Pharmacological Thoughts
for SLC6A1

Michael A. Rogawski, M.D., Ph.D.

Departments of Neurology and Pharmacology
University of California, Davis
Sacramento, California

UCDAVIS

UNTVERSITY OF CALIFORNMIA




My Task: Provide basic
pharmacological information to set
the stage for thinking about
laboratory based research to identify
potential treatments for SLC6A1.
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Review of toxicity and trends in the
use of tiagabine as reported to US
poison centers from 2000 to 2012 " SSAGE

HA Spiller"z, D Wiles', JL Russell' and MJ Casavant'?

Abstract

Background: Tiagabine is a novel antiepileptic that acts by increasing synaptic and extracellular gamma-
aminobutyric acid concentrations. Information concerning overdose of tiagabine is limited. After introduction,
an increasing number of off-label uses suggested that tiagabine use would increase. However in 2005 and 2008,
warnings from the Food and Drug Administration (FDA) were issued on the risk of seizures in non-epileptic
and increased suicide ideation. Ve evaiuated the temporai trends associated with these two warnings as weii
as clinical outcomes from tiagabine overdose.

Method: A retrospective review of all single substance tiagabine exposures in National Poison Data System
(NPDS) from 2000 to 2012.

Results: A total of 2147 patients had ingested tiagabine, with a mean of 165 year™'. This was disproportionally
distributed, with a steep rise leading up to 2004 (max 559 year ') and then a significant decline (p < 0.05)
between 2005 and 2006. The number of cases reported to NPDS mirrored the sales of tiagabine. Clinical
effects were predominantly neurological, with the most commonly reported effects being drowsiness (27%),
agitation (19%), confusion (12%), seizures (I1%), and tachycardia (10%). In all, 758 patients (35%) showed a
major or moderate medical outcome, with no deaths reported. A disproportionate share of the major out-
comes was in the suicide attempt group (73%). The majority of patients (75%) were treated in a health-care
facility (HCF).

Conclusions: The HCF usage is likely due to high rate of symptomatic patients (59%) and the large proportion
of suicide attempt cases. The frequency of tiagabine cases in NPDS mirrored pharmaceutical sales, with steep
declines temporally related to the 2005 FDA warning.

Keywords
Tiagabine, FDA warning, toxicity

Introduction

Tiagabine is a novel antiepileptic that acts by binding
to the gamma-aminobutyric acid (GABA) uptake
transporter in presynaptic neurons and glial cells
resulting in increased synaptic and extracellular
GABA concentrations. The increased concentration
of the inhibitory neurotransmitter GABA is believed
to be responsible for the antiepileptic effects. Infor-
mation concerning overdose of tiagabine is limited
to case reports and a single case series.' These
reports suggest the effects in supratherapeutic doses
and overdoses that follow the GABA neurological
mechanism, with lethargy, confusion, and coma.
Seizures, convulsive, and nonconvulsive status

epilepticus have also been reported. The epilepto-
genic mechanism for tiagabine is not known but sug-
gestions have included possible mediation via GABA
receptors in the thalamus and stimulation of dopa-
mine, serotonin, or glycine receptors.”'® An atypical
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Table |. Reported clinical effects with single substance

ingestion of tiagabine.

Clinical effect

N

Percent of total (%)

Drowsiness/lethargy

Agitated

Confusion

Total with SZ
SZ—single
SZ—multiple
SZ—status epilepticus

Tachycardia

Dizziness

Coma

Hypertension

Vomiting

Mydriasis

Slurred speech

Dystonia

Hypotension

Hallucinations/delusions

Bradycardia

Muscle rigidity

Respiratory depression

Muscle weakness

Headache

Fasciculation

Fever

Acidosis

Tachypnea

Chest pain

570
405
260
226
89
8l
56
213
106
99
84
55
45
39
35
23
23
16
I5
26

26.5
18.9
12.1
10.5
4.1
3.8
2.6
9.9
49
4.6
3.9
2.6
2.1
1.8
1.6
.1
.1
0.7
0.7
1.2
0.5
0.5
04
04
0.3
0.3
0.1

SZ: seizures.
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CASE REPORT

Tiagabine-induced absence status in idiopathic
generalized epilepsy

S. KNAKE, H. M. HAMER, U. SCHOMBURG, W. H. OERTEL & F. ROSENOW

Philipps-University, Neurologische Klinik, Marburg, Germany

Correspondence to: Dr S. Knake, Neurologische Klinik, Philipps-University, Marburg, Rudolf-Bultmann-Stralie 8,
35039 Marburg, Germany

Several medications such as baclofen, amitriptyline and even antiepileptic drugs such as carbamazepine or vigabatrin are known
to induce absence status epilepticus in patients with generalized epilepsies. Tiagabine (TGB) is effective in patients with focal
epilepsies. However, TGB has also been reported to induce non-convulsive status epilepticus in several patients with focal
epilepsies and in one patient with juvenile myoclonic epilepsy. In animal models of generalized epilepsy, TGB induces absence
status with 3—5 Hz spike-wave complexes.

