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The time course of EPSCs and IPSCs is at least partly deter-
mined by the concentration profile of neurotransmitter acting
on postsynaptic receptors. Several recent reports have sug-
gested that the peak synaptic cleft concentration of the inhib-
itory neurotransmitter GABA likely reaches at least 500 um,
a level that saturates the GABA, receptor. In the course of
investigating the experimental anticonvulsant 3,3-diethyl-2-
pyrrolidinone (diethyl-lactam), we have observed an important
contribution to IPSC decay by subsaturating concentrations of
GABA. Diethyl-lactam augments currents elicited by the exog-
enous application of subsaturating concentrations of GABA in
voltage-clamped, cultured hippocampal neurons and signifi-
cantly prolongs the decay of autaptic IPSCs and miniature
IPSCs in our cultures. In addition, diethyl-lactam potentiates
currents in excised outside-out membrane patches elicited by

the prolonged application of low concentrations of GABA.
However, when patches are exposed to 1-2 msec pulses of 1
mm GABA, diethyl-lactam does not alter current decay. Tiaga-
bine, which blocks GABA reuptake, does not prolong IPSCs, so
it is unlikely that uptake inhibition accounts for the enhance-
ment of IPSCs. EPSCs and miniature IPSC frequency are un-
affected by diethyl-lactam, again consistent with a postsynaptic
site of action. We propose that during an IPSC, a substantial
number of postsynaptic receptors must be exposed to sub-
saturating concentrations of GABA. A simplified model of
GABA, receptor kinetics can account for the effects of diethyl-
lactam on exogenous GABA and IPSCs if diethyl-lactam has its
main effect on the monoliganded states of the GABA, receptor.
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The factors that regulate GABA, receptor-mediated inhibitory
synaptic transmission are the focus of intense study because
GABAergic inhibition plays a significant role in regulating elec-
trical activity in the CNS. Furthermore, the GABA, receptor
appears to be a target for anticonvulsants, sedative hypnotics,
anesthetics, and anxiolytics. Benzodiazepines, barbiturates,
neurosteroids, and the y-butyrolactones are compounds that are
known to enhance GABAergic inhibition (Macdonald et al.,
1989b; Twyman and Macdonald, 1992; Rogers et al.,, 1994;
Mathews et al., 1996).

The duration of the synaptic GABA transient is determined by
diffusion and uptake, depending on experimental preparation and
conditions (Roepstorff and Lambert, 1992, 1994; Isaacson et al.,
1993; Draguhn and Heinemann, 1996). The time course of the
IPSC is dictated by these factors and by the kinetics of the
GABA, receptor. Several groups have studied the duration and
magnitude of the synaptic GABA transient (Maconochie et al.,
1994; Jones and Westbrook, 1995; Tia et al., 1996) and shown that
IPSCs can be partly mimicked by exposing excised outside-out
patches to high (=500 um) concentrations of GABA for a few
milliseconds. These experiments support the idea that IPSCs
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result from a very brief exposure of postsynaptic receptors to
saturating concentrations of GABA.

This experimental technique has also been used to study the
mechanisms by which GABA, modulators alter IPSCs (Lavoie
and Twyman, 1996; Zhu and Vicini, 1997). These nonstationary
“concentration jump” experiments may offer more physiological
insight than steady-state, single-channel records, because they
elucidate effects on receptor states and transitions likely to occur
during an IPSC.

The y-butyrolactones and their derivatives are GABA, mod-
ulatory agents of great interest because they demonstrate potent
anticonvulsant activity in mice (Klunk et al., 1982a,b; Canney et
al.,, 1991; Holland et al., 1995; Reddy et al., 1996, 1997). We have
recently focused our attention on a new analog, 3,3-diethyl-2-
pyrrolidinone (diethyl-lactam) (Fig. 1), which has a higher thera-
peutic index than ethosuximide, valproate, and phenobarbital in
pentylenetetrazole seizure models (Reddy et al., 1996). It poten-
tiates peak currents elicited by low, but not saturating, GABA
concentrations and prolongs IPSC decay. This latter finding in-
terested us because synaptic GABA levels are thought to be
saturating.

