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ABSTRACT

γ-aminobutyric acid (GABA) is the principal inhibitory neurotransmitter, and the GABAergic synaptic

transmission is normally terminated by the rapid uptake through GABA transporters. With transgenic mice

ubiquitously overexpressing GABA transporter subtype I (GAT1), the present study explored the patho-

physiological role of GAT1 in epileptogenesis. Though displaying no spontaneous seizure activity, these

mice exhibit altered electroencephalographic patterns and increased susceptibility to seizure induced by

kainic acid. In addition, the GABAA receptor and glutamate transporters are up-regulated in transgenic mice,

which perhaps reflects a compensatory or corrective change to the elevated level of GAT1. These prelimi-

nary findings support the hypothesis that excitatory and inhibitory neurotransmission, and seizure suscep-

tibility can be altered by neurotransmitter transporters.
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INTRODUCTION

 g-aminobutyric acid (GABA), a major inhibitory neu-

rotransmitter in vertebrate brain, induces neuronal inhi-

bition via GABA receptors. A deficiency of GABAergic

inhibition has been hypothesized to be a principal fac-

tor in the pathogenesis of epilepsy[1]. GABA transport-

ers are important components of the GABAergic

system, and function in part to terminate the GABA trans-

mission through rapid re-uptake of GABA into the pr-

esynaptic neurons and surrounding glial cells[2]. GABA

transporters play a critical role in regulation of the mag-

nitude and duration of GABA's action and may also

mediate the release of GABA into the extracellular

space in a Ca2+-independent manner[3]. GABA trans-

porters also have a pathophysiological role. It has been

suggested that alterations in GABA and glutamate

transporters may be related to epileptogenesis and

seizure propagation[4]. In patients with temporal lobe

epilepsy, During et al have shown that the function of

GABA transporter subtype I (GAT1), the predominant

neuronal GABA transporter, was impaired in epilepto-

genic hippocampi[5]. Recently, the antiepileptic effects

of tiagabine (TGB), which selectively inhibits GABA

uptake mediated by GAT1, have been demonstrated

in various animal models of epilepsy[6]. Hence, altered

GAT1 function is possibly involved in the pathology of

certain types of epilepsy. Here, we preliminarily ad-

dressed this question employing GAT1-

overexpressed.transgenic mice.

MATERIALS AND METHODS

Animals
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Transgenic mice that harbor the murine GAT1 (m GAT1) cDNA

have been previously produced and identified (data not shown). A

full length cDNA coding for mGAT1 that screened from theλphage

murine brain cDNA library was cloned into the EcoR I and Apa I site

of pcDNA3, under the control of human cytomegalovirus (HCMV)

promoter/enhancer. This construct, linearized with Nru I and Tth111

I and subsequently gel-purified, was microinjected into the pronuclei

of fertilized eggs of (C57BL/6J) F1 hybrid mice (Jackson Laboratory).

Polymerase chain reaction (PCR) and Southern-blot analysis were

carried out with tail DNA to verify the integration of variable copy

numbers of transgene into the genomes of founder mice and their

progenies. Semi-quantitative reverse transcription-PCR (RT-PCR )

and Northern-blot analysis of whole RNA samples, extracted from a

variety of tissues, were used to characterize the expression pattern

of the transgene. Age-matched wild-type littermates were used as

control in the present study. All mice were housed in groups (2-5 mice

per cage) in temperature- and humidity- controlled environment with

a 12 -h light/12- h dark rhythm, and allowed free access to food and

water.

Determination of neurotransmitters uptake in synapto-

somes

Whole brain from 4-mon-old mice, sacrificed by decapitation,

were rapidly isolated and subsequently homogenized in 0.32 M

sucrose. Crude synaptosomes were prepared according to

Hornsby et al[7]. The protein contents of the samples were mea-

sured using the method of Lowry.

