CURRENT REVIEW
Looking for GABA in All the Wrong
Places: The Relevance of
Extrasynaptic GABAA Receptors to
Epilepsy
George B. Richerson M.D., Ph.D.
Editor’s note: Please use commentary by Mody pages 248–249
which highlights the same topic.
It comes as no surprise that a high concentration of γ -aminobutyric
acid (GABA)A receptors exists across the synapse from presynaptic
terminals that contain GABA. Oddly, though, many GABAA receptors also are far away from synapses. These extrasynaptic GABAA
receptors are tonically activated by the low levels of GABA normally present in the extracellular space. Many of these extrasynaptic GABAA receptors contain the δ subunit. This subunit confers
molecular properties on GABAA receptors that are well suited for
a function in tonic inhibition, with a high affinity for GABA and
little desensitization to continuous activation. Recent data linked
a genetic variant of the δ subunit to epilepsy, providing a missing
link between tonic inhibition and control of brain excitability.
We have all become comfortable with the model of neuronal communication in which neurotransmitters are released
from presynaptic terminals and activate receptors on the postsynaptic membrane. Why then are many γ -aminobutyric acid
(GABA)A receptors located immediately outside the synapse
(perisynaptic) and far away from any synapses (extrasynaptic)?
What are these misplaced GABAA receptors doing? One possibility is that neurons are not very good at targeting proteins
where they should be located; in which case, they are simply
in the wrong place at the wrong time. However, accumulating
data has led to the emergence of an entirely different theory.
Extrasynaptic GABAA receptors appear to be there for a very
specific purpose of sampling the low but finite levels of ambient
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GABA that are normally present in the extracellular space, leading to a continuous or “tonic” inhibitory current that controls
the level of excitability of neurons.

Tonic Inhibition: A Newly Discovered Form of
GABAergic Inhibition
When an electrical recording is made from a neuron within a
network, the electrical signature of GABAergic synaptic communication can easily be seen as inhibitory postsynaptic potentials (IPSPs). The onset of an IPSP occurs when GABA is
released from a presynaptic terminal and binds to postsynaptic
GABAA receptors (activating the associated chloride current)
and ends when GABA diffuses out of the synaptic cleft or is
removed by GABA transporters. This transient electrical response has been called “phasic” inhibition to differentiate it
from a newly recognized “tonic” form of inhibition.
Tonic inhibition was first identified in the cerebellum,
where it is particularly strong (1), but it is now known to be
more widespread, including within the hippocampus (2–4). It
is typically seen during electrophysiologic recordings as a continuous current (or offset in holding current), which is blocked
by the GABAA receptor blocker bicuculline. This continuous
current is due to tonic activation of GABAA receptors by the
low levels of GABA that are always present in the extracellular
space. The maximal amplitude of tonic inhibition is typically
smaller than that of phasic inhibition, but the average current
can often be far greater for tonic inhibition because it occurs
continuously instead of transiently. It has been estimated that
the total charge movement across the membrane of some neurons that is due to tonic current is 3 to 4 times greater than that
from phasic current (2,5). It is a great surprise that a form of
inhibition that presumably plays such a large role in control of
neuron function was discovered so recently.