To characterize diethyl-lactam modulation of IPSC time
course, we examined its effect on currents in patches elicited by
1-2 msec applications of 1 mM GABA. In contrast to its effect on
IPSCs, diethyl-lactam did not alter the decay of patch currents.
These results suggest that the synaptic GABA concentration
transient is subsaturating for a significant proportion of the
postsynaptic GABA , receptors. These observations support ear-
lier conclusions based on the modulation of IPSCs and miniature
IPSCs by benzodiazepines (Rogers et al., 1994; Frerking et al.,
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Figure 1. Chemical structures of a-substituted vy-butyrolactone and
diethyl-lactam.

1995; Perrais and Ropert, 1997) and on the rapid application of
subsaturating GABA concentrations (Galarreta and Hestrin,
1997). Moreover, they indicate that rapid application of saturating
GABA concentrations, although very useful in the study of
GABA 4 receptor kinetics, fails to duplicate important features of
the synaptic GABA transient.

MATERIALS AND METHODS

Materials. Diethyl-lactam was prepared according to the method reported
for the synthesis of 3,3-dialkyl-2-pyrrolidinones (Reddy et al., 1996).
Drug stock solutions were made in DMSO and diluted with extracellular
recording solution to their final concentrations. Control and drug solu-
tions contained the same concentration of DMSO. We purchased N-(2,6-
dimethylphenylcarbamoylmethyl)triethylammonium bromide (QX314)
and 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-
sulfonamide (NBQX) from Research Biochemicals (Natick, MA). Tiaga-
bine was a gift from Dr. Kenneth Sommerville (Abbott Laboratories,
Chicago, IL). All other chemicals were purchased from Sigma (St. Louis,
MO) unless otherwise mentioned.

Cell culture. Hippocampi were dissected from 1-d-old Sprague Dawley
rat pups, cut into pieces (<1 mm), and placed in 3 ml of Leibovitz’s L-15
medium containing 1 mg/ml papain and 0.2 mg/ml bovine serum albu-
min. The hippocampi were triturated with Pasteur pipettes, and the
suspension was centrifuged through 2 ml of medium containing 10 mg/ml
trypsin inhibitor and 10 mg/ml bovine serum albumin. The cells were
then resuspended in growth medium containing 90% Eagle’s minimal
essential medium (without glutamine), 10% NuSerum (Collaborative
Research), 20 U/ml penicillin, and 20 pg/ml streptomycin. They (2.5 X
10° cells per dish) were then plated onto a monolayer of cortical glial
cells in 35 mm culture dishes that had been precoated with poly-L-lysine.
For the study of synaptic currents, neurons were plated onto dishes
containing isolated glial “microislands” formed by preplating the glia
into dishes that had been sprayed with collagen droplets using a mi-
croatomizer (Thomas Scientific, Swedesboro, NJ) according to previ-
ously published methods (Mennerick et al., 1995).

Electrophysiology. Experiments were performed at room temperature
(~25°C) on the stage of an inverted microscope (Nikon) using whole-cell
patch-clamp techniques. Growth medium was replaced with an extracel-
lular recording solution containing (in mMm): 140 NaCl, 3 KCI, 10
HEPES, and 5.5 glucose, pH 7.3, with NaOH. For studies of exogenously
applied GABA currents, 5 mM MgCl, was included. Synaptic studies
used 5 mM CaCl, and 5 mm MgCl,. For excised patch experiments, 2 mM
CaCl, and 1 mm MgCl, were used. When miniature IPSCs were re-
corded, 2 mMm CaCl,, 1 mm MgCl,, 1 uMm TTX, 100 um APV, and 10 um
NBQX were added to the extracellular solution. For experiments exam-
ining currents induced by exogenous GABA, the pipette solution con-
tained (in mm): 130 CsCl, 10 TEA CI, 10 HEPES, 1.1 EGTA, 2 QX314,
5.5 glucose, and 2 Mg ATP, pH 7.2, with CsOH. For excised patch
experiments, the internal solution contained (in mm): 130 CsCl, 10 TEA
Cl, 10 HEPES, 10 EGTA, 5.5 glucose, and 2 Mg ATP, pH 7.2. For
synaptic current experiments, the internal solution contained: 140 KCI,
10 HEPES, 1.1 EGTA, 5.5 glucose, and 2 Mg ATP, pH 7.2, with KOH.

In the whole-cell experiments, solutions were applied via gravity-fed
microperfusion pipettes (~300 wm in diameter) positioned ~200 um
from the cell under study. Flow was gated by computer-controlled sole-

Hill et al. « Subsaturating GABA Contributions to IPSCs

noid valves (The Lee Company, Westbrook, CT). Recordings were
performed using an Axopatch-1B amplifier (Axon Instruments, Foster
City, CA). Pipette and whole-cell capacitance as well as series resistance
were corrected by the compensation circuitry on the amplifier. Final
series resistance values were typically 8—10 M(), and compensation of
=80% was possible without significant oscillation.

