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synaptic potentials (IPSPs) and underlying resistance (and conductance) changes
were examined in CA1 and CA3 hippocampal neurons in situ in rats. Comparable
large conductance

Abstract-Inhibitory

increases were evoked by ftmbrial-commissural
or entorhinal
stimulation,
and the corresponding
inhibitory synaptic potentials had similar reversal potentials. The peak intensity and duration of the inhibitory
synaptic potential
resistance
change were both greater under urethane
than under ketamine
anaesthesia. A striking rebound of potential and conductance,
commonly
seen at the end of the inhibitory
synaptic potentials,
was Cl- sensitive and could be ascribed to a prolonged
suppression
of ongoing
inhibitory
input. The time course of inhibitory
synaptic potentials
was significantly
voltage-sensitive,
being more prolonged
for negative than for positive inhibitory synaptic potentials. Applications of

7-aminobutyrate produced large conductance increases (mean potency 4.2 nS/nA of y-aminobutyrate
iontophoretic current). There was excellent agreement between the reversal potentials for the inhibitory
synaptic potential and for the effect of y-aminobutyrate,
recorded in the same cells. As elsewhere the
effect of y-aminobutyrate
showed marked fading during applications
lasting more than a few seconds. By
contrast, glycine seldom caused a definite increase in conductance,
but it appeared to depress inhibitory
synaptic potentials, probably by an indirect action,

THE HIPPOCAMPUS,thanks to its regular structure and
relatively simple neuronal
organization
(RAM~N Y
CAJAL, 1911; LORENTEDE No, 1934), lends itself particularly well to electrophysiological
studies (RENSHAW, FORBES & MORISON, 1940; GREEN, 1964;
ANDERSEN, 1975). Some aspects of hippocampal
activity have proved of special interest because they
illustrate in an unusually clear form what appear to
be essential properties of many neural activities in the
brain. For example, as first reported by KANDEL,
SPENCER & BRINLEY (1961), IPSPs are readily generated by stimulating
various orthodromic
or even
antidromic pathways. And yet paroxysmal discharges
(electrical seizures) are more easily elicited in the hippocampus by repetitive stimulation than in any other
part of the brain. This paradox could be accounted
for either by a rapid build-up of excitation or by
fatigue of inhibition.
Several authors have reported that excitatory transi Present
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mission is indeed potentiated at higher frequencies of
stimulation
(ANDERSEN, 1975; YAMAMOTO, MATSUMOTO& TAKAGI, 1980). But there is little direct information with regard to the possibility that a failure of
inhibition may play a vital role in the development of
seizures generated by repetitive stimulation.
The present paper is the first of a series describing
experiments
on hippocampal
neurons
in rats.
Although in situ recording
with intracellular
electrodes presents serious difficulties-and
lacks the
advantages
of much greater stability, control over
bathing medium, absence of anaesthetic, etc., offered
by hippocampal slices in vitro (YAMAMOTO& KAWAI,
1968; SCHWARTZKROIN, 1975; LYNCH 8~ SCHUBERT,
1980 jnevertheless,
there is a significant advantage in
making observations on a system that receives its normal blood supply and remains connected to the rest
of the brain. The rat is especially suitable for such
studies because so much is known about the transmitter neurochemistry
of the rat’s hippocampus
(STORM-MATHISEN, 1977). In the present paper, we
first describe in some detail properties
of IPSPs, especially their basic element,
the large conductance
increase, partly because it has not been systemically
studied in previous experiments in vim (KANDEL et al.,
1961; ECCLES, NICOLL, OSHIMA & RUBIA, 1977tand
only relatively little in vitro (the paper by DINGLEDINE
& LANGMOEN [1980] is a notable exception&and
partly to provide the basis for a systematic comparison between IPSPs and the action of applied GABA.
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and W. REINHARD~

2446

BISCOE& STRAUCjHAN(1966) were the first to demonstrate that hippocampal
cells, like other cortical
neurons (KRNJEVIC.& PHILLIS, 1963). are strongly inhibited by ~-aminobutyric acid (GABA). These observations were confirmed by many later investigators
(STRAUGHAN. 1975). However, there have been very
few intracellular
studies of the action
of GABA, and
they have tended to be incidental to other investigations (SEPAL. 1980), or especially
concerned
with
potential
1978;

changes
ALC~ER &

(ANDERSEN,BIE, GANES & LAURSEN,
NICOLL. 1979;

ANDERSEN. DING-

LEDINE.GJERSTAD. LANC~MOEN
& LAL’RSEN, 1980) and
performed

almost exclusively
on slices of hippocampus in tirro. Preliminary results of some of the
findings have already appeared (BEN-ARI, KRNJEVI~ &
REINHARDT. 1979; KRNJEVIC, 1980).

