ate-induced currents with marked inward
rectification (17). These GluRs probably
lack a GluR-B subunit. The properties of
heteromeric GluRs (having at least GluR-B)
are comparable to those of native non-
NMDA GluRs, for example, in hippocam-
pal neurons. The I-V" curve for the peak
current is less curved than that for the
steady-state current in GluRs native to rat
hippocampal CA3 pyramidal neurons, and
the desensitization rate of these hippocam-
pal GluRs is similar to that of heteromeric
GluR-A/B (18). Excitatory postsynaptic cur-
rents in pyramidal neurons of the CAl (19)
and CA3 (20) region also show linear I-1/
relations. It seems likely that the voltage-
dependent properties of excitatory postsyn-
aptic currents mediated by non-NMDA
GluRs are determined by the GluR-B sub-
unit.
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Facilitation of the Induction of Long-Term
Potentiation by GABAg Receptors

Davip D. MotT* AND DARRELL V. LEWIS

Long-term potentiation (LTP), an in vitro model of learning, was induced in
hippocampal slices by 5-hertz stimulation. During induction, y-aminobutyric acid A
(GABA,) inhibition decreased, causing the N-methyl-D-aspartate receptor—mediated
excitation to increase. 2-OH Saclofen, a GABAy receptor antagonist, prevented the
reduction of inhibition, the increase of excitation, and the induction of LTP. There-
fore, disinhibition caused by GABAy receptors is required for induction of LTP by
5-hertz stimulation. GABAy receptor modulation of synaptic plasticity occurs at
frequencies in the range of the endogenous hippocampal theta rhythm, which has been

showp to modulate LTP in vivo.

TP, A MODEL OF LEARNING IN THE
I central nervous system, often requires
N-methyl-D-aspartate  (NMDA) re-
ceptor activation (1). However, blockade of
NMDA channels by Mg?* is normally re-
lieved only by depolarization (2). Therefore,
LTP is usually induced with stimulus trains of
sufficiently high frequency to depolarize the
postsynaptic cell.

Inhibition limits postsynaptic depolariza-
tion during a stimulus train. When inhibi-
tion is blocked with picrotoxin, a GABA,
receptor antagonist, depolarization during a
train is enhanced, facilitating LTP induction
(3). Although blockade.of inhibition facili-
tates LTP, it is unclear if disinhibition is
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normally required for LTP induction. Inhi-
bition can be reduced by “priming” stimu-
lation (4). Priming is so effective that LTP
can be produced with as few as two to three
stimuli delivered about 200 ms after a single
priming stimulus (4, 5). In addition, the
interstimulus interval for the production of
LTP with priming stimulation approximates
the periodicity of the hippocampal theta
rhythm, which has been linked with LTP in
vivo (5, 6). We report that GABAy recep-
tor-mediated disinhibition is required for
LTP induction with stimulation in the fre-
quency range of the theta rhythm.

We performed experiments using stan-
dard procedures (7, 8) in the dentate gyrus
of rat hippocampal slices maintained in a
submersion chamber perfused with artificial
cerebrospinal fluid (ACSF). Responses of
granule cells to electrical stimulation of the
medial perforant path in the inner two-
thirds of the molecular layer were recorded
intracellularly.
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Table 1. Effect of 2-OH saclofen on the
development of the burst response and the
underlying reduction of inhibition when single
stimuli were delivered 200 ms apart. All values
are mean * SEM and n is the number of cells
for each observation. The asterisks indicate that
there was a significant change in the second
response as compared to the first (*P < 0.01;
**P < 0.001; paired ¢ test).

Second response (% first response)

Param-
eter
2-OH
(n) Control Saclofen Wash
EPSP 174 +11* 101+ 7 164 +13*
width
(5)
1PSP 43 + 7** 103 £ 11 38 + 6**
area
(7)

We examined excitatory postsynaptic
potentials (EPSPs) elicited by paired pulses
with varying interstimulus intervals (n =
10). At intervals of less than 20 ms, the
second EPSP was briefer than the first and
below threshold. With interstimulus inter-
vals between 150 and 400 ms, the second
EPSP was facilitated, or primed, with the
peak effect occurring at 200 ms. The facili-
tated EPSPs resembled burst responses,
with the prolonged EPSP triggering two to
four action potentials (Fig. 1A, top). Final-
ly, with interstimulus intervals greater than
2 s, the second EPSP was unaffected.

NMDA receptor-mediated currents can
prolong EPSPs; therefore, we applied D-2-
amino-5-phosphonovaleric acid (D-APV), an
NMDA receptor antagonist (9). Burst respons-
es were reversibly blocked by p-APV (50 pM)
(Fig. 1A, middle). In seven cells the EPSP
duration measured at its half width increased
by 102 + 26% (P < 0.01) in control but only
by 12 + 7% (P > 0.05) in D-APV (10). These
results and previous reports (4) indicate that
widening of the EPSP is due to enhancement
of an NMDA current (11).