We describe a 32-year-old patient with absence epilepsy and primary generalized tonic—clonic seizures since 11 years of
age, who developed her first absence status epilepticus while treated with 45 mg of TGB daily. Administration of lorazepam
and immediate reduction in TGB dosage was followed by complete clinical and electroencephalographic remission. This case

demonstrates that TGB can induce typical absence status epilepticus in a patient with primary generalized epilepsy.

Key words: absence status; status epilepticus; generalized epilepsy; seizure induction; tiagabine.

INTRODUCTION

Absence status epilepticus is defined as a generalized
absence seizure lasting for more than half an hour in
the context of a primary generalized epilepsy'. Dur-
ing the time of mental clouding of differing degree,
bilateral synchronous spike-wave discharges can be
recorded by EEG. Of all the forms of non-convulsive
status epilepticus, generalized absence status is the
most commonly encountered®. The incidence of ab-
sence status in patients with absence epilepsy is esti-
mated to be between 2 and 10%?.

Several antiepileptic drugs have been reported
to induce absence status in patients and animal
models. Tiagabine (TGB) inhibits the reuptake of
y-aminobutyric acid (GABA) into the presynaptic
terminals and glia cells, thereby making more GABA
available at the synapses*. It increases the extracellular
concentration of GABA after oral administration°. In
clinical trials TGB had a dose-related anticonvulsant
effect in patients with focal epilepsies”!!. However,
in animal models the frequency of interictal spike-

* E-mail: knake@mailer.uni-marburg.de

1059-1311/99/050314 + 04  $12.00/0

wave discharges increased in rats when treated with
TGB12—14.

In addition, TGB was also reported to induce non-
convulsive status epilepticus in several patients with
partial epilepsy!>- !¢ and in one patient with juvenile
myoclonic epilepsy®. There have been no detailed re-
ports of this effect of TGB in patients with absence
epilepsy.

We describe a 32-year-old patient with absence
epilepsy and generalized tonic—clonic seizures since
the age of 11 years, in whom TGB induced her first
absence status.

CASE REPORT

A 32-year-old woman was admitted with absence sta-
tus epilepticus lasting for more than 6 hours.

At the age of 11 years, she began having absences
and generalized tonic—clonic seizures. The diagno-
sis of absence epilepsy was supported by generalized
spike-wave complexes during hyperventilation and a
positive family history for epilepsy. Seizures were

© 1999 BEA Trading Ltd



+10 nM THDOC +100 nM THDOC

>100 uM SR-95531 >100 uM SR-95531
Control Control —

. GABA

GABA, Receptor CIT
Channel Complex

. /Control

: - 1 uM
Extrasynaptic Synaptic 5

Zﬁs



Pharmacology of Synaptic and Extrasynaptic GABA,
Receptors

Synaptic Extrasynaptic

Benzodiazepines, zolpidem active Benzodiazepines, zolpidem inactive
Neurosteroids active Neurosteroids active

[Meldrum BS and Rogawski MA, Neurotherapeutics 2007;4:18-61]
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ANTICONVULSANT ACTIVITY OF MUSCIMOL AGAINST
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GABA-MEDIATED NEUROTRANSMISSION

Muscimol GABA
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Summary—Muscimol is a potent in vivo agonist of gamma-aminobutyric acid (GABA) when tested O H
iomophoretically and binds to GABA receptors in vitro. A study of muscimol effects on seizures induced

by agents which impair GABA-mediated neurotransmission was performed in the rat. Muscimol delayed H O

the onset of isoniazid-and picro! duced convulsions. The tomc forehmb extension component

of bicuculline and metrazole was abolished by imol. Inhibition of forelimb extension was

chosen as an endpoint for comparison of clinically effective antiepileptics with imol. The order

of potency was diazepam > muscimol > phenobarbital > phenytoin. Muscimol had no effect on strych-

nine-induced convulsions, It is concluded that muscimol penetrates rat brain and specifically anta-

gonizes seizures caused by GABA receptor blockade or depletion of brain GABA.

