anesthetized with ether and
decapitated. Whole brains were isolated and stored in ice-cold artificial cerebrospinal fluid (ACSF)
aerated with 95% O2/5% CO2. A polyethylene cannula was inserted in the basilar artery to restore
brain perfusion with a solution composed of 120 mM NaCl, 25 mM NaHCO3, 3.3 mM KCl, 1.2 mM
NaH2PO4, 10 mM glucose, 1.2 mM MgSO4, and 1.8 mM CaCl2. The rat hippocampi were sliced on
a vibratome (LEICA VT1000 S, LEICA, Wetzlar, Germany) at 34 ◦C. Micropipettes were filled with
ACSF and placed in the CA1 pyramidal cell layers. Action potentials of the CA1 pyramidal neuron
were recorded using whole-cell patch clamp techniques (HEKA EPC10, HEKA Instruments, New York,
NY, USA). Bicuculline ACSF was prepared by adding 50 µM bicuculline (Sigma, Shanghai, China)
to ACSF. High-K+ ACSF consisted of 125 mM NaCl, 26 mM NaHCO3, 8 mM KCl, 1.2 mM CaCl2,
1.0 mM MgCl2, 1.25 mM NaH2PO4, and 10 mM glucose. Mg2+-free ACSF was prepared by omitting
MgCl2 from the ACSF solution. Slices were incubated for 60 min prior to any experimental procedures.
The sEPSCs and sIPSCs were measured as previously described [23,24]. Spontaneous postsynaptic
currents (sEPSCs) in CA1 pyramidal cells were measured with whole-cell patch clamp techniques
(HEKA EPC10, HEKA Instruments, New York, NY, USA).
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4.5. Evaluation of the Effect of Q808 on GABA Receptor-Mediated Current Characteristics

Neuronal cultures were prepared from the hippocampi of Sprague–Dawley rats and were conducted
as described by Huettner & Baughmann [32]. Donor mother rats were anesthetized with ether and rat
embryos were dissected out and rapidly decapitated. The brains were removed, followed by dissection
of the hippocampi. Neurons were then cultured on slides. To measure the current characteristics of the
neurons, slides were placed in extracellular fluid at 25 ◦C, and whole cell membrane currents were
measured with a two-electrode voltage-clamp. GABA receptor-mediated currents were measured after
the addition of 50 µM exogenous GABA with an external spraying pipe. Each stimulus was repeated at
1-min intervals until two stable current signals were recorded, following by the addition of a solution
consisting of 50 µM GABA and 10 µM Q808.

4.6. Statistical Analyses

Statistical analysis was carried out using SPSS 16.0 for Windows. Data are expressed as mean ±
SEM. A one-way ANOVA and LSD test were used to compare the content of neurotransmitters in each
area of the brain. A paired-samples t-test was used to compare measurements obtained before and
after drug delivery, and an independent-samples t-test was used to compare GABA receptor-mediated
current characteristics.

5. Conclusions

To summarize, the present results indicate that the underlying mechanism of Q808 is associated
with the GABAergic system in certain brain regions. Q808 may enhance the frequency of sIPSCs and
increase the content of GABA in the hippocampus without affecting the function of GABA-related
receptors. Moreover, Q808 may have a direct effect on NMDA receptors.
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