Because GABAy receptors can reduce in-

Table 2. Effect of stimulation frequency during
a ten-pulse train on the induction of LTP
measured 30 min later. All values are mean *+
SEM and n is the number of slices in each

group.

Response after train

Parameter (% response before train)
(n)
100Hz 05 Hz 5 Hz

Population 102 +2 86 +5* 134 + 10*

EPSP

slope (6)
Population 106 5 82 +5* 194 +24*

spike am-

plitude (6)

*P < 0.05, significant change in response after the train
(paired ¢ test).
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hibition and produce burst responses (7),
we determined whether the increase in the
NMDA current required GABAg receptor
activation. Addition of 400 pM [3-amino-
2-(4-chlorophenyl)-2-hydroxypropyl]sulfo-
nic acid (2-OH saclofen), a GABAg receptor
antagonist (12), had no effect on the first
EPSP but blocked the burst response 200
ms later (Fig. 1A, bottom, and Table 1).
Application of 2-OH saclofen concentra-
tions between 10 and 400 pM demonstrat-
ed that the elongation of the EPSP was
reduced by approximately 50% at 40 pM (n
= 5). Addition of 50 uM D-APV to the
2-OH saclofen containing ACSF caused no
further reduction of the second EPSP (n =
3), suggesting that both drugs were reduc-
ing the same component of the EPSP.

These results suggested that GABA, re-
leased by the first stimulus, activated
GABAjy receptors and indirectly increased
the NMDA component of the second EPSP
by reducing inhibition. We tested this hy-
pothesis by measuring the inhibitory
postsynaptic potentials (IPSPs) evoked by
the paired stimuli. IPSPs were isolated by
application of 50 pM D-APV and 20 pM
6,7-dinitroquinoxaline-2,3-dione (DNQX),
an antagonist at non-NMDA glutamate re-
ceptors (13). Stimulation in this preparation
elicited no EPSP but did evoke a biphasic
IPSP with an early component that was
blocked by 50 M picrotoxin (reversal poten-
tial, =73 * 2 mV; n = 9) and a late compo-
nent blocked by 2-OH saclofen (reversal po-
tential, —91 + 3 mV; n = 9). Application of
both picrotoxin and 2-OH saclofen eliminat-
ed all evoked responses (1 = 3).

Stimuli delivered 200 ms apart, with the
cell hyperpolarized to the reversal potential of
the late IPSP, evoked depolarizing GABA,
IPSPs. The area of the second IPSP was
significantly less than that of the first (14).
This reduction was reversibly blocked by 400
uM 2-OH saclofen (Fig. 1B and Table 1)
(15). The time course for the reduction of the
GABA, IPSPs resembled that of the bursts.
The second IPSP was not reduced and tem-
porally summed with the first at short (<20
ms) interstimulus intervals; it was reduced
between 150 and 400 ms, with a maximum
reduction at about 200 ms, and it recovered
to the same area after about 2 s.

We tested the possibility that 2-OH saclofen
was blocking the bursts by directly antagoniz-
ing NMDA receptors. The NMDA compo-
nent of the EPSP was isolated with 10 uM
DNQX and 50 pM picrotoxin. Addition of
400 pM 2-OH saclofen did not reduce the
NMDA receptor-mediated EPSP, whereas ap-
plication of 50 pM D-APV blocked the EPSP
entirely (Fig. 2) (n = 3). Thus, 2-OH saclofen
was not blocking bursts through a direct effect
on the NMDA receptor.

Because enhancement of the NMDA com-
ponent of the EPSP critically depended on the
interstimulus interval, we tested the ability of
trains of different frequencies to induce LTP.
We delivered ten stimulus pulses at a constant
intensity and altered only the stimulation fre-
quency, first to 0.5 Hz, then to 100 Hz.
Neither frequency induced LTP in measure-
ments carried out to 30 min after the trains
(16). In these same slices, lasting LTP was
produced when ten pulses were delivered at 5
Hz, the frequency at which GABAy receptor—~
mediated disinhibition and, consequently, facil-
itation of the NMDA component were maxi-
mal (Table 2).

During the 5-Hz trains, but not the 0.5-
Hz or 100-Hz trains, the population re-
sponses progressively increased in width and
in number of population spikes until reach-
ing a plateau by the fourth or fifth response.