Gamma-aminobutyric acid (GABA) is an amine acid
which satisfies many of the criteria for a naturally-
occurring inhibitory transmitter in the vertebrate cen-
tral nervous system (Roberts, Chase and Tower, 1976;
DeFeudis, 1977). Experimental evidence implicates a

Drugs

Seizures were produced by systemic.administration

of the'following convulsants: picrotoxin (Smith Kline
& French); isonicotinic acid hydrazide (Isoniazid,

Table 4. Summary of anticonvulsant testing. Comparison of muscimol with standard
antiepileptic agents

hypofunctionai centrai GABA sysiem in certain neur- ';‘(ifma); ;icl;;:uiih;e (Sigma);l siryc'nninel suil’;;e (Smi;h . . Convulsant

ine rench); pentylenetetrazole etrazole,
ologic disorders (Homnykiewicz, Lloyd and Davidson, e oy Pharmaceu)ticall)se) yThese compm(m ds  were Compound Bicuculline Strychnine Pentylenetetrazole
1976) including g’nlepsy (Meldrum, 1975). Muscimol .1 for anticonvulsant activity: muscimol (Smith .
(3-hydroxy-5-aminomethylisoxazol), a structural ana- o e Eronep- diazepam (Smith Kline & French); Muscimol 1.0 No effect at 8 mg/kg 0.49
log of gﬁiﬁ&iﬁﬁ?ﬁﬁ&?@ﬁ :;:l“e;e'r‘m phenobarbital sodium (Smith Kline & French): {0.7-2.0) {0.32-1.5)
cean » dipheylhydantoin sodium (Phenytoin, Sigma). Musci- :
1976)_ and at bicuculline-sensitive postsynaptic recep- mch)l, ghe);\obarbital, isonizfzid, sytrychnini ar?d picro- DlazeDam e ,\P -%‘2“\, e .0'.82“ i A(iﬁ’? 1A
tors in the mammal (Krogsgaard-Larsen, Johns@n, toxin were dissolved in water or saline. Diazepam and . 0.U7-0.49) Ua-1.4j UUa—-U.14)
Curtis, Game and McCulloch, 1975; Enna, Collins ;00 11ne were administered in dilute HCI (pH 3). Phenobarbital 79 359 41
and Snyder, 1977). A delay in the onset of isoniazid-  pp o ioin was dissolved in water with the addition (5.1-10.7) {22.2-63.8) (22-74)
induced seizures after muscimol treatment has been of NaOH to a final pH of 11. . : ’ d
reported (Naik, Guidotti and Costa, 1976). However, Phenytoin 93 136.2 Not teste
abolition of convulsive behavior elicited by impair- (5.0-13.3) (80.0-354.4)

ment of GABAergic neurotransmission has not been
demonstrated after muscimol treatment. The present
authors studied the anticonvulsant activity of musci-
mol against seizures induced by a variety of drugs
known to interfere with GABA-mediated neuro-
transmission and other convulsant chemicals. The
anticonvulsant profile of muscimol was compared to
that of several clinically effective antiepileptics.

METHODS

Male Sprague-Dawley rats (200-275 g) were used
in all experiments. Animals were housed in constant
temperature, humidity and light cycles. Food and
water were availabie ad libitum,

Key words: tonic forelimb extension, picrotoxin, isonia-
zid, bicuculline, pentylenetetrazole, strychnine.

Chemically-induced convulsions

Picrotoxin was injected subcutaneously into rats
and the latency to onset of convulsions was measured.
A mean onset time was determined in control (non-
anticonvulsant treated) animals for each experimental
day. A rat treated with an anticonvulsant agent was
considered “protected” if it failed to convulse within
two standard deviations of the mean onset time for
the control group. Rats were also injected subcu-
taneously with isoniazid and monitored for the onset
of convulsive activity. Time to onset of clonic and
tonic seizure components was noted. An animal was
considered “protected” if it failed to have a seizure
episode within two standard deviations of the mean
onset time for a control group treated only with iso-

line -
Sieuculling, strychn

ylenetetrazole
o angat ~f sha
o onset of the
y was recorded and the
pattern of seizure development observed. Animals