When we examined GABA-induced currents, neurons were clamped at
—60 mV and exposed to 400 msec pulses of GABA with and without drug
solutions. The resulting currents were filtered at 1 kHz and digitized at
1 kHz using an analog-to-digital converter and a PC running commercial
software (pClamp6, Axon Instruments). During synaptic studies, neu-
rons isolated on glial microislands were voltage clamped at —60 mV and
then depolarized to +20 mV for 2 msec. The resulting postsynaptic
currents were identified as either excitatory or inhibitory by their time
course and their sensitivity to 100 um bicuculline.

For the rapid application of GABA, solutions were applied from a
double-barrel glass “theta tube” mounted on a piezoelectric translator
(Burleigh, Fishers, NY). The two barrels of the theta tubing contained
continuously flowing extracellular solution (ECS) and GABA solution,
respectively. To examine the effect of different drugs on patch currents,
the drugs were added to both the ECS and GABA solutions. Outside-out
patches were excised from neurons and positioned adjacent to the inter-
face of the solutions flowing through the theta tubing. The digital-to-
analog output from our computer interface was used to trigger a 70 um
displacement and return of the piezoelectric translator, moving the
solution interface over the patch. We estimated the speed of solution
exchange by recording the open tip potentials with solutions of different
ionic strength after expelling the patch from the electrode. We achieved
10-90% solution exchange times that were typically <500 usec, and
exposure times ranged from 1.6 to 2.5 msec. These currents were digi-
tized at 10 kHz. The patches for rapid 1 mm GABA application exper-
iments as well as those for prolonged 3 uM GABA applications were
voltage-clamped at a slightly depolarized potential (—30 mV) to improve
their stability.

Data analysis. For experiments involving exogenous application of
GABA, we measured peak currents. Patch currents and IPSCs (when
applicable) were fit to second-order exponential equations and analyzed
for half decay time (r2) and charge transfer using commercial software
(pClamp6). EPSCs were fit to first-order exponential equations. Fre-
quency, amplitudes, and decays of miniature IPSCs were analyzed with
software kindly provided by Dr. Joe Henry Steinbach (Department of
Anesthesiology, Washington University School of Medicine). Measured
parameters are reported as the mean = SE.

The normalized GABA concentration—response curve and the diethyl-
lactam concentration-response curve were both fit (Origin, Microcal,
Northampton, MA) to the logistic equation: ¥ = (4, — A4,)/(1 +
([agonist]/ECs, )P) + A,, where 4, represents the initial (minimum) Y’
value, A, is the final (maximum) Y value, p is the power (or Hill
coefficient), and the Y value at [agonist] = ECy, is halfway between the
two limiting values. We simulated diethyl-lactam’s modulation of the
GABA, receptor with commercial software (Scientist; Micromath, Salt
Lake City, UT).

RESULTS

Diethyl-lactam potentiates GABA currents and
autaptic IPSCs
Diethyl-lactam has demonstrated potent anticonvulsant activity
in mouse seizure models and was shown to potentiate GABA ,
receptor-mediated currents (Reddy et al., 1996). In this study,
cultured rat hippocampal neurons were voltage clamped at —60
mYV and exposed to 400 msec applications of 3 um GABA in the
presence and absence of drug. When coapplied with GABA,
diethyl-lactam potentiated peak inward currents in a
concentration-dependent manner (Fig. 24,B). We also examined
the effect of diethyl-lactam on the GABA concentration—
response curve. Like other y-butyrolactone-class drugs, it aug-
mented peak currents elicited by low, but not saturating, concen-
trations of GABA (Fig. 2C).