EXPERIMENTAL

PROCEDURES

All the experiments were performed on Sprague-Dawley
rats. weighing 250-300 g. In most cases they were anaesthetized with urethane (1.5 g/kg i.p.); but in five experiments,
ketamine
HCI (Ketaset,
Rogar/STB)
was administered
instead, first intraperitoneally
(10 mg/lOtl g) and then intravenously in doses of 5-10 mg at intervals of 20-30 min. The
animals were not paralyzed and therefore breathed spontaneously. They were held in a heavy frame. which permitted stereotaxic placement of bipolar-stimulating
electrodes
in the fimbrta
of entorhinal
cortex, at the following
coordinates
respectively: for the fimbria, rostrocaudal,
6.6;
lateral, I-1.5: vertical, +7 (at this site, the electrode is in
the direct vicinity of the hippocampal
commissure);
for the
entorhinal
cortex, rostral,
352.5;
lateral, 5.5: vertical,
2-2.5 (according to the atlas of ALBE-FESSARD,
STWINSKY
& LIBOUBAN,1971). To avoid interference with the recording microelectrode.
the stimulating electrodes were inserted
at an angle of about 30 from the vertical plane. Accurate
placement
was confirmed
by the characteristic
responses
evoked in the pyramidal layer. and also by routine checking of electrode tracks at the end of the experiments.
For
the histological
procedures,
the animal was intracardially
perfused with a lo”,, formalin-saline
solution.
Coronal
sections were stained routinely with Cresyl violet (Fig. 1)
and occastonally
by the techniques described by FINK &
HEIMER(1967).

The recording
glass micropipettes
were of the conventional type, filled with 3 M KCI. K methyl sulphate, or 1.4M
K citrate (the latter often with 1 M KC1 added, in the proportion of 1:4). and having tip resistances
mostly in the
range 15-30 MR). Not infrequently,
the single microelectrode was attached to a larger. multi-barrelled
pipette used
to test effects of GABA. Cal”, or some other relevant
agents. The pia was removed before insertion of the microelectrode. and the surface was then’covered
with a layer of
agar (4”,, in physiological
saline).
The high input impedance stage of the amplifying system
was capable of injecting constant
currents (steady or in
brief pulses) through the microelectrode
and into the hippocampal cells. Pulses were used to measure the input resistance of the cells by the technique
fully described
by
KRNJEVP‘, LAMOUR, MACDONAL.D & NISTRI (1979). Series
of 10 incrementing
rectangular
current pulses were injected
(mainly in the ‘negative’ direction) and the corresponding
(mostly hyperpolarizing)
voltage changes recorded at the

end of each pulse. Examples of such hyperpolarizing
pulses
recorded in the resting state (before the stimulus artifact)
and during the IPSP are given in Figs 2, 3 and 10. As
illustrated in Fig. 2 I 6: J. we could thus obtain on-hne. at
regular Intervals
of 5- 10s. a series of current:voltage
points for the ‘resting’ state as well as for the IPSP. The
cell input resistance was calculated from the slopes of the
lines of best fit (linear regressron) for single or multiple
groups of such values (IO-80 points). as well as the corresponding standard errors (cf. the lines &ted to the points tn
Fig. 2K). The resistance measurements
were calibrated
by
the use of known resistances.
It is generally agreed that an increase in membrane conductance is the fundan~etltal process that generates IPSPs.
Ideally, in a paper that emphasizes this process, the results
should be expressed
entirely in terms of conductance
changes. Unfortunately,
estimates of conductance
are derived from the more direct estimates of resistance;
and
whereas observed re.Gsfmcc ciwmqrsare largely independent of the accuracy of bridge balance. this is not true for
conducrc~nce clrun+s. The problem becomes acute when the
membrane resistance is very low as during IPSPs or applications of GABA
because conductance
tends towards
infinity when resistance approaches
zero and even a small
deviation
from true balance may lead to gross ovser- or
underestimates
of conductance.
For this reason. throughout the paper. the results are presented both as resistance
and conductance
changes.
For applications
of GABA and giycine, 3 or 4barrelled
micropipettes
were attached in parallel to a single recording microelectrode.
the tips being separated
by IO- 50~1m.
The inhibitory- aminoacids
were made up in concentrated
solutions and acidified to factlitate their release by iontophoresis: GABA (Sigma), I M at pH 4.5: glycine. I M at
pH 3.5.

