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Receptors with Different Affinities Mediate Phasic and Tonic GABA,
Conductances in Hippocampal Neurons
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A tonic inhibitory conductance mediated by GABA, receptors
that supplements the phasic inhibition produced by IPSCs has
been identified in the hippocampus and cerebellum. It is pres-
ently unknown whether tonic and phasic inhibitions are medi-
ated by GABA, receptors with different subunit assemblies.
Here we demonstrate that a low concentration (200 nwm) of the
highly specific competitive GABA, antagonist SR95531 (gaba-
zine) reduces phasic inhibition in hippocampal granule cells by

71% but has no effect on tonic inhibition, whereas a high
concentration (10 um) of the antagonist blocked both conduc-
tances. These findings are consistent with tonic and phasic
conductances being mediated by different GABA, receptor
subtypes with different affinities for GABA.
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It is now known that neurons exhibit a tonic form of GABAergic
inhibition in addition to phasic inhibition mediated by inhibitory
postsynaptic currents (Brickley et al., 1996, 2001; Mody, 2001;
Nusser and Mody, 2002), but these two types of inhibition have
not been compared to determine whether they are affected
equally by competitive antagonists. If the two forms of inhibitory
conductance are mediated by separate populations of GABA,
receptors (GABA ,Rs) with different molecular assemblies, then
it is likely that competitive antagonists do not block these recep-
tors equally.

Electrophysiological (Brickley et al., 1999) and anatomical (So-
mogyi et al., 1996) evidence from the cerebellum and hippocam-
pus indicate that the receptors mediating the phasic currents are
found within synapses and are primarily, if not exclusively, com-
posed of GABA,Rs containing -y-subunits that are essential for
functioning inhibitory synapses (Essrich et al., 1998). The subunit
composition of the receptors underlying tonic inhibition has yet to
be elucidated. Because such receptors most likely perform quite a
different function than those mediating IPSCs, they are likely to
have a different subunit composition and a distinct subcellular
localization. Unlike receptors mediating IPSCs, tonically active
GABA ,Rs must show incomplete desensitization and be acti-
vated by the low ambient GABA concentrations found in the
brain (Lerma et al., 1986; Tossman et al., 1986). A nondesensi-
tizing receptor with high affinity for GABA located extrasynap-
tically would be ideal for mediating tonic currents. It is therefore
possible that different kinetics and binding affinities of the differ-
ent subpopulations of GABA ,Rs underlying tonic and phasic
conductances cause them to respond differently when exposed to
competitive antagonists.

The binding mechanisms of agonists and competitive antago-
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nists are fundamentally distinct (Jones et al., 2001) and have been
shown to be unrelated for GABA and the competitive GABA,R
antagonist SR95531 (gabazine) on y- and é-subunit-containing
receptors (Wafford et al., 2001). Receptors containing either of
these two mutually exclusive subunits (Araujo et al., 1998) have
similar affinities for SR95531 (Wafford et al., 2001), but §-subunit
containing receptors have a 50-fold higher affinity for GABA than
y-subunit-containing receptors (Saxena and Macdonald, 1996).
Therefore, because of their different GABA affinities, a nonsat-
urating concentration of a competitive antagonist with the appro-
priate properties would more likely prevent GABA binding and
thus block y-subunit-containing receptors to a greater extent than
d-subunit-containing receptors. The K , and K_; values for
SR95531 are 4.28 X 107 m* sec™ and 9.1 sec ™!, respectively
(Jonmes et al., 1998), indicating that the binding affinity and off rate
are sufficient to differentially affect high- and low-affinity
GABA 4Rs. If tonic inhibition recorded in dentate gyrus granule
cells is primarily mediated by GABA ,Rs with a higher affinity for
GABA than receptors mediating phasic inhibition, then there
should be a concentration of SR95531 that will barely block tonic
inhibition but considerably antagonize phasic inhibition. Further-
more, very high concentrations of this antagonist should out-
compete GABA at both receptors and completely block both
conductances. We have previously demonstrated these predic-
tions with a kinetic model of tonic and phasic inhibition using a
nondesensitizing, high GABA-affinity receptor for tonic inhibi-
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Figure 1. Estimation of the true change in sIPSC amplitudes by largest
amplitude count matching. 4, Sample traces showing reduction in sSIPSC
amplitude and frequency when V}, is reduced by 79% from —60 to —13
mV. B, Plot of absolute time versus event number for all consecutive
sIPSCs shows reduced frequency (average slope) after the change in V},
(red). Thus, most events (~82%) recorded at —60 mV were driven below
detection threshold at —13 mV. C, Averages of all sSIPSCs before (black;
25.9 pA) and after (red; 16.5 pA) decreased V), indicate an apparent
decrease of 36%, yet an amplitude reduction of 79% is predicted by the
decreased driving force (green). Because lowering V) should not
change frequency, the fewer events (n = 88) recorded during 60 sec at
—13 mV must correspond to the 88 largest amplitude events (of 495
total) recorded during 60 sec at —60 mV. As predicted by the change in
driving force, the average at —13 mV (red; 16.5 pA) is 27% of the
averaged largest 88 events at —60 mV (blue; 60.9 pA). D, The frequency
of the largest 88 events recorded at —60 mV (blue) is comparable with the
frequency of all events recorded at —13 mV (red).