885

Muscimol, diazepam and phenobarbital were given intravenously. Phenytoin was
administered intraperitoneally. All convulsants were injected i.ntravenoqsly 30 min
after anticonvulsant treatment. Table values are ED s, (mg/kg) with 95% Fieller limits;

= 5-10/dose group.
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Pro- and Anticonvulsant Actions
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Laboratory of Developmental Epilepsy, Departments of *Neurology, Neuroscience, and FPediatrics, Albert Einstein

College of Medicine, Bronx, New York, U.S.A. adult rats 1 6 day Old fats
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Summary: GABAergic transmission in the substantia ni- ulsant but only proc: cffects of musci- -
gra pars reticulata (SNR) has an important role in the mol occur, and at lower doses than in adults. These data c
control of experimental seizures. In the flurothyl seizure suggest that the immature SNR is significantly more sen- [a] - 120
model, SNR microinjection of the selective GABA , re- sitive to the proconvulsant effects of GABA, receptor QO
ceptor agonist muscimol results in a biphasic dose— agonists than is the SNR of adults. We hypothesize that
response curve in adults: Intermediate doses are anticon- the age-related differences in nigral GABAecrgic response \2 H
vulsant, but high doses have proconvulsant effects. may be due to ontogenic changes in GABA ,-sensitive o _.O._ M uSCI mol
Another GABA 4 agonist, THIP (4,5,6,7-tetrahydroisox- neuronal circuits in the SNR. Key Words: Muscimol— -
azolo-[5,4-c]pyridin-3-ol), also produces anticonvulsant THIP—Flurothy izures—Epilepsy—y-Aminobutyric T iy B fhabhidels 'y iRl LR R by SEEEELTELTEY 1 00
effects at lower doses, whereas higher doses tend to pro- acid. 3
duce a1 1 effect. In 16-day-old rat pups, no + TH I P
ﬁ
@ C |
N _ ) - . , g 80 ontro
Both cli lly and exper lly, it is recog- scizure activity produced in several experimental -
nized that the immature brain is at increased risk for models of epilepsy (2). However, studies suggest -
sustaining epileplic seizures, particularly general- that the ability of SNR inhibition to control seizures Q
ized seizures (1). An important goal of neuroscience may be age-dependent: drugs that are anticonvul- = Proconvulsant
research is to identify the neuronal circuitry and sant when microinjected into the SNR of adult rats =} -~ 1
synaptic pharmacology underlying this ontogenic may be ineffective (7) or even proconvulsant (8) .E o 60
phenomenon. Such understanding will help direct when injected into the SNR of rat pups. [ 1] YT
the development of more efficacious and selective Our laboratory has studied developmental differ- [7)]

age-specific therapies than those currently avail-
able.

The substantia nigra pars reticulata (SNR) has
been identified as a critical site in rat brain for the
anticonvulsant action of GABAergic drugs (2).
Since it was shown that GABAergic transmission in
SNR can attenuate seizures (3,4), a series of inves-
tigations (5,6) led to the hypothesis that experimen-
tal manipulations that inhibit firing in SNR neurons
bilaterally can limit convulsive and subconvulsive

Received August 27, 1994; revision accepted April 13, 1995.

Address correspondence and reprint requests to Dr. S. L.
Moshé at Rose F. Kennedy Center, Room 316, Albert Einstein
College of Medicine, 1300 Morris Park Ave., Bronx, NY 10461
US.A.

Dr. Xu’s present address is Department of Anatomy, Louisi-
ana State University, New Orleans, LA, U.S.A.

ences in the anticonvulsant pharmacology of GABA
transmission in rat SNR. We measured the suscep-
tibility of rats to seizures induced by flurothyl
(hexafluorodiethyl ether), a volatile inhaled convul-
sant well suited to developmental studies (9). We
commonly compare adult seizurc responses with
those of 16-day-old rat pups, an age at which such
pups are most susceptible to seizures (1).

We previously showed the effects on flurothyl
seizures of some GABAergic agents to be similar
regardless of the age of the rats examined. Doses of
the presynaptic GABA agonist y-vinyl-GABA
(GVGQG) that increase GABA in SNR result in the
suppression of fluorothyl seizures in both adult (10)
and 16-day-old rats (11). Conversely, microinjec-
tions into SNR of bicuculline, a competitive
GABA,, receptor antagonist (12) significantly facil-
itate flurothyl seizures in both adults (13) and pups

1000
dose, ng/SN
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Neurobiology of Disease

GABA Transporter Deficiency Causes Tremor, Ataxia,
Nervousness, and Increased GABA-Induced Tonic
Conductance in Cerebellum

Chi-Sung Chiu, ¢ Stephen Brickley,2 Kimmo Jensen,** Amber Southwell,' Sheri Mckinney,' Stuart Cull-Candy,’

Istvan Mody,’ and Henry A. Lester!