Synaptosomes (1.0 mg/ml protein, final volume 600 μl/tube)

were pre-incubated in the artificial cerebrospinal fluid (aCSF)

buffer (composition in mM: NaCl 126.6; NaHCO3 27.4; KCl 2.4;

KH2PO4  0.49; CaCl2 1.2; MgCl2.6H2O 0.83; Na2HPO4 0.49; D-

glucose 7.1; gassed with 95% O2/5% CO2; pH 7.2-7.4) for 5 min at

37oC. After pre-incubation, uptake was initiated by the addition of

cold and tritiated compounds (3H-GABA, 98 Ci/mmol; 3H-glutamate,

53 Ci/mmol; 3H-serotonin, 97 Ci/mmol; Amersham).

For time-course studies, the final concentration of the compound

was 40 nM, 10% of which was tritiated. For saturation analysis, the

final incubation time was 5 min for all compounds. The amount of the

tritiated compound was kept constant (4.0 nM) and the different

compound concentrations (0.04-40 μM) were obtained by adding

varying amounts of the corresponding unlabelled compounds.

Samples incubated for 0 min served as blanks. Uptake was termi-

nated by vacuum filtration through a Whatman glass-fiber filter with

subsequent rinsing with cold incubation buffer, the compound con-

tent of the filter was assayed by liquid scintillation counting, taking

dilution factors into account.

The straight regression lines were fitted to the experimental data

and employed for the estimation of transport parameters.

Electroencephalographic recording and analysis

At 2-3 mon of age, mice were anesthetized by intraperitoneal

injection with 10% chloral hydrate (2.5 ml/kg body weight), and

then positioned in a stereotaxic apparatus. Mice were then bilaterally

implanted with two stainless electrodes fixed in the skull on the fron-

tal and the parietal portions of the dura mater. The reference elec-

trode was implanted in the nasal bone. When the mice were recov-

ered from anesthesia, electroencephalograms (EEGs) were recorded

continuously for 4 h using a Grass polygraph. EEG signals were

digitized at a sampling rate of 1.0-30 HZ and determined by a fast

Fourier transform, and then stored in computer for off-line spectral

power analysis.

Kainic acid-induced seizure

After EEGs recording described above, mice received a single

intraperitoneal injection with kainic acid (20 mg/kg body weight,

Sigma). Then, EEGs were immediately recorded again and lasted

until the end of status epilepticus or death.

Comparative reverse transcription-polymerase

chain reaction (RT-PCR) analysis

Whole brain was removed from 3-mon-old mice after cervical

dislocation. Total RNA was extracted with Tizol reagent (GIBCO)

as detailed by the manufacturer’s protocols. Reverse transcription

(RT) was subsequently performed with GIBCO kit using a random

primer. The equal aliquots of each RT-conducted mixture were em-

ployed for PCR amplification with the following primer-pairs.GAT1:

ACCAAGCTTAGGCTGCAAAGCTGCTG, AGGCCTTT

GAACATGGGCGCCAG; GABAA receptor (degenerate primers): ACC

(A/G)ACA(T/C)GTT(G)CTA(C/G)ACC (A/T)ATGAC, G(C)CCAG(A)

TAA(G)ACT(C/T)AG(A/C) A(G)TTG(A)AA; GLT-1:

A G A G G C T G C C C G T T A A A  T A C C G ,

T T C A A G A A T T G G C T G A G A A T C G G ;  G A P D H :

ACGACCCCTTCATTGACC, AGACACCAGTAGACTCCACG.

All reactions were carried out as follows: 94oC for 45 sec, 64oC for

60 sec, and 72 oC for 120 sec. Relative intensities of the resultant

PCR fragments within the series were estimated with a

PhosphorImager analysis (Molecular Dynamic).