Superimposed

s

D-APV
2-OH L\\\
Saclofen

50 ms

8ms

Control 2-OH Saclofen Picrotoxin
emy|
50 ms

Fig. 1. Effect of 2-OH saclofen on bursts and
IPSP reduction. (A) Intracellular records of gran-
ule cell responses evoked 200 ms apart by paired
stimuli. Action potentials are clipped. (B)
GABA,, receptor-mediated IPSPs recorded from
a single granule cell in response to stimuli deliv-
ered 200 ms apart. IPSPs were pharmacologically
isolated by application of D-APV (50 M) and
DNQX (20 pM). All records were recorded from
the same cell hyperpolarized to —91 mV, the
reversal potential of the late IPSP.

Control 2-OH Saclofen D-APV
100 ms

Fig. 2. NMDA receptor-mediated EPSPs record-
ed in the presence of DNQX (10 uM) and
picrotoxin (50 wM). All responses are from a
single cell with a resting membrane potential of
—76 mV.
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Fig. 3. Blockade of LTP induction
by 2-OH saclofen. (A) Extracellu-
lar, granule-cell layer responses to a
5-Hz, ten-pulse train. Only the first
four responses are shown because
subsequent responses appeared
similar to the fourth response. The
stimulus intensity was set to evoke
the maximal population spike. All
records are from a single slice. (B)
Granule cell layer responses record-
ed before (left) and 30 min after
(right) a 5-Hz, ten-pulse train. Test
stimulus was set at 25% of the
intensity eliciting maximal popula-
tion spike. Application of D-APV B
(50 pM) or 2-OH saclofen (400
uM) was terminated immediately
after the train. All responses are
from a single slice. (C) Averaged
data showing the effect of D-APV
(50 M) and 2-OH saclofen (400
pM) on the induction of LTP of
both the population spike ampli-
tude (left) and the population
EPSP slope (right). Bars and error
bars represent mean + SEM (n =
7). The asterisks indicate that the
response 30 min after the train was
significantly different from the re-
sponse before the train (*P < 0.04;
**P < 0.001; paired ¢ test).

2-OH

2-OH

This facilitation was blocked by application of
either 50 pM D-APV or 400 pM 2-OH
saclofen (Fig. 3A). Intracellular recordings
confirmed that GABA, IPSPs were reduced
throughout the trains, and this reduction was
blocked by 400 uM 2-OH saclofen.

To determine if the LTP was dependent on
NMDA receptor activation, we delivered a
5-Hz, ten-pulse train in the presence of 50 pM
D-APV. The drug was washed off immediately
after the train, and the response amplitude was
monitored for 30 min. No LTP developed.
Next, to determine whether GABAg, receptor—
mediated disinhibition was required for devel-
opment of the LTP, we applied 400 pM 2-OH
saclofen and delivered a 5-Hz, ten-pulse train.
2-OH saclofen was washed off immediately
after the train and, again, no LTP was seen 30
min after the train. Finally, in these same slices,
a 5-Hz, ten-pulse train delivered in ACSF
produced stable LTP (Fig. 3, B and C).

These data indicate that LTP produced by
5-Hz stimulation is dependent not only on
NMDA receptor activation but also on the
reduction of inhibition caused by GABAy, re-
ceptor activation. This disinhibition enhances
the NMDA currents elicited by the train, there-
by triggering LTP. These results agree with the
disinhibitory effects of GABAg receptors in
several regions of the brain (7, 17-19) and with
the enhancement of LTP by the GABAg ago-
nist baclofen (20). Disinhibition may be pro-
duced by reduction of GABA release via
GABAg autoreceptors on GABAergic termi-
nals (21), perhaps in concert with inhibition of
firing of GABAergic interneurons by GABAg
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receptors on these cells (22).

The frequency dependence of LTP induc-
tion reflected the time course of the underlying
GABAg, receptor-mediated disinhibition, with
the peak effect occurring at a frequency in the
range of the hippocampal theta rhythm (6).
Our findings raise the possibility that GABAg-
mediated disinhibition might occur during
normal theta activity in vivo, thereby facilitat-
ing LTP.

GABAg, receptor effects on LTP induction
may vary with the frequency of the stimuli used
to induce LTP. Olpe and Karlsson (23) found
LTP induced by high-frequency stimulation
was enhanced by GABAg, receptor antagonists.
Enhancement of LTP by GABAg antagonists
might be related to the reported suppression of
NMDA currents by hyperpolarizing GABAg
IPSPs (24).

A recent study in area CAl of the hippo-
campus has confirmed our findings in the
dentate gyrus that GABAy receptors facili-
tate LTP induction (25). This evidence,
together with the disinhibitory effects of
baclofen in the cerebral cortex (17), suggests
that GABAg receptors may be important
regulators of synaptic plasticity in many
brain regions.
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