The δ Subunit of the GABAA Receptor Mediates
Tonic Inhibition
It is now known that the two types of inhibition are mediated by different isoforms of the GABAA receptor (4). Evidence
for this conclusion includes the observation that tonic inhibition and phasic IPSCs can be pharmacologically separated. For
example, NO-711 and midazolam selectively enhance tonic inhibition (2,7), whereas zolpidem selectively enhances phasic
inhibition (2). A low concentration of gabazine blocks phasic
inhibition without affecting tonic inhibition, whereas higher
concentrations also block tonic inhibition (3,7). In addition,
neurosteroids selectively enhance tonic inhibition (8).
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GABAA receptors are composed of α and β subunits that
combine within the brain with δ, γ , or ε subunits. Different
combinations of these subunits assemble into GABAA receptors
with different properties. Early work, with heterologous expression of GABAA -receptor subunits in fibroblasts, showed that
those receptors containing the δ subunit have properties that
are expected for mediation of tonic inhibition. For example,
receptors assembled from the combination of α 6 β 2 δ or α 6 β 3 δ
are very sensitive to low levels of GABA (EC50 , 0.19–0.27 µM ,
compared with 1.9-13.6 µM for receptors without the δ subunit) and show little in the way of desensitization (a gradual
reduction in chloride current despite continuous application of
GABA) (9,10). Because ambient GABA has been measured at
0.2 to 0.8 µM in the rat hippocampus (11,12), it is predicted
that δ-subunit–containing GABAA receptors would normally
be activated and produce a nondesensitizing (i.e., sustained)
current.
Good evidence exists that the δ subunit mediates tonic inhibition in some neurons. For example, within the cerebellum,
the δ subunit preferentially combines with the α 6 subunit to
form α 6 β X δ GABAA receptors. Genetic deletion of the α 6 subunit in knockout mice causes loss of expression of δ-subunit–
containing receptors in the cerebellum (13), and the loss of
this subunit combination leads to a corresponding loss of tonic
GABAergic inhibition in this region (14).
The α 6 subunit is found primarily within cerebellar granule
cells (13), which means that α 6 β X δ receptors cannot be responsible for tonic inhibition in most of the rest of the brain. However, in many cases, the δ subunit is probably still involved, but
in combination with other α subunits. The role of the δ subunit
in tonic inhibition was tested directly by genetic deletion of the
δ subunit itself in knockout mice (8). In these animals, greatly
reduced tonic inhibition occurred in the cerebellum as well as
in dentate gyrus granule cells of the hippocampus. Consistent
with the selective effect of neurosteroids on tonic inhibition, reduced sensitivity of GABAA receptor currents to neurosteroids
also was found (8).
The δ subunit does not mediate all of the tonic GABAergic
inhibition in the brain (4). For example, tonic inhibition is
still present in hippocampal CA1 neurons after knockout of
the δ subunit (8). Thus other combinations of subunits must
contribute to tonic inhibition that remain to be determined
(6).

GABAA Receptors That Mediate Tonic Inhibition
Are Extrasynaptic
Many GABAA receptors are not localized to synapses, but are
instead distributed across the extrasynaptic surface of neurons.
Extrasynaptic GABAA receptors are not mistargeted to this location, because different subtypes of GABAA receptors appear

to be actively sorted to the two locations. For example, the
single-channel properties of extrasynaptic GABAA receptors are
distinct from those within the synapse (15). Likewise, the δsubunit–containing GABAA receptors that mediate tonic inhibition are not within synapses but, instead, are found only in
extrasynaptic membrane (16).

The GABA Transporter Regulates the Level of
Tonic Inhibition
Extrasynaptic δ-containing GABAA receptors must be activated
by low levels of GABA that surround neurons in the brain, rather
than large, transient spikes of GABA within synapses. Where
does this ambient GABA come from? Some of it clearly is due
to “spillover” of GABA out of synapses (1,17). Evidence exists
for release of GABA from astrocytes (18). Under some conditions, the GABA transporter can operate in reverse, releasing
GABA (19–21), and in other cases, different forms of nonvesicular GABA release also may be involved (22). The relative
importance of each of these and other mechanisms in tonic inhibition may vary depending on the prevailing conditions and
is the subject of ongoing studies.
Regardless of the source of GABA, the GABA transporter
appears to play a major role in regulating the amount of tonic
inhibition, because it helps determine the level of GABA in the
extracellular space. Under normal conditions, the GABA level
at which the GABA transporter is at equilibrium is relatively
high—estimated to be from 0.1 µM in the hippocampus to
0.26 µM in the cerebellum (20). Thus when the transporter
is at equilibrium, the GABA level would still be high enough
to cause tonic activation of high-affinity, extrasynaptic GABAA
receptors. If GABA levels increase above this equilibrium level
(e.g., by synaptic GABA release or other mechanisms), the
GABA transporter would try to reduce GABA levels, but only
down to the equilibrium level (20). If GABA levels are lower
than the equilibrium level, then the GABA transporter will reverse, releasing GABA until the GABA transporter is again at
equilibrium. Thus the GABA transporter plays a major role in
regulation of tonic inhibition, sometimes by reversing and at
other times by maintaining a finite floor level of GABA.