RESULTS

Increased GABA uptake in synaptosomes from

transgenic mice

We previously characterized the overexpression

of GAT1 in the brain of transgenic mice (data not

shown). To explore whether the elevated level of

GAT1 would promote GABA uptake, we deter-

mined the GABA uptake in nerve terminals. The

time-course analysis indicates that the synaptoso-

mal accumulation of GABA was time-dependent

and reached a maximum at 5 min. Transgenic mice

exhibited evidently enhanced GABA uptak com-

pared with wild-type littermates (Fig 1). Signifi-

cantly increased Vmax value in transgenic mice

compared to that controls (Tab 1a), which was

revealed by the saturation analysis, strongly suggest-

ing that the enhanced GABA uptsake may be attrib-
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uted to the elevated level of neuronal GABA

transporters, since the Vmax value probably re-

flects the density of transporter sites in the nerve

terminals. Km values measured here are close to

the reported range for the cloned GAT1 trans-

porter of 3-11 μM[8]. Collectively, the above re-

sults further confirmed that the overexpression

of GAT1 authentically enhanced the GABA

uptake. It is conceivable that there was no sig-

nificant difference in Km value between

transgenic mice and normal mice.

Electroencephalographic alterations in

transgenic mice

Spontaneous Electroencephalograms (EEGs)

in transgenic mice and wild-type littermates were

recorded at 2-3 mon of age. The EEG pattern in

transgenic mice was characterized by low ampli-

tude and high frequency waves (Fig 3a). The col-

lected computerized EEG signals were examined

for power analysis of cerebral discharges. The total

power of cerebral discharges in transgenic mice

was only about 50-60% of wild-type controls,

which indicates that the cerebral discharge in

transgenic mice was significantly reduced (Fig 2a).

Furthermore, spectral analysis of the relative

power distribution at various frequency bands of

cerebral discharges statistically revealed that the

transgenic mice exhibited decreased 1.0-3.5 HZ and

Fig 1. Time courses of 3H-GABA uptake in synaptosomes

from 3-mon-old transgenic (Tg1) and wild-type (Wt) mice.

Synaptosomes were incubated at 37oC in the presence of

40 nM GABA, 10% of which was tritiated. Values were

given as mean ± s.e.m. (n = 7 mice). Single asterisk indicates

significant difference at P< 0.01; student's t-test.

increased 13.0-30.0 HZ cerebral discharge compared

with wild-type mice (Fig 2b). It might reflect the more fast

electroencephalographic activities in transgenic mice

than that in normal mice.

Increased susceptibility to kainic acid-induced seizures in

transgenic mice

  Although no spontaneous seizure-like behavioral ab-

normalities were observed in transgenic mice, pharma-

cological challenge with kainic acid (KA), a convulsant

agent extensively used to induce epilepsy in animal, re-

vealed that the susceptibility of these mice to seizures is

evidently increased. A single intraperitoneal injection of

KA, at the dosage of 20 mg/kg body weight, produced

the following sequence of events in both transgenic lines:

after a latency period (approximately 20-30 min), the ani-

mals showed whole-body twitches, followed by general-

ized clonic seizures, subsequently progressed to a tonic

stage with caudal extension of all four limbs and arrest of

respiration, finally led to death at approximately 45 to 120

min after KA injection. However, under the same dosage,

wild-type mice only shortly exhibited moderate clonic sei-

zures at approximately 40 min, and recovered 4 to 6 h

after KA administration. According to the Racine scale

[9], seizure episodes induced in transgenic mice attained

to grade 5 (severe tonic clonus), whereas it in wild-type

mice generally reached to grade 4 (moderate forelimb

clonic activity and rearing with clonus). In addition, EEG

recordings also indicated that epileptic bursts associ-

Synaptosomes were incubated with 0.04-40  μM GABA (a) and glutamate

(b), respectively, for 5 min. Resulting concentration-uptake curves were

then analyzed to give Km and Vmax values. Values given were mean

±s.e.m. of 4 separate experiments. Km values are in μM, and Vmax

values are in pmol/mg synaptosyl protein/min. N denotes no significant

difference between wild-type and transgenic mice.

