carry multiple HBV genomic inserts,
only PLC/PRF/S and GTC2 cells treated
with 5'-azacytidine grown in LHC4 me-
dium are known to express the HBc gene
in vitro (8). Hepatocellular carcinoma
cells containing HBV express the HBs
gene constitutively, producing the HBV
surface antigen, HBsAg, without cyto-
pathologic effects (4). The sequences
coding for HBcAg in PLC/PRF/5 cells
are highly methylated, whereas HBV
virion DNA and HBV DNA extracted
from liver samples of infected patients is
unmethylated (I0). The contrasting
methylation pattern of the HBc gene in
cells carrying HBV integrated as a provi-
rus in the human genome and in HBV
DNA extracted from virions and tissues
of acutely infected patients suggests that
methylation of Hpall~% in the 5’-flank-
ing region of the HBc gene may be
important to the viability of host cells.
Thus, host factors regulating HBc gene
expression may have a pivotal role in
establishing the intricacies of HBV host
.range and the variations in susceptibility
that are related to nutrition, sex, age,
and immunologic abnormalities.
BRrReNT E. KorRBA

VINCENT L. WILSON

GEORGE H. YoAakuM
Laboratory of Human Carcinogenesis,
National Cancer Institute,
Bethesda, Maryland 20205
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Endogenous Anticonvulsant Substance in Rat

Cerebrospinal Fluid After a Generalized Seizure

Abstract. Cerebrospinal fluid taken from rats subjected to electroshock-induced
seizures and injected into the cerebral ventricles of rats that had not been shocked
increased the seizure threshold of the recipients. The anticonvulsant activity of the
donor cerebrospinal fluid was antagonized by opioid antagonists and enhanced by
peptidase inhibitors. These results suggest the existence of an endogenous anticon-
vulsant substance in rat cerebrospinal fluid, possibly opioid in nature, which is
activated as a consequence of a seizure and which may play a critical role in

postseizure inhibition.

Postseizure inhibition has been shown
both experimentally (I, 2) and clinically
(3, 4) to be a physiological regulator in
the self-limitation of seizures. Although
the clinical significance of the postsei-
zure refractory state for preventing the
continuous recurrence of seizures in the
epileptic is clear, the mechanism under-
lying this state is not known. Because
opioid peptides, endogenous ligands for
opiate receptors, have marked anticon-
vulsant activity against a variety of ex-
perimentally induced seizures (2, 5-7)
and are activated as a consequence of
seizures (5, 7, 8), it was suggested that
seizure-activated endogenous opioid
systems function to decrease the proba-
bility or severity of subsequent seizures

*%
150 ™ M 10 ul seizure CSF

™ 10 ul CSF +aprotinin
and bacitracin

iii;i

1440 10
Tlme af’ter MES (mmutes)

140 —

130 |~

120

110

Change in seizure threshold
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Fig. 1. Effects of seizure CSF collected at
various times after MES on the seizure
thresholds of recipient rats challenged with
flurothyl. Data (means + standard errors) are
expressed as the percentage of increase in
seizure threshold beyond the baseline thresh-
old for the control CSF-treated rats. The
filled bars represent the response to seizure
CSF not protected by protease inhibitors. The
banded bar represents the response to seizure
CSF taken 10 minutes after MES, with apro-
tinin and bacitracin added to the pooled sam-
ple. Control groups were included with each
experimental treatment group. Since there
was no significant difference among the con-
trol seizure measurements made in each trial,
they were combined into a single control
group and used for all comparisons (the same
was done with the data in Fig. 2). (*) Signifi-
cantly different from the result for control
CSF (P < 0.0S, Student’s r-test). (**) Signifi-
cantly different from the result for control
CSF plus aprotinin and bacitracin (P < 0.01).

(9, 10). Working under this hypothesis,
we demonstrated that endogenous opioid
systems play a selective role in the post-
ictal rise in seizure threshold (3) and that
the opioid antagonist naloxone stereo-
selectively attenuates and morphine tol-
erance prevents the postseizure protec-
tion produced by repeated maximal elec-
troshock (MES) seizures in rats (/7). We
suggested that the brain’s opioid systems
may act postictally as endogenous anti-
convulsants and thus play an important
role in maintaining a refractory state
after a seizure. More recently, it was
reported that the anticonvulsant effects
of electroconvulsive shock or foot-shock
stress against kindled seizures are medi-
ated by the activation of endogenous
opioid systems (/2). We report here the
presence of an endogenous ‘‘anticonvul-
sant substance’’ in the cerebrospinal flu-
id (CSF) of rats subjected to MES sei-
zures, whose bioactivity is completely
antagonized by opioid antagonists and
enhanced by peptidase inhibitors. We
suggest that a seizure activates in the
central nervous system (CNS) an endog-
enous substance, possibly opioid in na-
ture, that acts as an endogenous modula-
tor of CNS excitability, particularly in
the regulation of postseizure inhibition.