RESULTS
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(e.g. ANDERSEN,
of various
pathways evokes comparable IPSPs in hippocampal
neurons. In rats under urethane, similar IPSPs are
evoked by stimulating the fimbria (including the adjacent commissura1 fibres. cf. Experimental Procedures)
or the entorhinal cortex. Hyperpolarizing
IPSPs may
last 50-200ms (Figs 2A. B-E. 3 and 6A. B). If a
neuron happens to be discharging
the IPSP is associated with a corresponding
silent period: even when
the cell is not firing, the noise level-which
probably
reflects on-going synaptic activity as well as local responses generated
by mechanical
disturbancesis
greatly reduced (Fig. 4G).
As reported

by previous

EWLES & LWNING,

authors

1964). the stimulation

If current pulses are injected through the microelectrode, as in the experiment of Fig. 2, one can readily
demonstrate a large fall in cell input resistance during
IPSPs. Thus, Figs 2D and F show the approximately
constant voltage deflections evoked by hyperpolarizing and depolarizing
current pulses applied in the
absence of stimulation;
but in traces tB, C, 2E and
2G there is a gross reduction in resistance at the peak

FIG. 1. Histological confirmation of the location of stimulating and recording electrodes in hippocampus. 100 pm thick sections were stained with Cresyl violet. Tracks made by recording micropipettes
in CA3 (A) and CA1 (B) fields are marked by arrows. (Cklocation
of the double electrode used for
ftmbrial-commissural stimulation is indicated by white circles. (Dt_track of a stimulating electrode
placed in medial part of entorhinal cortex; lower circle indicates final position of electrode. Diagram in
(E) summarizes the experimental procedures. Abbreviations: alv-alveus; fim-fimbria; fx-fornix; mfmossy fibres; CE-entorhinal
cortex; CA1 and CA3-hippocampal
fields according to LORENTEDE N6
(1934); F&fascia
dentata; R-rhinal fissure; Sch-Schaffer collaterals.
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FIG. 2. IPSPs recorded in hippocampal
neuron showing typical large increase in membrane
conductance. Resting potential initially -40 mV. (A)-hyperpolarizing
IPSP recorded at start of intracellular
recording (with KCI-electrode),
in response to entorhinal
stimulation.
Within 5 min IPSP reversed to
positive direction (B, and all subsequent
traces). Changes in membrane
resistance were measured
by
application
of 10 ms hyperpolarizing
(and sometimes depolarizing)
current pulses, incremented
in 9
equal steps. In (B) four sets of such pulses were applied, resulting in hyperpolarizing
deflections as shown
in several superimposed
traces: first pulse at left reflects resting resistance;
three more are seen after
stimulus artifact, the first during peak of IPSP, and two more after intervals of 20ms. Note large
reduction
in input resistance during IPSP. (Ct_comparable
data obtained
during IPSPs evoked by
fimbrial-commissural
stimulation.
(DFsimilar
set of pulses recorded in absence of inhibitory
stimulation. In (E) to (G), a more complete set of both positive and negative current pulses evokes corresponding hyperpolarizing
and depolarizing
deflections. In (E) four sets of such pulses were applied before and
during IPSPs evoked by fimbrial stimulation.
(F) is another control in absence of inhibition. In (G) eight
sets of such pulses were used to demonstrate
full time-course
of inhibitory
conductance
change. (H) is
control run performed immediately
after exit from this cell, using identical series of current pulses. (I) to
(K) illustrate the current-voltage
points recorded and displayed on-line by Lint 8 computer. In (I) there
is one set of resting data. In (J) corresponding
data obtained during peak of IPSP; while (K) shows on
one plot eight successive sets of resting and IPSP sets of resting and IPSP current-voltage
points, as well
as the lines of best-fit calculated on-line. Data were obtained during fimbrial stimulation
at 2 Hz, over a
period of 40 s.