We next determined whether diethyl-lactam was able to poten-
tiate the GABAergic IPSCs in our cultures. To observe synaptic
effects, autaptic IPSCs were recorded from neurons isolated
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Figure 2. Diethyl-lactam modulation of whole-cell GABA, currents.
A, Hippocampal neurons were voltage clamped at —60 mV and exposed
to exogenous application of 3 um GABA * 1 mmM diethyl-lactam. Sample
currents are shown. Calibration: 200 pA, 500 msec. B, Diethyl-lactam
exhibited a concentration-dependent potentiation of peak currents with
an apparent ECs, of 2.2 mM. Each point represents the mean * SE of at
least five cells. C, Diethyl-lactam altered the GABA concentration—
response curve by augmenting currents elicited by low but not saturating
concentrations of GABA. Each point represents the mean = SE of at
least five cells. All currents are normalized to those elicited by 300 um
GABA without drug. For GABA alone, EC;, and Hill coefficient were
15.3 and 1.2 uM, respectively. In the presence of 10 mMm diethyl-lactam, the
EC,, was 13.8 um and the Hill coefficient was 0.9 pum.

on individual glial microislands. Diethyl-lactam exhibited a
concentration-dependent, reversible prolongation in the duration
of IPSC decay (Fig. 34). In 14 cells, the 7+ and charge transfer of
IPSC decays were measured in control and drug solutions
(Table 1). The effects of the drug on both these parameters were
statistically significant. Nine of the IPSCs were well fit by the sum
of two exponential decays (Table 1). Diethyl-lactam elicited a
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Figure 3. Diethyl-lactam effects on synaptic transmission. 4, Sample
IPSC in the presence of control, 1 and 3 mM diethyl-lactam solutions.
B, Sample EPSC in control and 1 mM diethyl-lactam solutions. C, Current-
clamped microisland neurons adjusted to potentials of —60 mV, and then
stimulated with 5 msec depolarizing current steps exhibited action poten-
tials and resulting autaptic postsynaptic potentials. Action potentials were
not altered by diethyl-lactam. Calibration: 5 msec, 20 mV.

statistically significant prolongation in both the fast and slow time
constants, but not their relative contributions to current decay.
Although we found that diethyl-lactam clearly prolonged IP-
SCs in our preparation, there was no evidence for any effect on
peak amplitude or time course of glutamatergic EPSCs (Fig. 3B).
In six cells, peak amplitudes in 1 mm diethyl-lactam solutions were
96.3 = 4.6% of control, and 7 values were 96.4 + 3.5% of control
(p > 0.05 for both, paired ¢ test). This implies that diethyl-lactam
affects IPSCs by modulating the postsynaptic GABA, receptor
because presynaptic effects, such as an alteration of voltage-gated
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Table 1. Diethyl-lactam effects on IPSCs

Solution t1,, (msec) Q (10712 0)

Trast (IMSEC) Toow (IMSEC) % fast

Control 73.7*+ 154 (n = 14)
Diethyl-lactam (1 mm) 100.3 £ 15.2*

4118 = 845 (n = 14)
527.1 + 111.7%*

75.0 = 14.6 (n = 9)
106.9 + 24.4%*

191.5 + 43.6 (n = 9)
243.9 + 46.3%*

735+ 58(n =9)
64.7 + 4.6

*p < 0.05, paired ¢ test.
**p < 0.01, paired ¢ test.

channels governing transmitter release, might be expected to alter
EPSCs. In support of this hypothesis, action potentials recorded
in current-clamp configuration were unaltered by the presence of
diethyl-lactam (Fig. 3C).

To further test the hypothesis of a postsynaptic effect of
diethyl-lactam, we analyzed miniature IPSCs (mIPSCs) from five
neurons and determined their frequency, amplitude, and 7 of
current decay (Fig. 44). The cumulative probability plots for ¢
demonstrated that diethyl-lactam (1 mM) caused a statistically
significant prolongation of mIPSC decay in five of five cells
observed (Fig. 4B) but no consistent effect on amplitude. Fur-
thermore, in the presence of drug, mIPSC frequency was not
significantly different from control solution values (95.7 = 5.4% of
control; n = 5; p > 0.05, paired ¢ test). The lack of an effect on
mIPSC frequency is additional evidence against a presynaptic site
of action for diethyl-lactam.

As an additional control for a presynaptic effect of diethyl-
lactam, we determined whether inhibition of GABA reuptake
could account for diethyl-lactam’s prolongation of IPSCs. We
recorded autaptic IPSCs in the presence of 50 uM tiagabine, an
inhibitor of electrogenic GABA transporters (Braestrup et al.,
1990). This treatment produced no significant effect on any pa-
rameter derived from second-order exponential decay equation
fits (n = 14; p > 0.05 for 7., Taow, and percent fast, paired ¢
test). This result suggests that in our microisland culture system,
GABA uptake was not a significant factor in determining IPSC
time course, making it unlikely that diethyl-lactam prolongs IP-
SCs by inhibiting these transporters.