Male Sprague-Dawley rats (275 to 350
g; Zivic-Miller Laboratories) were ran-
domly designated as donor or recipient
animals. Donors were subjected to single
transauricular MES (2 seconds at 60 Hz
and 50 mA), causing a generalized sei-
zure characterized by an initial tonic
extension of the limbs followed by clonic
jerking. At various times after an MES
seizure, donor rats were anesthetized
with ketamine HCI (100 mg/kg intraperi-
toneally), and CSF (referred to as sei-
zure CSF) was collected with a 21-gauge
needle inserted into the cisternal space.
Seizure CSF from three to six donor
animals was pooled and kept on ice
throughout the experiment; control CSF
was also collected from donor rats given
sham MES.

In recipient animals (n = 12 to 15 per
group) a 30-gauge cannula was stereotax-
ically implanted in the right lateral cere-
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bral ventricle. Control CSF (10 ul) or
seizure CSF (10 ul) was injected through
the cannula, and 15 minutes later fluro-
thyl (Indoklon; hexafluorodiethyl ether),
a volatile convulsant, was infused into a
1-gallon sealed glass jar as a 10 percent
solution (by volume) in 95 percent etha-
nol and the time until the onset of the
clonic convulsion (seizure threshold)
was determined (9). All intracerebroven-
tricular injections were followed by a 2-
wl flush with the vehicle.

Mean seizure thresholds after injec-
tion of control CSF ranged from 325 to
365 seconds. Administration of seizure
CSF resulted in significant increases in
seizure threshold (Fig. 1). The magni-
tude of the anticonvulsant effect of sei-
zure CSF was dependent on the time of
its collection after MES. The maximum
increase in seizure threshold (approxi-
mately 18 percent) was seen with seizure
CSF obtained 10 minutes after MES.
Seizure CSF obtained as long as 24 hours
after MES continued to produce signifi-
cant, albeit smaller, increases in the sei-
zure threshold of recipient animals.

To gain some insight into the chemical
nature of the anticonvulsant substance,
we assessed the bioactivity of control
and seizure CSF in the presence of the
protease inhibitors aprotinin and bacitra-
cin (756 kallikrein units and 1 mg per
milliliter of CSF, respectively; Sigma).
Compared to unprotected seizure CSF,
seizure CSF with added aprotinin and
bacitracin resulted in a twofold increase
in seizure threshold to 40 percent above
the control level (banded bar in Fig. 1).
No changes in seizure thresholds were
noted with control CSF in the presence
of aprotinin or bacitracin.

In keeping with our original hypothe-
sis, we tested the possibility that endoge-
nous opioid systems are involved in the
anticonvulsant action of seizure CSF by
treating recipient animals with doses of
the opioid antagonists naloxone or ICI
174,864 which, by themselves, had no
influence on flurothyl seizure thresholds.
Groups of 8 to 15 rats were treated with
saline (1 ml/kg, subcutaneously or 5 pl,
intracerebroventricularly), naloxone (1
or 10 mg/kg, subcutaneously), or ICI
174,864 (1 or 5 pg, intracerebroventricu-
larly) 10 minutes before intracerebroven-
tricular injection of control CSF or sei-
zure CSF. High (10 mg/kg) but not low (1
mg/kg) doses of naloxone completely an-
tagonized the ability of seizure CSF to
raise the flurothyl seizure threshold in
these rats (Fig. 2). Furthermore, the se-
lective d opioid receptor antagonist ICI
174,864 (13) antagonized the anticonvul-
sant activity of the seizure CSF at doses
as low as 1 to 5 g, intracerebroventricu-
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Fig. 2. Effect of treatment with saline, nalox-
one, or ICI 174,864 on the anticonvulsant
action of seizure CSF taken 10 minutes after
MES. Anticonvulsant activity of seizure CSF
in drug-treated animals is expressed as the
percentage of the total anticonvulsant effect
of seizure CSF in saline-treated rats (normal-
ized to 100 percent). (*) Significantly different
from the respective control groups (P < 0.05,
Student’s t-test performed with the data be-
fore normalization to 100 percent).

larly. Doses of ICI 174,864 greater than 5
g were not tested since this dose alone
(but not the 1-pg dose) caused transient
behavioral effects characterized by a
splayed limb posture and turning behav-
ior, which often progressed to rolling.