IPSPs
evoked by either entorhinal
or fimbrial
stimulation. From such records, current voltage data
were obtained and displayed on-line (Figs 21, J), and
from the slopes of the corresponding
regression lines
(corrected whenever necessary for any residual tip resistance, cf. Fig. 2H) values of input resistance were
calculated. Similar tests were done on negative IPSPs
recorded with electrodes containing K citrate or K
methyl sulphate (Figs 3A,B).
Table I summarizes such data from 41 representa-

of

neurons, as well as from 12 neurons that had
resting potentials more negative than -55 mV. Near
the peak of the IPSP, the mean fall in input resistance
was by 610/& corresponding
to a mean increase in
input conductance
by 220%. One might expect IPSP
resistance changes to be much more pronounced
under optimal conditions of recording; in fact there
was only a marginally greater mean resistance fall (by
71%) in the 12 cells with resting potentials more negative than -55 mV--even
though these cells had a

tive
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FIG 3. Some examples of negative inhibitory synaptic potential, recorded with K methyl sulphate
electrodes. (A,B). superimposed
traces showing full sequence of resistance-measuring
pulses, with and
without IPSP evoked by fimbrial stimulation (resting potential -39 mV, current
pulses -2.4
to
+0.9nA).
(C.D), another neuron and fimbrial IPSPs, with and without resistance-measuring
pulses
showing late rebound (arrows) (resting potential is -35 mV). (E), rebound after IPSP in another neuron.
associated with burst of firing (resting potential
-35 mV). (F) positive IPSP recorded with KCI electrode: resistance-measuring
pulses indicate a late rebound of increased resistance towards end of traces.
Note reduced amplification
in (E).

95yo greater mean input resistance (the great variability
of input resistance, in both populations,
probably
cancelled
out the positive correlation
[r = 0.311
between IPSP resistance change and resting resistance
[but not potential] observed in individual cells). The
corresponding
mean increase in conductance
(by
3109,J was 42”. greater, but the difference is of doubtful significance in view of the large standard error.
Table 1 also lists separately data from 10 neurons
from which negative IPSPs were recorded
with
K-citrate or K methyl sulphate electrodes
(lowest
line). The IPSP resistance (and conductance) changes
were somewhat smaller but they did not differ signiticantly from those seen in the general population.
Time course
ance

change:

of inhibitory
Initial

s_wuptic potential

portion

of

inhibitor),

und resistsynaptic

potential
Negutiw
inhibitory
synrrptic porentictls.
Although
the synaptic potential sometimes consisted of only a
negative deflection from the outset (Figs 3E, 6A,B),
more often, the negative IPSP was preceded by a relatively inconspicuous, brief positive wave (Figs ZA, 3B).
The upper traces of Fig. 4 illustrate this even more