Diethyl-lactam effects on patch currents

We used a “rapid application” technique with excised, outside-out
patches to investigate the postsynaptic effects of diethyl-lactam in
more detail. Although peak currents elicited by slow application
of saturating GABA concentrations were not altered by diethyl-
lactam, it was still possible that deactivation observed after ex-
tremely brief application of high GABA concentrations might be
prolonged by diethyl-lactam. This brief duration of GABA appli-
cation more closely resembles synaptic transmission. Using a
piezoelectric translator and theta tubing, we were able to achieve
solution exchange in <1 msec, exposing GABA, receptors in
excised patches to test solutions for extremely brief periods. This
allowed us to simulate IPSCs and accurately measure current
deactivation rates.

We found that diethyl-lactam (1 mm) did not affect any param-
eter of the decay of currents elicited by brief applications of 1 mm
GABA (Table 24, Fig. 54). Although GABA was applied for 1-2
msec, diethyl-lactam was preapplied through the ECS side of the
theta tubing (as well as coapplied with GABA) to ensure that it
had sufficient time to bind to patch receptors. When similar
experiments were performed with GABA and 300 um phenobar-
bital, there was a significant prolongation of current decay (Table
2B; Fig. 5B). Because it is known that barbiturates increase the
mean open duration of GABA, receptors (Macdonald et al.,
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Figure 4. Diethyl-lactam modulation of mIPSC duration. A, Spontane-
ous currents were recorded in five cells using solutions containing TTX,
NBQX, and APV. Shown are sample mIPSCs recorded under control
conditions (top) and in the presence of 1 mMm diethyl-lactam (bottom).
Calibration bar, 50 msec and 200 pA. B, The half-decay time (¢+2) for each
detectable independent miniature event was acquired and displayed in a
cumulative probability plot. A representative plot from one cell is dis-
played, showing 1290 miniature events recorded under control conditions
and 683 recorded in the presence of 1 mMm diethyl-lactam. In every cell
studied, 1 mm diethyl-lactam elicited a statistically significant increase in
half-decay time (p < 0.05; Kolmogorov—Smirnov test). The currents
displayed in A and summarized in B were recorded from different cells.
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Table 2. Diethyl-lactam and phenobarbital effects on patch current decays

Solution t,, (msec) Tpast (INSEC) Toow (INSEC) % fast
Diethyl-lactam
Control (n = 15) 533 +6.8 31528 196.6 = 14.1 51.1 =34
Diethyl-lactam (1 mm) 529 = 6.4 34.0 = 4.8 197.3 = 21.4 50.4 =29
Phenobarbital
Control (n = 11) 29.7 =35 241 *33 117.7 = 12.9 53.8 = 2.6
Phenobarbital (300 um) 64.7 £ 8.3* 25452 175.7 = 16.7** 35.1 £ 4.2%*

*p < 0.05, paired ¢ test.
**p < 0.01, paired ¢ test.

1989b), one might expect such an effect. This observation verified
that we could observe prolongation of current decay with at least
one established GABA , receptor modulator. This concern is not
trivial, because others have reported that patch excision alters
kinetic properties of the GABA, receptor and response to vari-
ous modulators (Frosch et al., 1992; Banks et al., 1997). Although
the patches sampled for the phenobarbital experiments decayed
more rapidly than those studied in the diethyl-lactam experiments
(compare control 7 values in Table 2, we still failed to see an
effect of diethyl-lactam when we confined our analysis to those
patches that had a #= value of <50 msec (control, 29.1 = 4.7 msec;
drug, 30.0 £ 3.9 msec; n = 7; Fig. 5C).

Finally, we verified that the GABA , receptors in our excised
patches were still sensitive to modulation by diethyl-lactam by
exposing them to prolonged (400 msec) applications of 3 um
GABA = drug (Fig. 6). In 10 patches, 1 mm diethyl-lactam
increased peak currents to 130 = 8% of control (p < 0.05, paired
t test). In seven more patches, 10 mm diethyl-lactam nearly dou-
bled peak currents (194 = 18% of control; p < 0.01, paired ¢ test).
In comparison, whole-cell currents were potentiated to 132 = 7%
and 204 £ 15% of control by 1 and 10 mm diethyl-lactam,
respectively (Fig. 2). We can therefore conclude that patch exci-
sion does not render the receptors insensitive to diethyl-lactam.