Rats receiving control or seizure CSF
were behaviorally alert during the flur-
othyl challenge. There were no signs of
sedation, ataxia, or respiratory depres-
sion in these animals. Furthermore, sei-
zure CSF (10 wl) from the same pooled
samples that markedly increased seizure
threshold (broken bar in Fig. 1) did not
reduce nociception in tail-flick and hot-
plate tests.

The results suggest that an endoge-
nous anticonvulsant substance is present
in the CSF of rats after a generalized
seizure. The activity of this substance
was enhanced in the presence of prote-
ase inhibitors, suggesting that the endog-
enous material may be a peptide. Fur-
thermore, since the anticonvulsant activ-
ity of seizure CSF was antagonized by
high doses of naloxone or low doses of
ICI 174,864, the active substance may be
opioid in nature. Consonant with the d-
receptor mediation of these anticonvul-
sant actions, the & receptor—directed
opioid agonist D-Ala%-D-Leu’-enkephalin
has been reported to be a potent anticon-
vulsant in the rat flurothyl test, actions
completely antagonized by high doses of
naloxone or the d-receptor antagonist
ICI 154,129, but not by the irreversible
p-receptor antagonist B-funaltrexamine
(14).

Many investigators have reported in-
creases in endogenous opioid peptides in

the CNS after electroconvulsive shock
or kindled seizures (8). In preliminary
experiments we have also observed in-
creases in B-endorphin-like immunore-
activity in seizure CSF. However, there
is no evidence that the anticonvulsant
substance is B-endorphin, enkephalin, or
dynorphin. The combined properties of
the anticonvulsant substance described
herein—in particular its apparent activi-
ty at the d opioid receptor subtype, its
sensitivity to enzyme degradation, and
the fact that it is not analgesic at doses
that are anticonvulsant—do not com-
pletely fit the biological profiles of classi-
cally defined opioid peptides. Further-
more, while it is possible that y-amino-
butyric acid may be involved, the results
seen with low doses of the 3-receptor
antagonist strongly support a participa-
tion of endogenous opioid systems. Con-
sequently, an as yet unrecognized en-
dogenous ligand with affinity for and
anticonvulsant bioactivity at 8 opioid re-
ceptor binding sites may exist.

The isolation and identification of an
endogenous anticonvulsant factor could
have major implications for the under-
standing and treatment of epilepsy. Such
a factor may play an important physio-
logical role in the mechanism of postsei-
zure inhibition. If, indeed, our results
represent the identification of an endoge-
nous modulator of CNS excitability,
then the characterization of this sub-
stance might provide novel therapeutic
approaches not only to epilepsy but to
other disturbances of mental function as
well.

FraNK C. TORTELLA
JosepH B. LoNG
Neuropharmacology Branch,
Department of Medical Neurosciences,
Division of Neuropsychiatry,
Walter Reed Army Institute of
Research, Washington, D.C. 20307
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Functional Coupling of y-Aminobutyric Acid Receptors to

Chloride Channels in Brain Membranes

Abstract. y-Aminobutyric acid (GABA), the major inhibitory neurotransmitter in
mammalian brain, is believed to act by increasing membrane conductance of
chloride ions. In this study it was found that GABA agonists increased the uptake of
chloride-36 by cell-free membrane preparations from mouse brain. This influx was
rapid (less than 5 seconds), and 13 micromolar GABA produced a half-maximal
effect. The GABA antagonists (bicuculline and picrotoxin) blocked the effect of
GABA, whereas pentobarbital enhanced the action. This may be the first demonstra-
tion of functional coupling among GABA and barbiturate receptors and chloride
channels in isolated membranes. The technique should facilitate biochemical and

pharmacological studies of GABA receptor—effector coupling.

