0306~522~84 $3.00 + 0.00
Pergamon Press Ltd
IBRO

~e~r~ecie~ce Vol. 12, No. 2, pp. 543-555, 1984
Printed

in

Great Britain

SOMATIC AND DENDRITIC ACTIONS OF ~-AMINOBUTYRI~
ACID AGONISTS AND UPTAKE BLOCKERS IN THE
HIPPOCAMPUS IN VW0
C.

Laboratoire

de Physiologie

ROVIRA, Y. BEN-ARI* and E. CHERusrNIt
Nerveuse du C.N.R.S., Departement de Neurophysiologie
C.N.R.S. 91 l~Gif-sur-Yvette.
France

appliquee,

Abstract-In
rats under urethane anaesthesia y-aminobutyric acid agonists and uptake blockers were
microiontophoretically applied in the pyramidal layer of CA1 and in the apical dendrites using a twin set
of multibarrelled micropipettes. Thus, the somatic and dendritic field potentials elicited by commissural
stimulation were recorded simultaneously and the effects of iontophoretic applications at either site
studied.
Somatic applications of ~-aminobut~~ acid, isoguvacine or muscimol produced an inhibition of the
somatic population spike; this showed rapid fade and was followed by an “off” response i.e. an
enhancement of the population spike discharge and the occurrence of a second (and occasionally third)
spike. The order of potency with regard to the “off” response was muscimol z isoguvacine
>>y-aminobutyric acid. In contrast, the inhibition of the population
spike produced by
4,5,6,7-tetrahydroisoxazolo(5,4-C) pyridin 3-OL showed little fade and no prominent “off” response. The
fade and “off” response were not associated with significant changes in the dendritic field excitatory
postsynaptic potential concommittantly recorded and were exclusively restricted to the immediate vicinity
of the pyramidal layer. Ejection of ~-aminobutyric acid and its agonists in the stratum radiatum produced
a reduction of the field excitatory postsynaptic potential and the somatic spike, this effect however showed
no fade (even during prolonged applications of high doses) and no “off” response.
Somatic applications of the uptake blockers nipecotic acid or guvacine consistently produced: (a) an
increase in the effectiveness of the inhibition produced by y-aminobutyric acid and its analogues; (b) a
decrease in the latency to peak of the inhibition and an increase in the time to recovery; (c) a full blockade
of the fade and the “off” response. All of these effects were rapid and fully reversible without significant
changes in either the field excitatory postsynaptic potential or the (control) somatic spikes. The more
specific ghal uptake blocker, 4,5,6,7-tetrahydroisoxazolo(4,5-C) , ovridin
3-OL occasionallv, blocked the
.“off” response, however it was less potent and also tended to reduce the spike amplitude. Dendritic
applications of the uptake blockers reduced the excitatory postsynaptic potential and the somatic spike
but failed to produce prominent changes in the action of y-aminobutyric acid and its analogues.
Somatic, but not dendritic, applications of nipecotic acid or guvacine effectively reduced the enhancement of the spikes which is easily evoked in this preparation by an increase of the frequency of stimulation.
These observations suggest that removal of y -aminobutyric acid in the pyramidal layer is highly efficient;
the possibility that this plays a role in the susceptibility of the hippocampus to epileptogenic procedures
is discussed.