The effect of diethyl-lactam on simulated patch
currents and IPSCs

We were initially bothered by the absence of any diethyl-lactam
effect on the deactivation of currents induced by high concentra-
tions of GABA in outside-out patches. We had suspected that it
would slow deactivation, thus explaining IPSC effects by a mod-
ulation of postsynaptic GABA, receptors. However, the seem-
ingly discordant observations of diethyl-lactam’s effects on IPSCs
and patch currents can be reconciled. We realized that the patch
experiments do not replicate the actual synaptic GABA concen-
tration transient. Although the peak GABA concentration in the
cleft may be saturating, receptors more distant from the vesicle-
release site may be exposed to subsaturating levels of GABA
during an IPSC (Mody et al., 1994; Perrais and Ropert, 1997).
Alternatively, physiological transmitter clearance mechanisms
may allow persistence of low levels of GABA close to release sites
after the initial “burst” of saturating transmitter levels.

Using a previously described model of GABA 4, receptor kinet-
ics (Jones and Westbrook, 1995), we found that we could simulate
the salient features of all our experimental observations (Fig. 7).
For the diethyl-lactam simulations, we assumed that the proba-
bility of entering the monoliganded open state must be increased
because diethyl-lactam alters the GABA concentration-response
relation only at low GABA concentrations (see Discussion). We
therefore only changed the opening rate constant (O,) for the
monoliganded open state (GR°) from 200 to 610 sec ~* (Fig. 74).

The simulated GABA concentration-response curves calcu-
lated at intervals between 1 and 300 uM GABA in the presence
and absence of diethyl-lactam approximated our experimental
data (compare Figs. 7B, 2C). These curves were constructed by
simulating the GABA exposure with a 400 msec step and record-
ing the peak open probability. These values were then normalized
to the open probability at 300 um GABA. The simulated control
GABA EC,, is 18.4 and the Hill coefficient is 1.1 uM; in the
presence of diethyl-lactam, the ECs, and Hill coefficient decrease
to 11.0 and 1.0 uMm, respectively. In comparison, our experimental
data revealed an ECs, of 15.3 and a Hill coefficient of 1.2 um
under control conditions. In the presence of diethyl-lactam (10
mwm), the ECs, and Hill coefficient values were 13.8 and 0.9 uM,
respectively.

To simulate the patch currents, we drove the model with a 1
msec GABA concentration step to 1 mm. As expected, using the
model and rate constants of Jones and Westbrook (1995), the
simulated control currents were in good agreement with our
experimental observations. In order for the model IPSC to qual-
itatively resemble our experimental data, we required a transient
with an instantaneous rise followed by a decay, described by the
sum of two exponentials (amplitudes, 750 and 10 pMm; time con-
stants, 800 usec and 133 msec, respectively). The initial GABA
concentration is in the saturating range for the GABA 4, receptor,
but it is smaller than the peak of the biexponential glutamate
transient suggested by Clements (1996) for EPSCs in cultured
hippocampal neurons (amplitudes, 2.7 mm and 400 uMm). Further-
more, our two decay time constants are longer than the proposed
EPSC values (100 usec and 2.1 msec). When O, was changed from
200 (control) to 610 sec ' (diethyl-lactam) and our proposed
GABA transient was used to drive the IPSC simulation, the
current decay was prolonged, but the simulated patch current
(driven by a 1 msec pulse of 1 mm GABA) was unaffected (Fig.
7C, D).

DISCUSSION

These experiments, which have better characterized the action of
diethyl-lactam, have also refined our understanding of selected
aspects of inhibitory synaptic transmission. We found that diethyl-
lactam prolonged IPSCs and augmented GABA-induced cur-
rents in cultured hippocampal neurons. We were initially con-
cerned that our results were internally contradictory; although
diethyl-lactam prolonged the decay of IPSCs, which is likely
mediated by high (>500 um) peak synaptic cleft GABA concen-
trations, it had no effect on steady-state whole-cell currents pro-
duced by application of >100 um GABA.