Understanding the actions of neuro-
transmitters and hormones requires
knowledge of coupling between recep-
tors and effectors. During the past 10
years we have learned much about neu-
rotransmitter receptors in the central
nervous system. Studies of the coupling
of some of these receptors to adenylate
cyclase have been particularly fruitful
(I). However, most neurotransmitter re-
ceptors are not linked to adenylate cy-

clase, but regulate ion channels. The
major inhibitory neurotransmitter in the
mammalian brain, y-aminobutyric acid
(GABA), appears to produce its effects
by enhancing the flux of chloride ions
across nerve membranes (2). The impor-
tance of this system is supported by
behavioral, receptor-binding, and elec-
trophysiological studies. The electro-
physiological approach has provided
strong evidence that GABA receptors

Table 1. Effects of GABA, GABA-mimetic drugs (muscimol and APS), and GABA antagonists
(picrotoxin and bicuculline) on the influx of **Cl~ in mouse brain microsacs. Uptake was
calculated as flux in the presence of drug (total flux) minus flux in the absence of drug. Values
are means * standard errors.

Number of Chloride uptake
Drug preparations (nanomoles of Cl~ per
tested milligram of protein)

Muscimol (5 pM) 4 9.6 + 0.4*
APS (30 pM) 4 4.3 = 0.4
GABA (10 uM) 16 6.4 + 0.4

GABA (10 uM) + picrotoxin (100 uM) 4 1.2 £ 0.1t
GABA (10 pM) + bicuculline (100 wM) 4 0.6 = 0.9t
Pentobarbital (10 nM) 16 0.7 £0.5

Pentobarbital (300 pM) 16 3.3 + 0.6*
GABA (10 uM) + pentobarbital (10 nM) 16 8.9 + 0.8t
GABA (10 pM) + pentobarbital (100 p.M) 16 14.5 + 0.9t

*Significantly different from value for no drug addition (P < 0.01, paired #-test). tSignificantly different

from value for GABA alone (P < 0.01).
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regulate chloride conductance, but to
our knowledge there has been no neuro-
chemical demonstration of a GABA-reg-
ulated chloride flux in a cell-free mem-
brane preparation (3).

Our experience with the voltage-acti-
vated channels of brain membranes sug-
gested that the receptor-mediated chlo-
ride flux would be very rapid in brain
membrane vesicles. Accordingly, we
measured the influx of **Cl~ by a proce-
dure in which GABA and ¢Cl~ are add-
ed simultaneously to membrane vesicles.
Uptake can be stopped within 2 seconds
by a quench solution and rapid filtration
(4). The brain ‘“‘microsac” preparation
(5) was chosen as a source of membrane
vesicles. This cell-free preparation, first
devised to study coupling between brain
receptors and adenylate cyclase, con-
tains sealed vesicles derived from pre-
and postsynaptic elements.

Addition of GABA to brain microsacs
stimulated a rapid influx of **Cl~ (Fig. 1)
(6). There was appreciable uptake after 2
seconds, the shortest period measured,
and accumulation was near-maximal by
5 seconds. In view of these kinetics, we
chose an uptake time of 3 seconds for the
remainder of the experiments. The effect
of GABA was concentration-dependent,
with 13 wM GABA giving a half-maximal
effect (Fig. 2). The concentration-re-
sponse relation for the GABA-stimulated
uptake of chloride was consistent with
first-order kinetics for receptor occupa-
tion and channel activation (inset in Fig.
2).

Chloride uptake was also stimulated
by two GABA agonists, muscimol and 3-
amino-1-propanesulfonic acid (APS) (Ta-
ble 1). Concentration-response curves
indicated that muscimol was more potent
and APS less potent than GABA. The
agonistic action of muscimol, which is
not a substrate for uptake at these con-
centrations (7), indicates that the chlo-
ride flux is not related to the GABA
transport system. These results are con-
sistent with the relative potencies of
these drugs in studies of GABA receptor
binding (8).

The GABA receptor antagonist bicu-
culline completely blocked GABA-stim-
ulated chloride uptake (Table 1). The
sensitivity to bicuculline, together with
the lack of an effect of baclofen on
chloride uptake, suggests that only the
GABA, subtype of receptor (9) is cou-
pled with chloride channels. Picrotoxin,
a drug that blocks GABA responses by
acting on the chloride channel rather
than the GABA receptor, also inhibited
GABA-stimulated chloride uptake. Nei-
ther picrotoxin nor bicuculline decreased
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