'Division of Biology, California Institute of Technology, Pasadena, California 91125, 2Biophysics Section, Imperial College London, London SW7 2AZ,
United Kingdom, *Departments of Neurology and Physiology, School of Medicine, University of California Los Angeles, Los Angeles, California 90095-1769,
“Department of Physiology, University of Aarhus, DK-8000 Aarhus C, Denmark, *Department of Pharmacology, University College London, London WCIE
6BT, United Kingdom, and “Department of Neurobiology, Merck Research Laboratories, West Point, Pennsylvania 19486

GABA transporter subtype 1 (GAT1) knock-out (KO) mice display normal reproduction and life span but have reduced body weight
(female, —10%; male, —20%) and higher body temperature fluctuations in the 0.2-1.5/h frequency range. Mouse GAT1 (mGAT1) KO
mice exhibit motor disorders, including gait abnormality, constant 25-32 Hz tremor, which is aggravated by flunitrazepam, reduced
rotarod performance, and reduced locomotor activity in the home cage. Open-field tests show delayed exploratory activity, reduced
rearing, and reduced visits to the central area, with no change in the total distance traveled. The mGAT1 KO mice display no difference in
acoustic startle response but exhibit a deficiency in prepulse inhibition. These open-field and prepulse inhibition results suggest that the
mGAT1 KO mice display mild anxiety or nervousness. The compromised GABA uptake in mGAT1 KO miceresultsin an increased GABA ,
receptor-mediated tonic conductance in both cerebellar granule and Purkinje cells. The reduced rate of GABA clearance from the synaptic
cleft is probably responsible for the slower decay of spontaneous IPSCs in cerebellar granule cells. There is little or no compensatory
change in other proteins or structures related to GABA transmission in the mGAT1 KO mice, including GAT1-independent GABA uptake,
number of GABAergic interneurons, and GABA -, vesicular GABA transporter-, GAD65-, and GAT3-immunoreactive structures in
cerebellum or hippocampus. Therefore, the excessive extracellular GABA present in mGAT1 KO mice results in behaviors that partially
phenocopy the clinical side effects of tiagabine, suggesting that these side effects are inherent to a therapeutic strategy that targets the

MGAT1 KO mouse is slightly more
sensitive than the WT mouse to PTZ-
induced seizures

PTZ (40 mg/kg, i.p.) decreased
observable activity in WT and
heterozygotes while causing
preconvulsive states and mild seizures in

MGAT1 KO mice

widely expressed GAT1 transporter system.

Key words: tiagabine; epilepsy; flunitrazepam; cerebellum; inhibition; tremor

Introduction

GABA is the principal inhibitory neurotransmitter in the mam-
malian brain, where it activates GABA,,, GABA, and GABA.
receptors. GABA released from presynaptic terminals is removed
from the vicinity of the synaptic cleft by GABA transporters, and
this action is believed to be a key event in terminating synaptic
currents. GABA transporters are also involved in maintaining a
low extracellular GABA concentration throughout the brain, pre-
venting excessive tonic activation of synaptic and extrasynaptic
receptors. GABA transporters may also play a role in replenishing
the supply of presynaptic transmitter. Furthermore, GABA trans-

Received Aug. 16, 2004; revised Jan. 25, 2005; accepted Jan. 25, 2005.
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porters may reverse, under both normal and pathological cir-
cumstances, to release GABA (Richerson and Wu, 2003, 2004).

Of the three GABA transporters identified in the CNS, GABA
transporter subtype 1 (GAT1) is highly expressed in the olfactory
bulb, neocortex, cerebellum, superior colliculus, and substantia
nigra, where it is predominantly found in axons, presynaptic ter-
minals, and glial cells. GAT2 is weakly expressed throughout the
brain, primarily in arachnoid and ependymal cells. GAT3 expres-
sion is densest in the olfactory bulb, midbrain regions, and deep
cerebellar nuclei, where it is found predominantly on glial cells
(Radian et al., 1990; Tkegaki et al., 1994; Itouji et al., 1996; Yan et
al., 1997; Engel and Wu, 1998; Barakat and Bordey, 2002; Chiu et
al., 2002).