tion and a desensitizing receptor with 50-fold lower GABA af-
finity for phasic inhibition (see Materials and Methods). In this
model, using the on- and off-rates of SR95531 binding determined
experimentally (Jones et al., 1998), 200 nm SR95531 differentially
affected tonic and phasic inhibition, whereas 10 um SR95531
abolished them both (Stell and Mody, 2001).

MATERIALS AND METHODS

Slice preparation and in vitro electrophysiological recordings. Thirty-two
13- to 29-d-old C57Black6 male mice were individually anesthetized with
halothane before decapitation. The brains were then removed and placed
into an ice-cold artificial CSF (ACSF) containing (in mm): 126 NaCl, 2.5
KCl, 2 CaCl,, 2 MgCl,, 1.25 NaH,PO,, 26 NaHC O3, 10 p-glucose, pH =
7.3 when bubbled with 95% O, and 5% CO,. Coronal slices (350 um in
thickness) were cut with a Vibratome (Leica VT1000S) and stored at
32°C until they were transferred to the recording chamber. During
recordings, the slices were perfused continuously with 33-35°C ACSF
containing 3-5 mm kynurenic acid (Sigma, St. Louis, MO). All record-
ings were made from the somata of visually identified neurons (Zeiss
Axioscope IR-DIC videomicroscopy; 40X water immersion objective)
with an Axopatch 200B amplifier (Axon Instruments, Foster City, CA).
Intracellular solutions contained (in mm): 140 CsCl, 1 MgCl,, 10
HEPES, and 4 Na-ATP. All solutions were titrated to pH 7.25 and an
osmolarity of 280-290 mOsm. The DC resistances of the electrodes were
5-8 M when filled with pipette solution. Series resistance and whole-
cell capacitance were estimated by compensating for the fast transients
evoked at the onset and offset of 8 msec, 5 mV voltage-command steps.
The series resistance was compensated by 70-80% (with 7-8 usec lag
values). Before compensation, series resistance was <20 M in dentate
granule cells and CA1l pyramidal cells. To identify GABA, receptor-
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mediated currents, SR95531 (10 mm stock solution; Sigma) was injected
directly into the bath, resulting in an estimated saturating bath concen-
tration of SR95531 (100-200 pm). The details of how the magnitude of
the tonic current was quantified was described previously (Nusser and
Mody, 2002). Briefly, we sampled the mean holding current recorded
during 5 msec epochs every 100 msec and discarded epochs landing on
the decay of any IPSCs, as identified by an increased SD of the 5 msec
epoch. Averages of 10 sec samples of the uncontaminated baseline
current, recorded 30 sec before (see Fig. 3, BL1) and 30 sec after (see Fig.
3, BL3) a rapid application of >100 um SR95531, were then compared
with another 10 sec sample that ended immediately before the applica-
tion of >100 uM SR95531 (see Fig. 3, BL2). The difference between
samples BL1 and BL2 was attributed to random slow baseline fluctua-
tions, and the difference between BL2 and BL3 was attributed to tonic
inhibitory current.