earlier
biochemical48
and
In
keeping
with
immunocytochemicaP
data,
recent
electrophysiolo~cal studies in the hippocampus performed
both in sitd and in vitro’.Z,M have provided direct
evidence that y-aminobutyric acid (CABA) mediates
the powerful inhibition first described in the hippocampus by Kandel et ~1.‘~(see also ref. 3). As in other
brain structures’4 iontophoretic
applications
of
GABA at the soma produces a hy~rpolarization
which is associated with an increase in chloride
permeability. ‘v2.’However, in vitro the dendritic application of GABA in this structure leads to a depolar__
*To whom correspondence should be addressed.
‘IPresent address: Department of Nutrition and Food
Sciences, MIT Cambridge, MA 02139, U.S.A.
Abbreviations:
GABA,
y-aminobutyric
acid; EPSP.
excitatory postsynaptic potential; THIP, 4,5,6,7-tetrahydroisoxazolo(5,4-C) pyridin 3-OL; THPO, 4,5,6,7tetrahydroisoxazolo(4,5-C) pyridin 3-OL.
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ization which is also inhibitory: the underlying ionic
mechanisms have yet to be elucidated.‘~2~s0~52
In the pyramidal layer of the intact hippocampus
the response induced by iontophoretically
applied
GABA shows strong “fade” and the inhibitory potency of GABA fails at quite low frequencies of
stimulation (2-5 Hz) of hippocampal inputs.5*6 It has
been suggested that this failure of inhibition could
contribute to the noto~ous susceptibility of the hippocampus to epileptogenic procedures.6 Several mechanisms could underline this lability of the actions of
GABA including a “true” receptor desensitization26
or an accelerated removal of GABA from the synaptic sites.
The aims of the present study were to investigate:
(a) the effects in the intact hippocameus of somatic
and dendritic applications of various GABA agonists
and the alterations produced by local application of
uptake blockers; and (b) the effects of somatic and
dendritic applications of GABA uptake blockers on
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the failure of inhibition
that occurs at higher frequencies of stimulation
of the hippocampal
inputs.
EXPERIMENTAL

PROCEDURES

The experiments were performed on 19 adult male
Wistar rats (200-300 g). They had access to food and
water ad lib. and were housed in cages under diurnal
lighting conditions
with light on from 08.00 to
20.00 h. Experimental
procedures
were carried out
under general anaesthesia
with urethane (2-3 g/kg
i.p.); the core temperature
was maintained
at
37-38°C and the heart rate continuously
monitored.
The animal was placed in a conventional
stereotaxic frame and concentric
bipolar electrode introduced with a rostro-caudal
angle of 30” (to stimulate
the ventral hippocampal
commissure
and fimbria,
details in refs 5 and 10). A single or a twin set (see
below) of multibarrelled
pipettes was introduced
through the overlying cortex to reach the pyramidal
and dendritic layers of CA13* and the cortical surface
then covered with Agar (4% w/v in saline). In several
experiments a single or another set of multibarrelled
pipettes was glued to the seven barrelled pipettes to
enable concomittant
recording of somatic and dendritic potentials
and microiontophoresis
at either
site.‘0.45 The superficial electrode was positioned
in
the pyramidal layer by recording the population spike
and noting the large positivity
which reflect respectively the discharge of a large number of pyramidal neurons and (primarily)
the recurrent
inhibitory postsynaptic
potentiaL3,” The positioning in
the pyramidal layer could be made with an excellent
accuracy relying on the typical response induced by
acetylcholine
and the GABA “off” response which
are exquisitely localized to the pyramidal layer.‘0,45
The deeper electrode was then seen to record a
maximal negative field [excitatory
dendritic
postsynaptic potential (EPSP)] generated by the Schaffer
collaterals.37 Unless stated otherwise the electrical
stimuli were single pulses (0.1-0.5 ms), 3-10 V (usually twice the threshold to elicit a population
spike)
and applied at a frequency of 1 Hz.
The central barrel of each multibarrelled
electrode
contained NaCl(3 M) or pontamine sky blue (2% w/v
in 0.5 M Na acetate) for the determination
of the
electrode position at the end of the experiment.”
The
remaining barrels contained in various permutations
the following drugs: GABA (0.2-l M, pH 4); isoguvacine (0.2 M, pH 3); muscimol (0.2 M, pH 34);
3-OL
4,5,6,7-tetrahydroisoxazolo(4,5-C)
pyridin
(THPO; 0.2 M pH 34); guvacine HCl (0.2 M, pH 3);
4,5,6,7-tetrahydroisoxazolo(5,4-C)
pyridin
3-OL
(THIP; 0.2 M, pH 3, HBr); acetylcholine (1 M, pH 4)
and NaCl (165 mM) for current compensation.
Unless indicated otherwise the ejection currents which
were applied at regular intervals (usually for 20-30 s
durations) were fully and automatically
compensated
via the control (NaCl-containing)
pipette. Anionic
backing current were usually lo-15 nA for GABA