Tab 1. Kinetic analysis of 3H-GABA (a) and 3H-glutamate

(b) uptake in synaptosomes from transgenic (Tg1) and

wild-type (Wt) mice.

a

Wt Tg Difference

Km 2.51 ± 0.41 2.68 ± 0.49 N

Vmax 15.8 ±1.6 21.6 ± 2.2 P < 0.01

b

Wt Tg Difference

Km 17.1 ±2.7 16.5 ± 4.7 N

Vmax 136.0 ± 14.7 185.7 ± 25.6 P < 0.01
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ated with behavioral changes were detected in

transgenic mice, whereas no epileptiform dis-

charges were observed in controls (Fig 3b).

Up-regulation of  GABAA receptor  and

glutamate transporters in transgenic mice

Although the GABAergic neurotransmission

might be disrupted by the abnormal elevated ex-

pression of GAT1, transgenic mice displayed no

behavioral manifestations of seizure activity dur-

ing postnatal development. We therefore speculate

that some compensative mechanisms probably oc-

curred in these mice. Since many studies suggested

Fig 2.   a.  Total power of cerebral discharges, during basal

conditions, in two independent lines of transgenic mice (Tg1

and Tg3) and wild-type littermates (Wt). b. Relative power

distribution at various frequency bands, expressed as a per-

centage of the total power of cerebral discharges. Data ex-

pressed as mean ± s.e.m. (Wt, n = 7 mice; Tg1, n = 8 mice; Tg3, n =

6 mice). Single asterisk and double asterisks indicate significant

difference from control mice in various groups at P<0.05 and P<0.01,

respectively; student's t-test.

that the functional impairment of GABAA recep-

tor or glutamate transporters may results in epi-

lepsy[10-12], we evaluated the expression of two

important subunits (α1 and β3) of GABAA receptor,

and GLT-1, a widely distributed astrocytic

glutamate transporter, by semi-quantitative RT-

PCR analysis. As shown in Fig 4, GABAA-specific

degenerate primers simultaneously yielded a 456-

bp fragment for  α1 subunit and a 564-bp fragment

for b3 subunit of the GABAA receptor, and GLT-

1-specific primers yielded a 1846-bp fragment. All

resultant products were subsequently verified by

sequencing analysis (data not shown). Quantita-

tive analysis of these fragments compared with the

internal GAPDH-control by Image Quant program

indicated that the expression level of the α1 and β3

subunits of GABAA receptor, and also the GLT-1,

were evidently up-regulated in transgenic mice.

Furthermore, time-course determination in synap-

tosomal uptake indicated that the glutamate uptake

in transgenic mice was significantly enhanced than

that in wild-type mice (Fig 5a). However, the sero-

tonin uptake, monitored for unrelated control, only

showed a statistically insignificant reduction in

transgenic mice compared with wild-type litter-

mates (Fig 5b). Additionally, kinetic analysis fur-

ther revealed that the transgenic mice had higher

glutamate uptake Vmax value than did the controls

(Tab 1b).

DISCUSSION

Transgenic mice were previously generated with

GAT1 overexpression in the brain and a variety of

peripheral tissues. Increased GABA uptake in crude

synaptosomes further confirms that the excessive

expression of GAT1 in transgenic mice is function-

ally significant. Though developing no spontane-

ous epileptic seizure, these mice exhibited signifi-

cant electroencephalographic alterations and in-

creased susceptibility to kainic acid-induced

seizure. It indicates that there is some abnormality

in brain function of transgenic mice.

A deficiency of GABAergic inhibition mediated

GATI overexpression leads to seizure-susceptibility
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Fig 3. Electroencephalographic recordings of transgenic (Tg1 and Tg3) and wild-type (Wt) mice before (a) and after (b) kinaic

acid administration. Transgenic mice exhibited more high-frequency discharges compared with control mice (a). Note the

sharp wave bursts in transgenic mice after kinaic acid injection (b).