The GAT1 inhibitor tiagabine is a clinically useful antiepilep-
tic drug with few cognitive side effects (Aldenkamp et al., 2003),
but it also causes tremor (its major side effect), ataxia, dizziness,
asthenia, somnolence (sedation), and nonspecific nervousness
(Adkins and Noble, 1998; Pellock, 2001; Schachter, 2001). It is
important to know whether these side effects arise directly from
increased extracellular concentration of GABA in the CNS or,
instead, from actions on unintended targets. For instance, GAT1

PTZ (70 mg/kg), all WT and heterozygotes
survived with severe seizures, whereas
MGAT1 KO mice showed severe
seizures, and one of three died
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Enhanced tonic GABA, inhibition in typical

absence epilepsy

David W Cope!, Giuseppe Di Giovanni!?, Sarah J Fyson!, Gergely Orban!2, Adam C Erringtonl,
Magor L Lérincz!, Timothy M Gould!, David A Carter! & Vincenzo Crunelli!

The cellular mechanisms underlying typical ab

we show here that

plic GABA, receptor-dep
logical models of ab

which ch 1
not fully understood, but impaired y-aminobutyric acid (GABA)-ergi i
.dent ‘tonic’ inhibition is increased in thalamocortlcal neurons from

ize various idiopathi lized epilepsies, are
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diverse genetic and

d tonic inhibition is due to compromised GABA uptake

by the GABA transporter GAT-1 in the genetic models tested, and GAT-1 is crucial in governing selzure genesus Extrasynaptlc

GABA,

are a

P q

for sei in two of the best characterized models of ab

and the sell

actlvatlon of thalamic extrasynaptic GABA, receptors is sufficient to elicit both electrographic and behavioral correlates of

cellular

seizures in normal rats. These results identify an app.

y
epileptogenic importance and highlight potential therapeutic targets for the treatment of absence epilepsy.

Typical absence seizures characterize numerous idiopathic generalized
epilepsies and appear in the electroencephalogram (EEG) as bilater-
ally synchronous spike-and-wave discharges (SWDs) accompanied
by behavioral arrest!2, Whereas absence seizures are known to arise
in thalamo~—cortical networks?~, the underlying cellular mechanisms
are not fully understood. Impaired GABAergic inhibition remains
an attractive hypothesis™®, and GABA, receptor (GABA,R) sub-
unit mutations have been identified in human cohorts with typical
absence seizures, albeit as part of a complex phenotype’~. However,
although some of these mutations compromise GABA ,R function in
heterologous expression systems!?, only modest changes in GABA R
inhibition have so far been identified in the thalamo-cortical net-
work of rodents with spontaneous SWDs! =13, Furthermore, systemic
or intrathalamic administration of agents that promote GABAergic
inhibition, including the antiepileptic drugs vigabatrin and tiagabine,
initiate or exacerbate seizures in humans and rodents'*13, Thus,
augmented rather than impaired GABA ,R inhibition may be a feature
of absence seizures.

Activation of GABA,Rs generates two types of inhibition: the
transient activation of synaptic GABA,Rs (sGABA,Rs) elicits
inhibitory postsynaptic currents (IPSCs), or ‘phasic’ inhibition; and
the activation of peri- or extrasynaptic GABA\Rs (eGABA,Rs) by
ambient GABA causes a persistently active, or tonic, current!®20.
Because in thalamocortical neurons, major players in thalamo—
cortical networks during SWDs, >90% of GABA,R inhibition is
tonic?!~24, we have examined the prospect of aberrant tonic inhibition
in experimental absence seizures. Our data indicate that enhanced
tonic GABA, inhibition is a common feature of diverse genetic and

in typical at seizures that may have

pharmacological models of typical absence epilepsy and may be a
requirement for the appearance of absence seizures.