agonists and 3040 nA for uptake blockers. The
somatic and dendritic potentials were displayed on an
oscilloscope and also digitized and displayed (one out
of two consecutive responses) on a pen recorder. In
addition, the magnitude
of the population
spike(s)
was integrated and displayed on the pen recorder.
The fade
of the response
was assessed
as:
V,,,l - V,,,/V,,,,,,,
where I’,,,, is the amplitude of the
last control spike during the application,
V,,, the
amplitude
during the peak of the inhibition
and
V cOn,rO,
the amplitude of the potential just before drug
application.
The magnitude
of the somatic “off”
response was assessed both in terms of the amplitude
of the second (and third) population
spike and its
duration. At the end of the experiment,
the rat was
intracardially
perfused with saline followed by a 10’yO
formalin solution and the brains processed for conventional histological procedures including Nissl and
acetylcholinesterase
stains to verify the location of
the electrodes (Fig. 1A).
RESULTS

Somatic

application

of’ y -aminobutyric acid agonists

Local application of GABA in the pyramidal layer
induced a sharp reduction of the population
spike
(usually within 5-10 s). However, the short latency
maximal inhibition
was not sustained in the continuing presence of a GABA application
and the
response grew progressively larger until the inhibition
virtually
disappeared.
This phenomena
we call
“fade” (e.g. Figs 1B and 6, refs 6, 13, 14 and 19). The
process underlying
the progressive
growth of the
excitatory
response in the presence of GABA appeared to be continuous
and the discontinuation
of
the GABA application was followed by an enhancement of the population
spike. This enhanced
excitatory response at the end of the GABA application
was termed the “off” response (Fig. lB, ref. 10).
Although the magnitude of the fade varied greatly
between individual experiments a full recovery of the
population
spike was obtained
with doses just
sufficient to produce 50% (or more) inhibition. Also,
the “off” response was consistently
noted in our
experiments
and was characterized
not only by an
increase in the amplitude of the population spike but
also by the presence of a second (or third) population
spike (see Fig. 1B). This enhancement
of the population spike was also present when the application of
GABA was relatively large and when the duration of
the application
was increased.
The fade and the “off” response were shown not
to be due to a distant for instance depolarizing action
of GABA, since there was no significant alteration in
the dendritic field EPSP, recorded with the second
electrode in the stratum radiatum (not illustrated).
Indeed, the fade and the “off” response were exquisitely localized to the pyramidal layer; application of
GABA 100pm above or below the pyramidal layer
produced a swift inhibition of the population
spike
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Rg. 1. Ditlerences between somatic and dendritic actions of GABA. (A). Schematic diagram to illustrate
the twin set ofmultibarrelled pipettes, ejection of pontamine sky blue”through each of the central pipettes
was used to verify (right side, acetylcholinesterase stain) the location of the twin set of multibarrelled
electrodes (arrow and square). (B) Pen records to illustrate the somatic (top) and dendritic (bottom) effects
of GABA. The (somatic) negative population spike (top) and the dendritic field EPSP (bottom), were
digitized and displayed (one out of two consecut~e sweeps); note the rapid inhibition of the spike (the
star indicates 100~; inhibition). the fade and the “off” response (arrows). Dendritic appiieation of GABA
produced an inhibition of the EPSP with no evidence of fade. Note the rapid recovery. The action of
iscguvacine had a slower onset and recovery. (C) Oscilloscope traces to illustrate “OR” response (arrow)
produced by somatic application of GABA. In this and following figures, each trace represents a single
sweep, and ejection current was fully compensated. The numbers above the records indicate the time in
seconds after switching on or off the drug Abbreviations: a, alveus; CAl-CA3 hippocampal regions
according to Lorente de No: FD, fascia dentata; g, granular layer; h, hilus; ISO, isoguvacine; I, lacunosum;
m, molecular layer; o. stratum oriens; p. pyramidal layer; r, stratum radiatum.
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Fig. 2 (A). Somatic application of GABA, isoguvacine (ISO), THIP and muscimol in the same experiment.
Note the particularly prominent “fade” and “off” response produced by muscimol and the lack of “fade”
and “off” response of THIP. In (B) the rapid onset of the effects of nipecotic acid on the response induced
by GABA is illustrated; 10 s after the onset of the application of the uptake blocker, the inhibition was
clearly enhanced and the “fade” fully blocked. Application of GABA 5 min later for 50 s produced a stable
inhibition without any evidence of “fade” or “off” response. In this and following figures, a small insert
depicts the site(s) of recording (R) and microiontophoret~c application (Ej).