Data analysis. All recordings were low-pass filtered at 3 kHz and
digitized on-line at 20 kHz. In-house data acquisition and analysis
software (written in LabView) were used to detect synaptic currents and
measure the amplitudes and frequencies of spontaneous IPSCs
(sIPSCs).

Kinetic model. Phasic currents were simulated using Berkeley Madonna
(v. 8.0.1) with a seven-state kinetic model (Jones and Westbrook, 1997)
and an additional state for the competitive antagonist binding, using a 0.3
msec pulse of GABA (1 mm) in either the presence or absence of 200 nm
SR95531. K, and K, values of 4.28 X 107 M sec”! and 9.1 sec !,
respectively, were used for SR95531, and values of 5 X 107 m~* sec™! and
2.4 X 107 sec™!, respectively, were used for GABA. Tonic currents were
simulated with a similar model in which the GABA K 4 value was
changed to 48 sec ' (a 50-fold increase in affinity), and the desensitized
states were removed to simulate a high-affinity nondesensitizing recep-
tor. This latter simulation used a sustained pulse of 1 uM GABA to
mimic tonic activation. Simulations of the two receptors showed a dif-
ferential block of tonic and phasic currents by 200 nm SR95531 (Stell and
Mody, 2001).
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Figure 2. SR95531 (200 nm) reduces sIPSCs without changing their
kinetics. 4, Average slope representing frequency (Control, 4.7 Hz, black;
200 nM SR95531, 0.8 Hz, red) shows that most events (83%) are reduced
below detection threshold. B, A cumulative probability plot demonstrat-
ing that the distribution of the largest 48 events recorded under control
conditions (black) matches the distribution of events recorded in the
presence of 200 nm SR95531 (red) when scaled down by 74% ( green). C,
Averages of the largest 48 sIPSCs from one cell under control conditions
(black) and all events recorded in 200 nM SR95531 (red) reveals a 74%
block by SR95531 (Control, 83.5 pA; 200 nm SR95531, 21.4 pA). Insets
show normalized sIPSCs with similar kinetics before and after drug
treatment. D, Average sIPSC amplitudes are reduced by 71% (n = 4) in
200 nm SR95531. SR, SR95531.
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RESULTS

Quantification of sIPSC reduction

By lowering the holding potential (7},) in dentate gyrus granule
cells from —60 mV to —13 mV (E-, = 0 mV) and thereby
reducing the driving force on CI~ efflux by 79%, we demon-
strated how decreases in sSIPSC frequency (Fig. 14,B) resulting
from decreases in sIPSC amplitudes (Fig. 14,C) can lead to an
inaccurate quantification of average sIPSC amplitudes (Fig. 1C).
On the basis of the linearity of C1~ conductance through GABA-
gated channels (Bormann et al., 1987), a 79% decrease in driving
force should decrease the average peak sIPSC by 79% as well. Yet
when the average amplitude of all the events in the 60 sec epoch,
recorded before AV, was compared with the average recorded in
the epoch after AV, the average peak sIPSC amplitude was
decreased by only 36% (i.e., less than half of the predicted value)
(Fig. 1C). However, when sIPSCs recorded during the reduced
driving force were compared only with the same number of the
largest events recorded before the change in driving force, the
average reduction in peak sIPSC amplitude was comparable with
the predicted value (Fig. 1C), and the average frequency of
spontaneous events was similar in the two recordings (Fig. 1D).
Thus, matching the count of largest amplitude events before and
after any manipulation that lowers the frequency attributable
solely to diminished amplitude is a reliable method that can be
used to accurately compare real amplitude changes. We therefore
used this method to compare amplitude changes of phasic cur-
rents recorded before and after application of SR95531.