We considered the possibility that diethyl-lactam potentiated
IPSCs through a presynaptic mechanism but found no evidence
to support this hypothesis. Although it prolonged miniature IPSC
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Figure 5. Rapid application of saturating GABA to excised patches.
A, Sample currents in an excised patch elicited by brief (1.6 msec)
applications of 1 mM GABA = 1 mM diethyl-lactam. In the GABA +
diethyl-lactam exposures, diethyl-lactam was present in the ECF barrel of
the theta tubing, so the patches were exposed to the compound before the
brief application of GABA + diethyl-lactam. The drug had no effect on
the current decay. B, Patch-current decay was prolonged by 300 um
phenobarbital. C, Ratio of 1, to 1, - plotted versus 1, . Diethyl-
lactam did not prolong ¢v: even in those patches that had fast control #-
values, therefore the phenobarbital effect cannot be explained by selection
for patches with rapid current decay.
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Figure 6. Diethyl-lactam effects on subsaturating GABA currents in
patches. 4, Sample current from an excised patch elicited by the pro-
longed application of 3 um GABA = 1 mM diethyl-lactam. Calibration: 20
PA, 200 msec. B, Sample current from another excised patch elicited by
the prolonged application of 3 uMm GABA * 10 mM diethyl-lactam.
Calibration: 50 pA, 200 msec. Patch excision does not render GABA 4
receptors insensitive to modulation.

decay, it had no effect on their frequency. Furthermore, it had no
effect on EPSCs, which might be expected if it acted presynapti-
cally (or postsynaptically to alter passive electrical properties of
the dendrites). It did not alter the amplitude or duration of action
potentials. Finally, blockade of GABA reuptake cannot account
for diethyl-lactam’s prolongation of IPSCs, because a known
reuptake inhibitor (tiagabine) failed to alter our IPSCs.

The lack of diethyl-lactam’s effect on peak currents induced by
several-hundred-millisecond applications of >100 um GABA led
us to consider that the compound might alter the kinetics of
GABA, receptor deactivation. Such an effect might only be
apparent with rapid GABA application. However, diethyl-lactam
failed to prolong the decays of currents elicited by a 1-2 msec
application of GABA (1 mm) to excised patches. It is unlikely that
patch excision altered the sensitivities of the receptors to phar-
macological modulators, because phenobarbital was still able to
slow current deactivation with rapid GABA applications, and
currents elicited by long exposures of 3 um GABA were still
potentiated by diethyl-lactam. However, it is conceivable that the
GABA, receptor subunits that form the postsynaptic receptors
have different pharmacological properties than the subunits
present in our excised patches. This represents a limitation of this
experimental technique.

The most economical explanation for the augmentation of
IPSCs and mIPSCs is that diethyl-lactam potentiates currents
induced by subsaturating concentrations of GABA, which must
be present at some point during the course of the synaptic
current. We suspect that the solution exchange is so rapid when
we apply GABA (1 mm) to excised patches that we never observe
subsaturating GABA currents and, therefore, see no diethyl-
lactam effects. A corollary point is that rapid application of
neurotransmitter to patches does not reliably duplicate synaptic
conditions. This is attributable to the inability of this type of
application system to faithfully reproduce the true synaptic trans-
mitter concentration transient. During a patch current, receptors
are uniformly exposed to saturating concentrations of transmitter,
whereas during a synaptic event, a significant portion of postsyn-
aptic receptors may “see” lower concentrations of GABA as a
result of diffusion or “spillover” of transmitter (Isaacson et al.,
1993; Roepstorff and Lambert, 1994). In addition, physiological
transmitter clearance mechanisms (diffusion and uptake) may not
be as rapid as the submillisecond washout caused by the move-
ment of a piezoelectric device.
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Figure 7. Simulation of diethyl-lactam effects on GABA, receptors. 4, Previously published kinetic scheme for GABA, receptor activation,
deactivation, and desensitization (Jones and Westbrook, 1995). Values for the control rate constants are as follows: kg, 3 uM™'; kg, 150; d,, 13; r,, 0.13;
d,, 750; r,, 15; C,, 1111; O, 200; C,, 142; and O,, 2500, all sec '. In our model, diethyl-lactam increases O, from 200 to 610 sec .
B, Concentration—response curves calculated for GABA and GABA + diethyl-lactam. The peak currents induced by a simulated step of GABA (400
msec) were calculated at concentrations between 1 and 300 um GABA. The points were then fit by a logistic equation to give the two continuous lines.
The control ECs, is 18.4, and the Hill coefficient is 1.1 uM; diethyl-lactam reduces the ECs, to 11.0 and the Hill coefficient to 1.0 uM (compare with Fig.
2C). C, IPSC simulated by a GABA transient that decays as the sum of two exponentials (top trace, amplitudes 750 and 10 uM; time constants, 800 usec
and 133 msec, respectively). The gap in the display of the GABA transient (fop trace) is necessary because the difference in the amplitudes of the two
summed components is so large. The simulated addition of diethyl-lactam prolongs the decay of the IPSC. D, Patch currents simulated by a step
application of GABA (1 mM for 1 msec, top trace). The presence of diethyl-lactam had virtually no effect on current deactivation because the two separate

current traces in the figure completely superimpose.