with little “fade” and no “off” response. A similar
response was also obtained when GABA was ejected

in the stratum radiatum (see below).
The GABA analogues muscimol and isoguvacine
also inhibited the somatic population spike; this
response showed “fade” and was followed by an
“off”’ response. The initial inhibition of the population spike was usually more pronounced than with
comparable doses of GABA (assuming a similar
transport number); furthermore the “off” response
which followed the appli~tion
of muscimol was
consistently of greater magnitude and duration (up to
several minutes, Figs 2 and 3) than that produced by
equipotent doses of isoguvacine (usually less than
45 s, Fig. 2) and both agonists were consistently more
potent than GABA (always less than 20s except
immediately following prolonged appii~tions of uptake blockers, not shown). The inhibition produced
by GABA was more prone to rapid and full fade than
that caused by its two analogues (Figs 1 and 4).
On several occasions we also tested the GABA
analogue THIP in the pyramidal layer. As can be seen
in Fig. 2 a larger dose was required to produce a spike
reduction similar to those induced by the other
agonists. This spike depression was not accompanied
by significant fade, the recovery was slower and only
when a very large dose was applied could a short
“off” response be elicited. However this often in-

duced a prolonged decrease or even disappearance of
the spike (no recovery for 2 h in two experiments).
Dendrific application

of

y-~~~~ob~tyri~ acid agonists

Application of GABA in the stratum radiatum
reduced the field EPSP, an effect which had a swift
onset (usually 2-4 s to the peak) and recovery (also
less than 5 s) and showed no fade or “off” response
(Figs 1 and 5). This effect which is dose-dependent
(usually a 50% reduction of the field EPSPs was
obtained with 40-50 nA ejected from pipettes containing 200 mM GABA), cannot be mimicked by the
passage of even greater amounts of current through
a control (NaCl-containing) micropipette. In contrast
to the somatic application of GABA (Fig. IB) the
reduction of the field EPSP remained unchanged
during prolonged appIi~ations, thus in several experiments a stable SO-100°? reduction of the EPSPs was
obtained during ejections of 2-5 min of GABA. The
reduction of the field EPSP was also associated with
a smaller somatic population spike (except when
particularly high intensity stimuli were used). Interestingly, larger applications of GABA produced a
stronger depression of the somatic population spike
(up to 100x, not shown). This effect (also seen with
isoguvacine, see below) is probably due to the inhibition of a larger segment of the dendritic tree and
a more complete blockade of the excitatory input.
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Fig. 3. Effects of somatic appli~tions of uptake blockers on the response produced by muscimol. In (A)
and (B), nipecotic acid and guvacine fully blocked the powerful “off” response (arrows) induced by
muscimol, enhanced the inhibition and blocked the fade. The stars indicate 100% inhibition. In (C), THPO
applied for longer periods also blocked the “off” response (arrows) but did not affect the inhibition or
its fade. Ej; R; sites of microiontophoretic application and recording, respectively.