Effect of 200 nm SR95531 on phasic inhibition

To determine whether phasic currents are mediated by receptors
with lower GABA affinity than receptors mediating tonic cur-
rents, we first assessed the effect of 200 nm SR95531 on phasic
currents recorded in dentate gyrus granule cells. Bath perfusion
of 200 nm SR95531 reduced the sIPSC frequency by 73 = 5.0%
(n = 4) (Fig. 24, example from one cell). The decreased fre-
quency was attributed to sSIPSC amplitude reduction and not to
decreased frequency of released GABA, because similar fre-
quency and amplitude reductions resulted in the presence of 1 um
TTX when miniature IPSCs (mIPSCs) were recorded instead of
sIPSCs (frequency reduced by 63.2 *£ 7.4%; amplitude reduced
by 62.1 = 4.0%; n = 4). When count matching was used to
compare the average peak sSIPSC amplitude recorded before and
after 200 nm SR95531 application, the amplitude was decreased
by 71 = 1.4% (n = 4) (Fig. 2C,D), and the kinetics remained
unaltered (Fig. 2C, inset). When the peak amplitude distribution
is compared in a cumulative histogram before and after drug
application, it is clear that the distribution of the largest events
before drug application is scaled down by a constant to match the
distribution of events after drug application (Fig. 2B). This fur-
ther demonstrates that 200 nm SR95531 directly reduced peak
sIPSC amplitude, and only the largest events were of sufficient
size to be separated from the background noise after the drug
reduced their amplitudes.

Effect of 200 nm SR95531 on tonic inhibition

Because our model predicted that 200 nm SR95531 should affect
tonic inhibition to a lesser extent than phasic inhibition, we next
looked at the effect of 200 nm SR95531 on tonic inhibition
recorded in dentate gyrus granule cells. When GABA uptake was
blocked by the GABA transporter 1 (GAT-1) inhibitor NO-711
(10 um), a tonic current was revealed in dentate gyrus granule
cells as a steady conductance blocked by high concentrations of

J. Neurosci., 2002, Vol. 22 3 of 5

200 nM SR95531

=100 pM SR35531

58

Control

=100 uM SR85531
——e

10 pM SR95531

=100 uM SRE5531

o bow i oty Fit B e vap o i
e AN
b ¥
-3
|2
58
" % g
E 1504 E;- ?l."“
| =
3 8 ]
T 100! o T 100 T 100 1
g | £ 1
® sl ® 1 b =
5 5 [ ] 5
= JEEY & Gl b 2,
BL1 BLZ BL3 BL1 BL2 BL3 BL1 BL2 BL3

Figure 3. Tonic inhibition is unaffected by 200 nm SR95531 but is
abolished by 10 um SR95531 in dentate gyrus granule cells. Sample traces
show the effect of >100 um SR95531 under control conditions (left) and
in the presence of 200 nm (middle) and 10 uM (right) SR95531. Note the
large reduction of phasic inhibition in 200 nm SR95531 (also see Fig. 2)
and the absence of both phasic and tonic inhibitions in 10 um SR95531.
Middle panels represent the magnitude of the tonic current (control, 14.4
PA; 200 nm SR95531, 16.8 pA; 10 um SR95531, —1.6 mV) as measured by
5 msec baseline epochs uncontaminated by sIPSCs (see Materials and
Methods). The effects of SR95531 on baseline variance (bottom panels)
are expressed as a percentage of GABA, receptor-independent mem-
brane fluctuations recorded after all GABA, currents were abolished
with >100 uM SR95531; 200 nm SR95531 does not change baseline
variance, whereas 10 uM SR95531 reduces baseline variance to levels
recorded in >100 um SR95531. BL1, BL2, and BL3 represent averages of
10 sec of uncontaminated baseline epochs (from middle panels) separated
by 30 sec. BL2 terminates with the application of >100 um SR95531, and
BL3 (red) represents variances recorded 30 sec after GABA receptor-
dependent variances were removed by 100 uM SR95531. SR, SR95531.