There are some similarities between our findings with diethyl-
lactam and observations with benzodiazepines, which augment
IPSCs in other preparations. Benzodiazepines also potentiate
currents induced by subsaturating concentrations of GABA.
Based on electrophysiological measurements, they increase the
affinity of the GABA, receptor for GABA without altering
maximum current (Choi et al., 1981; Rogers et al., 1994; Lavoie
and Twyman, 1996; Mathews et al., 1996). This pharmacological
property of benzodiazepines has been the basis for two recent
reports challenging the hypothesis that the peak GABA levels are
invariably saturating at all inhibitory synapses (Frerking et al.,
1995; Perrais and Ropert, 1997). In both cases, investigators
found that benzodiazepines augmented the peak amplitudes of
mIPSCs.

Diethyl-lactam and the other lactones have a more complicated
effect on the GABA concentration—response relationship than

benzodiazepines, decreasing both the ECs5, for GABA and the
slope. Evidence supporting different sites and mechanisms for
these two classes of GABA modulatory agents is the lack of effect
of the benzodiazepine antagonist flumazenil on the enhancement
of GABA-induced currents by other lactones and the failure of
lactones to influence benzodiazepine binding (Holland et al.,
1990; Williams et al., 1997).

Based on a previously published model of GABA, receptor
kinetics, there are several potential explanations for diethyl-
lactam’s effects on IPSCs, mIPSCs, patch currents, and the
GABA dose-response curve. First, there could be a selective
effect on transitions into the monoliganded GABA, receptor
open state (GR®) (Fig. 74). We can qualitatively simulate our
experimental data if the binding of diethyl-lactam to the GABA ,
receptor increases the opening rate constant (O, ) for the mono-
liganded receptor from 200 to 610 sec ~* (Fig. 7B-D). The current
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values obtained from the simulation show little potentiation by
diethyl-lactam at GABA concentrations >60 uM, in agreement
with our actual results (compare Figs. 2C, 7B). The concentration
responses do not completely overlap, reflecting the simplifications
in our model and the fact that the standard logistic equation will
not provide the best fit for a two-product reaction.

Second, alterations in the GABA-binding constants ki and kg
could produce a similar prolongation of the model IPSC in the
presence of diethyl-lactam. However, we have previous binding
and electrophysiological data that suggest no direct interaction
between y-butyrolactones and the GABA recognition site of the
receptor, so an effect of diethyl-lactam on k. and kg, although
possible, seems unlikely (Holland et al., 1990; Mathews et al.,
1996). Third, if the desensitization rate constants d, or r; are
altered by diethyl-lactam, the model will also generate current
responses consistent with our experimental results. Indeed, Zhu
and Vicini (1997) propose that neurosteroid enhancement of
inhibition occurs through such a mechanism. Detailed single-
channel studies will be required to determine the exact kinetic
step(s) altered by diethyl-lactam.

We also need to emphasize that the specific model of the
GABA 4 receptor we selected for our simulations is not uniquely
required for our conclusions. We could have used several other
models of the GABA, receptor that also contain monoliganded
open states and obtained similar results (Bormann and Clapham,
1985; Weiss and Magleby, 1989; Macdonald et al., 1989a). The
critical variable in this simulation will be the time course of the
synaptic GABA concentration, which must have a longer contri-
bution by subsaturating GABA concentrations than the rapid
concentration jump used in our patch experiments. Furthermore,
any model of synaptic transmission like the one we propose is an
oversimplification because the actual concentration of neuro-
transmitter at postsynaptic receptors will be a complicated func-
tion of the cleft surface area, the cleft configuration, and time
(Clements et al., 1992; Clements, 1996).

Independent of any specific model or rate constant alter-
ation, we have shown that there must be a significant period
during the IPSC when GABA, receptors are not saturated.
This relative “mismatch” between neurotransmitter concentra-
tion and postsynaptic receptor density in some regions may
play an important physiological role, allowing modulation of
the temporal spread of IPSCs by substances such as benzodi-
azepines and y-butyrolactones. Although this and related stud-
ies have focused on pharmacological modulation, we anticipate
the discovery of endogenous neuromodulatory agents that act
by a similar mechanism (Olasmaa et al., 1990; Rothstein et al.,
1992a,b).
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