Applications of isoguvacine or muscimol also produced a reduction of the field EPSP and somatic
population spike. (The main feature of the effects of
these agonists are shown in Figs 1 and 5.)
y-Aminobutyric
acid and isoguvacine were equipotent, however the onset and recovery of the inhibition induced by the latter was much more prolonged than that of GABA (ibid.). Furthermore, with
equipotent doses isoguvacine caused a more substantial reduction of the somatic population spike (Fig.
5); both GABA and isoguvacine were also two-three
times more potent than muscimol, both in terms of
their effects on the EPSP and on the somatic population spike (not shown).
Effects of uptake blockers on the response elicited by
y-aminobutyric acid agonists
Somatic applications of uptake blockers. In the

pyramidal layer, application of uptake blockers consistently produced: (a) an increase in the effectiveness
of GABA and its analogues as inhibitors of the
somatic population spike; (b) a decrease in the
latency to peak of the inhibition and an increase in
the recovery time; and (c) a full blockade of the fade
and the “off” response. All of these effects were
obtained with doses of uptake blockers-in particular
guvacine or nipecotic acid-which had little (less than
20%) or no direct inhibitory effect on the amplitude
of the somatic population spike. These effects of the
uptake blockers were shown not to be due to a
distant, notably dendritic action, since there was no
significant alteration in the dendritic field EPSP
concomittantly recorded in the stratum radiatum.
The rapid action of nipecotic acid is shown in Fig.
2(B); 12 s after the application of the blocker, the
inhibition produced by GABA was clearly enhanced.
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Fig. 4. A comparison of the effects of somatic applications of nipecotic acid upon the response produced
by GABA (G), isoguvacine (I) and muscimol (M) in the same experiment. Consecutive equipotent doses
of GABA, isoguvacine and muscimol were applied in the pyramidal layer and the “fade” (ordinate

indicated in percent of the control) was measured as indicated in the Experimental Procedures; the
presence of an “off” response is indicated by the arrows. Note that nipecotic acid blocked both the fade
and the “off” response produced by GABA and its analogues. The blockade of the fade of the inhibition
produced by GABA was prolonged, full recovery was obtained 30 min later (not shown). Note also the
presence of an “off’” response imm~iately after the end of ejection of nipecotic acid (arrow).

effect of the uptake blocker on the fade
of the inhibition is also shown in Fig. 2(B) where a
stable, almost full inhibition of the population spike
was induced by a prolonged (90 s) application of
GABA without fade.
Local applications of nipecotic acid or guvacine
caused similar changes in the response produced by
GABA agonists. Thus in Fig. 3 for instance, the
powerful “off” response caused by muscimol (several
minutes in A) was fully blocked a few minutes after
the application of guvacine (A) or nipecotic acid (B).
Similarly the magnitude of the inhibitory response
was enhanced and its fade fully abolished (A,B). In
contrast, the more specific glial uptake blocker
THP053 also somewhat reduced the “off” response,
however it neither enhanced the inhibitory action of
GABA and its agonists nor altered the characteristic
fade of the response. In further contrast to guvacine
or nipecotic acid, THPO was occasionally a powerful
depressant of the somatic population spike (not
illustrated). The effects of a prolonged application of
nipecotic acid on the responses produced by GABA
and its two agonists is quantitatively illustrated in
Fig. 4. The uptake blocker fully blocked the fade of
the response which was measured as indicated in the
Experimental Procedures. The fade of the GABA
response was however more rapidly blocked than
that of its two agonists; furthermore the fade of the
GABA response remained fully blocked for more
than 30 min after the end of the application at a time