RESULTS

Enhanced tonic GABA, current in genetic models of absence
Genetic absence epilepsy rats from Strasbourg (GAERS) are a well
established polygenic model of absence epilepsy that show bilat-
eral spontaneous SWDs and accompanying behavioral arrest from
approximately postnatal day 30 (P30)!¢. In thalamocortical neu-
rons, tonic GABA,, currents are generated by extrasynaptic receptors
containing the § subunit?!~?%, and, in rats, § subunit expression is
apparent only from approximately P12 (ref. 25). Therefore, we mea-
sured tonic GABA, current amplitude from thalamocortical neu-
rons in slices of the somatosensory ventrobasal thalamus of GAERS
from P14 onward and compared it to non-epileptic control (NEC)
rats of the same age. We observed no significant difference in tonic
current amplitude at P14-P16 (P > 0.05 for each day) (Fig. 1a,b).
At P17, however, there was an approximately twofold increase in tonic
current amplitude in GAERS compared to NEC rats (P < 0.05) that
was sustained in subsequent days (Fig. 1a,b) and was independent of
whole-cell capacitance (Suppl y Results and Supp y
Fig. 1a). Comparison of spontaneous IPSC (sIPSC) parameters
in GAERS and NEC rats at the same ages revealed no consistent
differences ( yTable 1),in nt with previous data
obtained from younger GAERS!?. Notably, there was a significantly
(P < 0.05) smaller sIPSC peak amplitude, frequency, charge trans-
fer and total current in GAERS at P18, but these changes were not
maintained at later ages (Supplementary Table 1). These results
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Elevated GABA levels in GAERS rats in ventral
thalamus because of reduced uptake; also in
stargazer and lethargic mice

Enhanced tonic GABA current through activation of
extrasynaptic GABA-A receptors
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Proepileptic Activity of Baclofen is Due to Disinhibition

GABA; autoreceptor-mediated cell type-specific
reduction of inhibition in epileptic mice
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GABA; receptors (GABAgRs) mediate slow inhibitory effects on

| excitability and i in the brain. How-
ever, the GABAgR agonist baclofen can also promote excitability
and seizure generation in human patients and animals models.
Here we show that baclofen has concentration-dependent effects
on the hippocampal network in a mouse model of mesial temporal
lobe epilepsy. Application of baclofen at a high dose (10 mg/kg
i.p.) reduced the power of y oscillations and the frequency of path-
ological discharges in the Cornu Ammonis area 3 (CA3) area of
freely moving epileptic mice. Unexpectedly, at a lower dose (1
mg/kg), baclofen markedly increased y activity accompanied by
a higher incidence of pathological discharges. Intracellular record-
ings from CA3 pyramidal cells in vitro further revealed that, al-
though at a high concentration (10 pM), baclofen invariably
resulted in hyperpolarization, at low concentrations (0.5 uM), the
drug had divergent effects, producing depolarization and an in-
crease in firing frequency in epileptic but not control mice. These
excitatory effects were mediated by the selective muting of inhib-
itory cholecystokinin-positive basket cells (CCK* BCs), through en-
hanced inhibition of GABA release via presynaptic GABAgRs. We
conclude that cell type-specific up-regulation of GABAgR-medi-
ated autoinhibition in CCK* BCs promotes aberrant high frequency
oscillations and hyperexcitability in hippocampal networks of
chronic epileptic mice.

presynaptic inhibition | mTLE model | patch clamp

euronal activity in the hippocampus shows oscillations in

behavior-relevant frequency ranges including y frequencies
(30-80 Hz) (1). y activity is prominent in the aroused brain and
has been implicated in higher-level brain functions, such as
sensory binding, perception (2), and storage and recall of in-
formation (3, 4). At the same time, y frequency oscillations are
also prevalent in epileptic patients and are most often observed
at seizure onset during in depth EEG recordings (5). The
GABAergic system plays a pivotal role in the generation of y
oscillations (6-8). However, it remains to be resolved how dis-
tinct GABAergic receptor subtypes, in particular GABAg recep-
tors (GABAgRs), contribute to the generation and modulation of
pathological network oscillatory activity.

GABAgRs mediate slow inhibitory effects and control synaptic
transmission and the excitability of neurons in cortical net-
works. GABAgRs are expressed both postsynaptically in somato-
dendritic compartments and presynaptically in axon terminals, in
excitatory principal cell and inhibitory interneurons (9-11). The
effects of GABAgR activation on the network are dominated by
inhibition leading to an overall dampened population activity.
However, if GABAergic interneurons are effected dominantly,
as observed for example, during high-frequency stimulation,
GABAgR activation can produce disinhibition in principal cells
(12, 13). Accordingly, the role of GABAgRs in epilepsy and sei-
zure generation remains ambiguous. GABAgRs are expected to
have an overall antiepileptic effect, and indeed, the receptor KO

www.pnas.org/egi/doi/10.1073/pnas. 1313505110

animals show an epileptic phenotype (14). However, there is also
evidence that the receptor agonist baclofen can induce seizures
in patients after intrathecal application (15, 16). The picture is
further complicated by the fact that GABAgR expression can be
altered in both epileptic patients, e.g., in mesial temporal lobe
epilepsy (mTLE) (17), and animal models (18). Thus, cell type—
specific alterations in GABAgR expression may change network
excitability during the progression of mTLE.