Functions of Tonic Inhibition
The functions of tonic inhibition are only now beginning to
be understood. The existence of specialized receptors designed
to produce tonic inhibition, and the large magnitude of this
inhibition, imply that it must be important. However, the loss
of GABAergic tonic inhibition in α6 knockout mice did not
result in any behavioral changes (14), suggesting that it was not
important. If the authors of that study had stopped there, tonic
inhibition might be viewed as just an interesting electrophysiologic observation with no functional relevance (23). However,
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by looking deeper into this question, they made an even more
interesting observation. In response to the loss of GABAergic
tonic inhibition, a compensatory appearance of a different form
of tonic inhibition was noted in these animals, mediated by a
leak potassium channel (14). This corrective response implies
that tonic inhibition is so important that neurons can recognize
when it is not present, and they can devise ingenious ways to
replace it, when it is absent.
The widespread distribution of the δ subunit implies that
tonic inhibition occurs in many neurons throughout the brain
(24). How is this inhibition involved in normal brain function?
A variety of proposals exist for the function of tonic inhibition (4,5,25). It may be a way to monitor the activity of many
surrounding neurons, instead of just one (23). Because tonic
inhibition is due to a chloride current, it would normally inhibit the firing of action potentials, causing an overall decrease
in excitability in the brain. Rather than simply decreasing the
number of action potentials a neuron generates, tonic inhibition also can alter the pattern of neuron firing, from a regular
to an irregular pattern, by modifying the response to synaptic
inputs (26). A change in pattern of firing implies a role for tonic
inhibition in information processing and not just in control of
overall brain excitability. This is consistent with the idea that
background inputs can alter the gain of a neuronal response to
excitatory drive (25). Defining the contribution of each of these
mechanisms to overall brain function will likely require development of conditional knockout animals, or δ-subunit specific
drugs, because it is not possible to use embryonic knockout
mice because of the compensatory changes in tonic inhibition
that occur (14).
The preceding discussion may imply that neurons in the
brain are always subjected to the same amount of tonic inhibition. However, this appears unlikely, because tonic inhibition
may be increased or decreased in response to neuronal activity (20), drugs (21), modulatory inputs, or endogenous signaling pathways (22). These changes occur, in part, because the
level of GABA in the extracellular space changes with alterations in the amount of GABA released, as well as with alterations in the equilibrium of the GABA transporter (which depends on intracellular Na+ , intracellular GABA, and membrane
potential). In addition, modulation of δ-subunit–containing
GABAA receptors also would alter the amount of tonic inhibition. Thus although this form of inhibition is tonic, it is not
static.

Relevance to Epilepsy
One of the axioms of epileptology is that a decrease in GABAergic inhibition leads to an increase in seizure susceptibility. Thus
a selective loss of tonic inhibition would be predicted to cause
seizures. Although this conclusion seems obvious, it has been
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difficult to obtain direct evidence for a link between tonic inhibition and seizures. For example, neither the α 6 nor the δ knockout mice were reported to have spontaneous seizures. However,
indirect evidence supports this conclusion. For example, the
anticonvulsant vigabatrin (VGB) is a GABA-transaminase inhibitor that leads to an increase in brain GABA levels (27),
which was presumed to lead to an increase in the size of IPSPs. Surprisingly, VGB does not increase IPSPs, but instead
causes a large increase in tonic GABAergic inhibition (21).
It is believed that the anticonvulsant effect of this drug is
due to this selective enhancement of tonic inhibition, which
would be expected to reduce seizures, for example, by acting
on a subset of hippocampal interneurons to regulate network
excitability (4).
A recent article now provides direct evidence of a role for
the δ subunit in epilepsy, presumably via its contribution to
tonic inhibition (28). The authors of the article identified a
genetic variant in the δ subunit of the GABAA receptor in a
family with generalized epilepsy with febrile seizures plus. They
cloned the δ-subunit variant, expressed it in HEK293 cells,
along with α 1 and β 2 subunits, and showed that the variant
leads to greatly reduced amplitudes of the response to GABA.
Although it is conceivable that the mechanism of epilepsy in
these patients is due to a role of the δ subunit in some aspect
of neurophysiology other than tonic inhibition, this conjecture
seems unlikely. Thus the study provides a missing link between
the strong evidence for a role of the δ subunit in tonic inhibition and the role of tonic inhibition in controlling brain
excitability.
The same study also identified a polymorphism in the
δ subunit in the general population (without epilepsy). The
investigators further showed that the second genetic variant
also leads to a decrease in GABA responses when heterologously expressed with the α 1 and β 2 subunits (28). Because
most inherited human epilepsies are not due to single gene
mutations, but instead are polygenic, the conclusion is that
the δ subunit is a susceptibility locus for polygenic generalized
epilepsy. Thus a defect in tonic inhibition, together with genetic variation in other signaling molecules, may lower seizure
threshold.
Only a few short years ago, it was believed that tonic inhibition was a curiosity observed only in the cerebellum. It now
seems likely that it exists in many (if not all) parts of the brain,
and in some cases, may be the dominant mechanism of inhibition. The demonstration of a prominent role of tonic inhibition
in the hippocampus and the link to human epilepsy makes tonic
inhibition much more than a curiosity to neurologists. Defining the mechanisms and function of this newly discovered tonic
form of inhibition and the role of the δ subunit in its expression
may be an important new avenue for treatment of a variety of
epilepsies.
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