The potent

when the fade of the responses elicited by isoguvacine
or muscimol had fully recovered. The “off” response
caused by GABA and its agonists was rapidly and
fully blocked during the entire application of nipecotic acid (Fig. 4, arrows).
Dendritic applications of uptake blockers. In contrast to the pyramidal layer, applications of uptake
blockers in the stratum radiatum did not produce a
clear-cut effect on the responses elicited by local
application of GABA or its agonists. Thus nipecotic
acid (Fig. 5) or guvacine (not shown) did not alter the
inhibition of the field EPSP produced by GABA,
isoguvacine or muscimol; furthermore the reduction
of the population spike recorded concomittantly was
unaffected. The most consistent action of nipecotic
acid was to directly produce a rapid (20-25x) decrease of the field EPSP (and of the somatic population spike). This direct GABA-like action of nipecotic acid (or guvacine) in the dendritic layer further
stresses the differences between somatic and dendritic
actions of GABA (see Discussion).
Eficts of uptake biockers on the popafat~on spikes
produced by an increased stimulation frequency

As already pointed earlier (refs 6 and 45), an
increase in the frequency of stimulation from 1 to 2
or 3 Hz (5-20 s) invariably promotes an enhancement
of the somatic population spikes recorded in the
pyramidal layer and the occurrence of 2-3 large
spikes. This potentiation can be obtained with little
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Fig. 5. Effects of dendritic ejections of nipecotic acid upon the local and distant somatic effects of dendritic
applications
of GABA and isoguvacine
(ISO). Oscilloscope
sweeps in (A) are taken from the times
indicated in (B). Note that nipecotic acid produced a reduction of the field EPSP and somatic populations
spike; it also promoted a prolongation
of the somatic and dendritic effects of isoguvacine.
Ej, R; sites of
microiontophoretic
application
and recording, respectively.
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alterations in the concomittantly recorded field EPSP
(ref. 10 and Fig. 6). Local application of nipecotic
acid (Figs 6 and 7) or guvacine (not shown) fully
blocked this enhancement of the somatic population
spike. Thus, in Fig. 6, stimuli of 2 or 3 Hz (for 20 and
10 s respectively) produced a second and third population spike respectively; nipecotic acid readily
blocked this enhancement and recovery was obtained
1 min after the application of nipecotic acid. These
effects were not associated with a reduction of the
field EPSP (Fig. 6), thus excluding the possible
diffusion of the uptake blocker as playing a role in the
blockade of the enhancement of the somatic population spike.
In Fig. 7, stimuli of 2 and 3 Hz (also for 20 and 10 s
respectively) were applied intermittently with brief
ejections of GABA in the pyramidal layer. The
maximal response caused by the 2 or 3 Hz stimuli is
plotted in the ordinate and the presence (dark triangle) or absence (clear triangle) of an “off” response
following applications of GABA is also indicated. It
is clear that the enhancement of the population spike
produced by 2Hz (dotted columns) and 3 Hz
(hatched columns) were fully or partly blocked by
nipecotic acid respectively; the “off” response was
also concomittantly
blocked. Similar observations
were made in four experiments.
In contrast, applications of guvacine or nipecotic
acid in the stratum radiatum did not reduce the
enhancement of the population spike discharge associated with an increase in the frequency of stimulation. As shown in Fig. 7, dendritic applications of
uptake blockers tended to actually slightly enhance
the spikes.
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other hand dendritic muscimol was clearly less potent
than GABA (or isoguva~ne).
Perhaps the most impressive difference between
somatic and dendritic actions of GABA and its
analogues concerns the fade and “off” responses
which are exclusively seen in the soma. In spite of
some variability between individual animals, it was
clear that the somatic and not the dendritic action of
GABA analogues is prone to fade. In the stratum
radiatum, GABA could be applied for several
minutes at doses producing a full inhibition of the
field EPSP and the (somatic) spike without the appearance of fade. Interestingly, THIP which has a
more restricted affinity to the GABA receptor site3’.”
produced little fade and virtually no “off” response,
suggesting that GABA uptake sites may be involved
in the former and latter components of the response
(see below). Evaluation of these somato-dendritic
differences of GABA actions must await further
studies in order to test whether they relate to the
biochemically distinguishable
types of receptors*
which have also been described in the hippocampus.
Interestingly, in addition to their insensitivity to
bicuculline and preferential activation by baciofen,
GABA B receptors are relatively insensitive to muscimol and show little “desensitisation”.~
Somatic and ~e~~riti~ eflects qf uptake biockm