clearly. In A and C are displayed, on the same time
base the potentials evoked by fimbrial and entorhinal
stimulation respectively, both sets of responses being
shown on faster sweeps in B and D. The fimbrial
stimulus evokes first a small positive wave, this has a
peak at 9 ms, and returns to the base line by 12 ms
after the stimulus artifact; it is followed by a slow
negativity, that has a flat maximum at about 30ms,
and lasts up to 1OOms. The positive response evoked
by entorhinal
stimulation
has a longer latency (as
expected from a longer conduction distance): it begins
8 ms after the stimulus artifact, has a double peak at
13-15 ms and ends by 18 ms: the following negative
wave has a maximum at about 35 ms and a total
duration also of about 100 ms.
Positive inhibitor)* .s~xuptic potentictls. When IPSPs
become positive because of Cl leakage from the electrode. their time-course was consistently faster: thus
in Fig. 2B, the time-to-peak
(measured
from the
stimulus artifact) was reduced by a half, from 30 ms to
15 ms. Similar differences between the positive and
negative IPSPs were observed not only in other cells
showing positive IPSPs, but also in cells whose IPSPs
remained negative (because the recording electrodes
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ductance rises even earlier, its maximum having a
latency of only 2-3 ms. The quicker onset of high conductance evoked by fimbrial stimulation is particularly clear if one compares traces B and C in Fig. 2.
Further evidence that the IPSP has a very early onset
is its much related latency after it has been reversed to
a large positive potential by Cl- leakage (cf. Figs 4C
and 4E, recorded in the same cell, before and after
reversal).
Two positive potentials superimposed on the IPSP
appear to account for the early positive deflection as
well as the asymmetrical reversal of the initial portion
of the IPSP. The first is the positive extracellular field
that is characteristically evoked in the pyramidal
layer (ANDERSEN
et al., 1964). After subtraction of this
component (clearly visible in the extracellular control
record in Fig. 2H), a substantial excess of positivity
often remains, that is particularly obvious when the
IPSP potential is plotted as a function of the simultaneous change in input resistance (Fig. 5C), and is
probably caused by a superimposed EPSP.

D I

-L

J---y

FIG. 4. Very early and very late events in course of inhibitory synaptic potential. (A), (B) postsynaptic potentials
evoked by fimbrial stimulation, displayed on slow and fast
time base respectively. (C), (D) corresponding
IPSPs

evoked by entorhinal stimulation. (H), some ten minutes
later IPSP has become entirely positive owing to Cl- leakage from microelectrode. Note prominent ongoing (depolarizing) synaptic activity which is interrupted during
IPSP and for at least 150 ms after (G and H). In (F) negative current pulses monitor changes in membrane resistance. In (H) these pulses generate post-anodal partial
spikes, except during IPSP.

A useful model of a synaptic potential is the following
(see GINSBORG,
1973; JUNGE,1976). In the resting state, the
membrane potential is governed by a battery E, with a
series resistance R,; the synaptic action introduces in
parallel a battery E, and resistance R,. The resulting
synaptic potential AV generates equal and opposite currents through RR and Rs. One can therefore express AV as
a function of the change in input resistance (AR):
AV =

F(E,- ER)
R

contained no Cl-) but were temporarily reversed by
hyperpolarizing currents.
A very short latency of the underlying IPSP is indicated by the early onset of a large increase in conduo
tame-which
indeed may even precede the start of
the positive wave: the resistance-testing pulse in
Fig. 4F shows that the conductance has started rising
within 5 ms of the stimulus, well before the start of the
positive response in 4C, and that a maximum of conductance is reached by 13-15ms, at the time of the
double peak of 4C. After a fimbrial stimulus, the con-

This is especially useful because AV should be simply
proportional to the observed change in resistance; moreover, as already discussed in Experimental Procedures, AR
is measured much more reliably than the absolute input
resistance (or change in conductance). Indeed, as illustrated
in Fig. 5C, plots of observed AV against AR readily gave a
straight line, except for the initial portion of the IPSP,
which often showed a pronounced positive deviation (after
making full allowance for any extracellular field).
Either an EPSP or an active membrane response could
account for this additional, transmembrane positive potential; but an active response cannot have been the principal

TABLET. MEANVALUES(WITHSTANDARDERROR)OF
RESTING POTENTIAL,INPUTRESISTANCE ANDGHANGE
IN RESISTANCE(OR
CONDUCTANCE)OBSERVED
DURING NEAR-MAXIMAL INHIBITORY SYNAPTIC POTENTIAL,EVOKED BY FIMBRIAL-COMMISSURAL OR
ENTORHINALSTIMULATION. DATA ARE SHOWN IN ~GROUPS: A REPRESENTATIVE SAMPLE OF 41 NEURONS; 12 NEURONS WITH
PARTICULARLY GGOD RESTING POTENTIALS;10 NEURONS WITH HYPERPOLARIZING INHIBITORY SYNAPTIC POTENTIAL (MICROELECTRODES CONTAINED ONLY OR MAINLY K CITRATE OR K METHYL SULPHATE) AND LAST, 13 NEURONS IN RATS UNDER
KETAMINE ANAESTHESIA