Fig 4. Semi-quantitative RT-PCR analysis of the expression of GAT1,α1 and β3 subunits of GABA
A 
receptor, and GLT-1 in the brain of 3-mon-

old wild-type (Wt) and transgenic (Tg1 and Tg3) mice. GADPH mRNA was served as an internal standard. The sizes of resultant PCR fragmentsare

indicated by arrows.

Fig 5. Time course of 3H-glutamate (a) and 3H-serotonin (b) uptake in synaptosomes from 3-mon-old transgenic mice (Tg1) and wild-type (Wt).

Synaptosomes  were incubated at 37 oC in the presence of 40 nM glutamate and serotonin, respectively. Values were given as mean±s.e.m. (n=7

mice). Single asterisk indicates significant difference at P<0.01; student’s t-test
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via the GABAA receptor complex has for a long

time been suspected to be a major factor in

epileptogenesis. GABAA receptors are constructed

from a number of different subunits, designated

as α, β, γ,δ,  and ε subunit. In the mammalian CNS,

α, β, γ, subunit exists as 6, 3, and 4 subtypes,

respectively. Failure in switching from embryonic

GABAA a subunits (α2,α3 and α5) to the predomi-

nant subunit of the adult brain (α1) was suggested

to underlie temporal lobe epilepsy[12]. Mice lack-

ing the GABAA receptor β3 subunit are subject to an

evolving epileptogenic condition that culminates in

spontaneous seizures[11]. Conceptually, the up-

regulation of the α1 and β3 subunits of GABAA

receptor would enhance the synaptic inhibition in

transgenic mice.

 On the other hand, alterations in the balance

of excitatory and inhibitory synaptic interactions

is thought to be involved in epileptogenesis[13]. It

has been known that GLT-1, a subtype of astroglial

glutamate transporters, contributes to the mainte-

nance of extracellular glutamate concentrations at

low levels, and without its action, glutamate levels

rise sufficiently to cause epilepsy and cell death[10].

Therefore, the up-regulation of GLT-1 might sug-

gest that the excitatory synaptic transmission was

altered in transgenic mice. In addition, increased

glutamate uptake in synaptosomes indicated that

the neuronal glutamate transporters (EAAC1 and

EAAT4) were probably also up-regulated, since syn-

aptosomes are isolated nerve terminals, and only

neuronal uptake proteins would be expected to me-

diate synaptosomal uptake[14]. An opinion sug-

gested that the up-regulation of GABAA receptor

and glutamate transporters might represent a com-

pensatory  or  correct ive  change  to  the

overexpression of GAT1, and contributed to main-

tain the balance between excitatory and inhibitory

synaptic activities in transgenic mice. But this bal-

ance is subject to disruption, as evidenced by their

increased susceptibility to kainic acid-induced

seizure. It's noteworthy that kainic acid exerts its

effect by inhibiting the GABA release through the

activation of kainate-selective receptor at presyn-

aptic GABAergic terminals[15].

Recent studies indicate that transporters may

work in reverse direction, and thereby release

transmitters into the extracellular space via a non-

vesicular, Ca2+-independent manner if there is a

loss of ionic gradients or membrane potentials[5],

[16]. Neuronal depolarization during seizure, which

commonly reaches -40 or -30 mV, is sufficient to

reverse GABA transport[17]. Hence, it’s possible that

the overexpression of GAT1 would faci- litate the Ca2+-

independent GABA release during seizure activity, and

may contribute to suppress the propagation of seizure

in transgenic mice. However, enhanced susceptibility

to kainic acid-induced seizure suggests that the influ-

ence possibly exerted by the increased GABA release

may be very limited and less effective in challenging

conditions. Additional experiments are required to fully

characterize the extracellular GABA and glutamate lev-

els in both basal and seizure conditions.
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