That the inhibitory action of GABA tends to fade
during its application has been known since the
earliest microiontophoretic studies in the mammalian
central nervous system.‘4,29 Sufficient data is not yet
available to decide among the various hypothesis
which have been advanced to explain this phenomenon.5~6~‘3~‘9~29~43~52
Since the membrane conductance
increase evoked by GABA in the hippocampus also
DISCUSSION
fadess*6T52
this cannot result solely from a change in
Cl- gradient. Other observations suggest that an
inactivation of Cl channels is perhaps unlikely.29~“2
SeveraI mechanisms could be involved, including a
The results of the present investigation corroborate
earlier observations made in the slice preparation, of presynaptic action 42,47which cannot be excluded since
a dual somatic and dendritic inhibitory action of relatively high local concentrations are produced by
GABA on hippocampal siices.‘~2*50
It is not clear to microiontophoretic applications, or a depolarization
what extent the dendritic action of GABA regects an associated with an increased extracellular IV conceninhibition which operates in physiological conditions.
tration.20”9*52However the most frequently postulated
In keeping with biochemica14* and anatomical4 ob- mechanisms are a “desensitization” of GABA recepservations, it has been suggested that dendritic
tors, i.e. a change in the configuration
of the
removal
of
GABA may mimic a physiologically operant in- receptor26 and/or
an accelerated
hibition. This would operate in a “discriminative”
GABA’9v29by the various transport carrier systems
manner, i.e. by blocking a local dendritic activation
which have been extensively investigated.”
in contrast to the overall inhibition exerted in the
In the present study, repeated applications of nipsomatic region.‘*’
ecotic acid or guvacine to the pyramidal layer, which
Using the intact preparation and a twin set of from biochemical studies are known to have a poor
recording iontophoretic electrodes, we have made a affinity for GABA receptor sites and a high affinity
number of new observations. Firstly, repeated applifor transport carriers,23,3’.32,33.46
produced little direct
cations of GABA, isoguvacine and muscimol reveal effect on the control population spike. However, they
a difference between the somatic and dendritic po- readily enhanced the GABAergic inhibition and
tency of muscimol as compared to the other agonists.
blocked completely the fade and the “off” responses.
Like in other experimental situations’2,30s33somatic
The fact that in the presence of uptake blockers.
GABA was less potent than its two agonists, on the GABA could be ejected during minutes without any
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Fig. 7. Effects of somatic or dendritic applications of nipecotic acid upon the bursts of spikes elicited by
an increase in the frequency of stimulation. The two graphs were obtained from different experiments;
in (A), nipecotic acid was applied in the pyramidal layer and in (B) in the stratum radiatum. Stimulation
of 2 or 3 Hz was intermittently applied for 20 and JOs respectively and the amplitude of the second and
third spikes are indicated in the ordinates (upward and downward respectively). In (A), somatic ejection
of nipecotic acid fully blocked the third spike produced by 3 Hz and the second spike produced by 2 Hz,
it also reduced the amplitude of the second spike evoked by 3 Hz; concomittantly the “off” responses
produced previously by GABA (semi-dark triangles) were blocked (clear triangles); full recovery of the
off response was obtained 15 min later (not shown). In (B), dendritic application of nipecotic acid did not
reduce but enhanced the response produced by 2 or 3 Hz. Ej, R; sites of microiontophoretic application
and recording, respectively.