SR95531 (>100 uMm). The average tonic current measured (see
Materials and Methods) under control conditions (Fig. 3, example
from one cell) was 7.4 + 1.1 pA (n = 11) and was significantly
different from the random slow baseline fluctuations of 1.0 + 0.2
PA (p < 0.05). When the same experiment was repeated in the
presence of 200 nm SR95531, the phasic IPSCs were nearly
abolished, but the tonic current recorded was 8.0 = 2.6 pA (n =
9) (Fig. 3, example from one cell), which was significantly different
from the random slow baseline fluctuations of 1.8 = 0.4 pA (p <
0.05) and not significantly different (p > 0.05) from the tonic
current recorded with no SR95531 present. Furthermore, mea-
surement of the variance in current traces uncontaminated by
IPSCs revealed baseline noise sensitive to >100 um SR95531,
indicating that this noise was caused by GABA/R activation. In
contrast to the effect of the high antagonist concentration, this
noise was unaffected by 200 nm SR95531 (Fig. 3, bottom panels).

Effect of 10 um SR95531 on tonic inhibition in dentate
gyrus granule cells

Because the prediction is that greater concentrations of SR95531
will out-compete GABA at both high- and low-affinity receptors
to eliminate currents mediated by both receptors, we next tested
the effect of 10 um SR95531 on tonic and phasic currents. As
demonstrated in Figure 3, incubation of the slices in the higher
concentration of the drug for ~5 min eliminated both phasic and
tonic currents. In the presence of 10 um SR95531, tonic currents
(0.5 = 3.6 pA; n = 4) were not significantly different (p > 0.05)
from the random baseline fluctuations (2.4 = 0.6 pA; n = 4). As
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expected, baseline noise seen in control conditions before the
application of >100 um SR95531 was also eliminated by 10 um
SR95531 (Fig. 3, bottom panels).

Effect of 10 um SR95531 on tonic inhibition in CA1
pyramidal cells

Because there are conflicting reports in the literature, we per-
formed experiments to determine whether 10 um SR95531 also
affects tonic currents recorded in CAl pyramidal cells. We re-
corded similar results when experiments were performed in CAl:
tonic currents recorded under control conditions (16.0 = 5.1 pA;
n = 6) were significantly abolished (p > 0.05) by 10 um SR95531
(2.0 = 0.3 pA; n = 3). Our results are consistent with previous
findings by Overstreet and Westbrook (2001) showing that 5 um
SR95531 blocks tonic currents when they are revealed by the
GABA transaminase inhibitor y-vinyl-GABA (GVG) or the com-
bination of GVG and the GAT-1 GABA transport blocker NO-
711. However, our results are in disagreement with the results of
Bai et al. (2001), which indicate that 20 um SR95531 does not
affect tonic currents and inhibits only phasic currents.

DISCUSSION
Largest amplitude event count matching

On the basis of the predictions of our kinetic modeling (Stell and
Mody, 2001) we recorded the effects of two different concentra-
tions of SR95531 on tonic and phasic inhibitions to test the
hypothesis that they are mediated by GABA ,Rs with high and
low GABA affinities, respectively. However, when quantifying
the effect of the antagonist on phasic currents, we found that
reduction of sIPSC amplitude resulted in reduction of sIPSC
frequency and led to inaccuracies in the quantification of the
average decrease in phasic current amplitude. This reduction in
frequency was a consequence of reducing the size of the smallest
events by the competitive antagonist beyond the detection capa-
bilities (i.e., rendering them indistinguishable from the mem-
brane noise of whole-cell recordings), and therefore a method for
quantifying the unbiased reduction of event amplitude was
necessary.

After reducing the postsynaptic driving force for C1~ (a ma-
nipulation that should not affect presynaptic GABA release), any
changes in event frequency had to result from the decreased event
amplitude. Thus, events recorded with the lowered driving force
should correspond to a similar number of the largest amplitude
events (recorded during the same amount of time) under control
conditions, and the average of only these latter events should be
compared with the average of the partially antagonized re-
sponses. The average amplitude decrease was commensurate with
the lower GABA current predicted by the change in driving force,
demonstrating that largest-event count matching is an accurate
determination of changes in SIPSC amplitude when IPSC ampli-
tude changes affect detected sIPSC frequency.