Using a chronic kainate (KA) model of mTLE, which repro-
duces major electrophysiological and histopathological charac-
teristics of human mTLE (19, 20), we studied the role of
GABAGgRs in altered hippocampal network activity. Our results
suggest that enhanced and persistent GABAgR activation in
epileptic mice suppresses the inhibitory output from hippocam-
pal interneurons, in particular cholecystokinin (CCK)-express
basket cells (BCs) onto pyramidal cells (PCs). This reduction in
the inhibitory output of interneurons, in turn, leads to disinhi-
bition in hippocampal networks, enhances y activity, and pro-
motes the transition to pathological hyperexcitability.

Results

Dose-Dependent Effects of GABAgR Activation on Hippocampal
Network Activity in a Mouse Model of mTLE in Vivo. We first ana-
lyzed the effects of GABAgR activation on network activity in
vivo in chronic epileptic mice. EEG recordings were carried out

Significance

Metabotropic GABA; receptors control synaptic transmission
and excitability in neuronal circuits of the brain. Although
effects of these receptors are predominantly inhibitory at both
cellular and network levels, application of the agonist baclofen
can promote excitability and induce seizures in patients and
animal models of epilepsy. Here we demonstrate that pro-
epileptic effects of baclofen are concentration dependent and
result from disinhibition. Although at high doses, baclofen
reduces network excitability due to its combined pre- and
p ynapti y effects in py idal cells, at low doses,
it leads to an enhanced presynaptic suppression of the synaptic
output of a specific set of inhibi . This disinhibitory
effect promotes high-frequency oscillations and the emergence
of pathological discharges in the epileptic hippocampal network.
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Baclofen augments hippocampal y
oscillations and promotes pathological
discharge in the CA3 network of chronic
epileptic mice in a dose-dependent
manner

Reduced inhibition of CA3 PCs and
enhanced presynaptic GABAg receptor
activation

Enhanced activation of presynaptic
GABA& receptors leads decreased GABA
release and consequent disinhibition
and hyperexcitability of pyramidal cells.
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CHARACTERIZATION OF GABAERGIC SEIZURE
REGULATION IN THE MIDLINE THALAMUS
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Summary—This study characterized the role of GABA in the central medial intralaminar nucleus on

i induced by pentylenetetrazol given systemically. Injections of the direct selective GABA | agonist,
piperidine-4-sulfonic acid or the indirect GABA, agonists, flurazepam and pentobarbital, in this region
depressed arousal and facilitated myoclonic and clonic seizures induced by pentylenetetrazol but only
caused slight inhibition of tonic seizures. In contrast the GABAg agonist (— )baclofen facilitated all three
types of seizures. Recording after injection of piperidine-4-sulfonic acid and (— )baclofen revealed marked
suppression and slowing of thalamic and cortical electrical activity. Thalamic injections of the GABA
antagonist, bicuculline methiodide, had opposite behavioral effects, causing hyperactivity and episodes of
violent running, not accompanied by EEG discharges. When pentylenetetrazol was infused concommi-
tantly there was marked facilitation of the tonic seizures, which occurred without preceding myoclonic
of clonic seizures, or EEG spikes.

These results demonstrate that GABA-mediated neurotransmission in the central medial intralaminar
nucleus can control the threshold of seizures and that GABA agonists and antagonists have opposite
effects. It is suggested that the central medial intralaminar nucleus is not a site of origination or spread
of seizures, but controls seizures indirectly by regulating the excitability of other structures and that
different synaptic mechanisms and anatomical connections mediate effects on different types of seizures.

o

Key words—pentylenetetrazol, central medial nucleus, GABA, seizure, epilepsy, thalamus, arousal.
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Fig. 1. Diagram showing the target zone in the central medial nucleus in the thalamus. For inclusion in
the study, the entire blue injection site had to be confined to this zone. Abbreviations are as follows:
AM-—anteromedial nucleus; CeM—central medial nucleus; IAD—interanterodorsal nucleus; IAM—in-
teranteromedial nucleus; PT—paratenial nucleus; PV—paraventricular nucleus; Re-—reuniens; Rh—

rhomboid nucleus.

Injection of Baclofen into Midline Thalamus
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