appreciable evidence of “fade” reflects the im- affinity uptake systems are involved in limiting the
portance of this action. Uptake blockers also en- action of microiontophoretically
applied amino
hanced the inhibition produced by muscimol or gu- acids”,35; and (b) nipecotic acid may be also active at
vacine and blocked the fade and subsequent powerful
these sites.“,”
Of course, if this uptake is
“off” response.
electrogenic24 this will contribute to the fade and
The mechanisms underlying this wide range of powerful “off” response. Therefore, as already
striking effects of uptake blockers is complex and
stressed earlier by Johnston and coworkers2’ even a
cannot be determined from extracellular studies and
relatively inefficient uptake of muscimol can limit the
microiontophoretic
applications. Perhaps the sim- effectiveness of muscimol as a depressant of neuronal
plest explanation could be that the actions of nipexcitability. It must be stressed however that other
ecotic acid and guvacine are primarily due to a mechanisms not directly related to an impairment of
uptake could also contribute to the actions of uptake
blockade of uptake systems. Previously an enhancement of the inhibition produced by GABA’2,‘6,27,33 blockers, in particular a direct effect of nipecotic acid
and muscimo135,36has been described following appliand guvacine on the postsynaptic GABA receptors to
cation of nipecotic acid or guvacine; this was also increase their potency for instance by delaying “deassociated with a reduced latency to peak and an
sensitization”
or by unmasking additional postincreased recovery time. These effects were ascribed
synaptic GABA receptors.
to a blockade of the removal of GABA and its
Whatever the exact mechanism may be, and bearagonists. Along similar lines, the blockade of the fade ing in mind the limitations in extracellular studies, the
and “off” response, which has not been described
present observations suggest that in the pyramidal
before, could at least partly be due to the impairment
layer of the hippocampus the uptake systems play a
of uptake systems and to the rise in local GABA
major role in limiting the effects of GABA. Whether
concentrations associated with this blockade.9,23.4’,49 this uptake is primarily neuronal or glial remains to
Biochemical observations”
have shown that musbe investigated although the fact that THPO-a
cimol and GABA can be counter-transported
using
presumably more specific glial uptake blocker5’-was
the same high affinity carrier but that the affinity of less efficient may suggest a preferential neuronal site,
muscimol for the carrier is at least 50-fold less than
in keeping with other observations in the central
that of GABA (see ref. 51). However, muscimol may
nervous system.2’,34
be in addition removed by the “small basic” amino
With regard to synaptically released GABA, it is
acid system24 and there is some evidence that: (a) low particularly interesting to note that in the hippo-
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campus, in contrast to other structures,36 a recent
study suggests that guvacine enhances GABAergic@
(see also refs 16 and 28) inhibition in the granular
layer of the dentate gyrus*. In the present report,
somatic and not dendritic applications
of uptake
blockers also efficiently reduce the seizure activity
generated by repetitive stimulations at frequencies of
2-3 Hz. Earlier observationP
have provided direct
evidence that the lability of the inhibition results from
an impairment of synaptic mechanisms (and not for
instance from a shift in Cl- equilibrium
potential).
This lability

of inhibition

may

hippocampus

has the lowest

epileptiform

procedures.‘,‘”

present

report

that

GABA.

uptake

systems

as for
play

help to explain
threshold
It

is

why the

in the brain
clear

iontophoretically
an important

from

to
the

applied

et ul.

blockers do not reduce (they actually enhance) the
population spike is in keeping with the idea that this
dynamic process--enhanced
by a minute change in
stimulation frequency-is
operational in the somatic
region where most GABAergic
synapses lie. Interestingly, in two animals which were exquisitely prone
to seizures (including spontaneous
seizures followed
by postictal
depression
following
l-2 Hz stimulation), the somatic “off” responses were also abnormally potent (bursts of 5-6 spikes at the end of an
ejection of GABA), thus further stressing the parallelism between the “off” response and the seizure.
Clearly the present observations
reflect the potential
usefulness of selective GABA uptake inhibitors as
anticonvulsant
agents.‘5.5’

role in this

(in addition to other possible mechanisms,
ibid.). The fact that dendritic
applications
of the

lability

*In one experiment
we have found a similar effect with
nipecotic acid in the pyramidal
layer of CAI
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