When the effect of SR95531 on phasic inhibition was quantified,
experiments yielded similar results in the presence or absence of
TTX, indicating that event frequency was reduced as a result of
reduced sIPSC amplitude and not caused by any presynaptic
effects of the antagonist. This result ensured that a potential
reduction of GABAergic drive onto inhibitory neurons by
SR95531 (200 nm) in the absence of TTX did not lead to an
increased frequency of action potential-driven IPSCs recorded in
principal cells. Therefore, reductions in sIPSC frequency could
be unequivocally attributed to the effect of the antagonist at
postsynaptic GABA ,Rs. Accordingly, the method of largest am-
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plitude count matching could be used to quantify sSIPSC ampli-
tude reduction caused by the antagonist.

With this method we were able to produce the first quantitative
determination of changes in hippocampal spontaneous inhibitory
activity caused by a competitive GABA,R antagonist. Epilepti-
form activity is highly dependent on GABAergic inhibition
(Treiman, 2001), and it has been reported that inhibitory deficits
of only 10-20% can greatly influence its generation and propa-
gation throughout the brain (Tribble et al., 1983; Chagnac-Amitai
and Connors, 1989). In these studies, however, quantification of
the 10-20% inhibitory deficit has been based on the assumption
that inhibition is uniformly reduced throughout the brain by low
concentrations of competitive antagonist (Chagnac-Amitai and
Connors, 1989) or on the effects of competitive antagonists in
other regions of the nervous system without any precise values for
deficits in total inhibitory activity (Gallagher et al., 1978; Tribble
et al., 1983; Yakushiji et al., 1987). It is clear that slight inhibitory
reductions can affect the generation and propagation of epilepti-
form activity in the neocortex (Chagnac-Amitai and Connors,
1989), and therefore a method of precise quantification of these
reductions is essential for understanding the influence of
GABAergic mechanisms on epileptiform activity. In our study,
the 71% reduction in phasic inhibition produced by 200 nm
SR95531 also caused spontaneous epileptiform field potentials in
the CA3 region (our unpublished observations), opening the
possibility of determining the precise relationship between inhib-
itory deficiency and hyperexcitability.

Tonic and phasic receptor affinity differences

We demonstrate that with 200 nm SR95531 tonic inhibition can be
pharmacologically separated from phasic inhibition, whereas 10
M SR95531 completely blocks both of these inhibitory conduc-
tances. This effect is consistent with receptors that mediate tonic
inhibition having a higher affinity for GABA than the receptors
that mediate phasic inhibition, while they have similar affinities
for SR95531. Although our results can also be explained if the
receptors mediating the two currents have different affinities for
the antagonist, we favor the first explanation because it is consis-
tent with the following observations from several other labs.
Clearly, GABA ,Rs have very different properties depending on
their subunit composition (Hevers and Luddens, 1998). Recep-
tors expressing 8-subunits with affinities for GABA 50-fold higher
than receptors lacking 8-subunits (Saxena and Macdonald, 1996)
show similar affinity for SR95531 to receptors lacking 8-subunits
(Wafford et al., 2001). In the cerebellum, high-affinity GABA ,Rs
containing &-subunits are located exclusively extrasynaptically
(Nusser et al., 1998), and they show little desensitization to a
sustained presentation of GABA (Saxena and Macdonald, 1994).
A similar arrangement in the hippocampus would be ideal for
sensing the sustained low concentrations of GABA (Lerma et al.,
1986; Tossman et al., 1986). Because 6-subunits are highly ex-
pressed in the dentate gyrus (Sperk et al., 1997), receptors ex-
pressing these subunits may also be extrasynaptic and may be
responsible for generating the tonic inhibition found in dentate
gyrus granule cells. Because of their high affinity for GABA,
these receptors would be able to sense low ambient GABA
concentrations and would function after phasic currents are
blocked by competitive antagonists. Future studies will have to
establish the precise identity and anatomical localization of the
receptors responsible for mediating the tonic conductance in
dentate gyrus granule cells. Thus, in addition to the pharmaco-
logical enhancements of the two types of inhibition previously
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demonstrated (Nusser and Mody, 2002), we have now demon-
strated a means for specifically reducing phasic inhibition.
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