Group

General
Best cells
With negative
IPSPS
Under
Ketamine

Number of cells

Resting
potential
(mV)

Resting input
resistance
(MQ

Fall in resistance
at peak of IPSP
(as ‘A of resting
resistance)

Increase in conductance
at peak of IPSP
(as ‘A of resting
conductance)

41
12

- 32.4(2.99)
- 65.7(2.46)

X03(0.36)
9.82(1.%X)

- 60.8(2.92)
- 70.9(5.02)

+221(30.0)
+ 314f74.4)

10

-48.6(2.78)

6.34(0.39)

- 50.8(9.56)

+ 164(60.7)

13

- 40.3(6.90)

S.SS(O.75)

- 55.6(5.80)

+ 140(30.1)
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FIG. 5. Time course of potential (A) and resistance (B) changes during and after inhibitory
synaptic
potential in cell of Fig. 4. Note large overshoot
of both potential
and resistance.
Each estimate of
resistance is based on 8 sets of IO current-voltage
points (cf. Fig. 2). Vertical bars indicate i 1 standard
error of slope of regression line used in calculating
resistance.
(C) Plot of change in potential
(AV)
against corresponding
change in resistance (AR) at various times during and after the IPSP of A,B.
mechanism
because the appearance
of the positive response depended on the intensity of stimulation
but not at
all on the degree of membrane depolarization:
in fact, the
response was particularly
large when superimposed
on a
hyperpolarizing
IPSP.

Time course:
potential

Lutrr

portion

of

inhibitory

swaptit

After the relatively flat maximum, negative IPSPs
return only slowly to the base line, their total duration being typically about lOC200 ms. For example,
the half-time of recovery (t&) is 35-60 ms for the
IPSPs of Figs 3-5. Positive
IPSPs--even
when
recorded in the same cell (Fig. 4Ethave
a faster
recovery, tf most often being 2630 ms.
The time course of resistance change during the
IPSP becomes evident if several sets of current pulses
are injected, as illustrated
in Figs 2 and 3. For
example, Fig. 5 shows the rate of decay of the
reversed IPSP (circles) in Fig. 4 and the corresponding change in resistance (triangles). At first. the latter
diminished relatively slowly, being still 600,, of the
peak at 30ms. but then it fell rapidly to 6”,, of the
peak by 60 ms, after which there was a pronounced
overshoot of resistance. More typically (Table 2 and
Fig. 6) the resistance change diminished
to about
50”,, by 30ms and 20”,, by 60ms. As indicated in
Table 2 the rate of decay of the resistance change was

not obviously affected by the quality of intracellular
recording.
In most cells, the decay of resistance change lasted
only about looms, but in some cells, there was a
residual effect lasting another 100 ms. This was the
case for the 5 neurons of Fig. 6, which illustrates the
markedly similar time course of IPSPs evoked in the
same cells by stimulation of the fimbria (open symbols) or the entorhinal cortex (closed symbols). The
corresponding
estimates of conductance
increase are
also plotted (circles); they show a much more rapid
decay of IPSP conductance:
by 30ms. the conductance had fallen to only 25”,, of its peak value, and by
60 ms. to just under 105, (in good agreement with the
data in Table 2).
A more rapid decay of conductance
during the IPSP is
to be expected. According
to the model discussed earlier,
the relation betwen potential change (AV) and conductance
change (AG) should be non-linear. since AV is proportional
to AG.!(GR + AC) (GINSBORG.1973; JUNGE, 1976). when
G, is the resting conductance.
This is in contrast
to the
linear relation between AV and AR.
The duration and rate of decay of the IPSP is very
much a function of the intensity of stimulation.
A
particularly complete set of data from one cell illustrates this point in Fig. 7. At the left are plots of the
positive IPSPs (A) and corresponding
resistance

TABLE 2. RATE OF DECAYok INHIBITORY
SYNAI’TI~‘POTEVTIAL,RESISTANCE
OR CONDCCTAN(‘ECHANGE.MEAN VALUESARE
EXPRESSED
AS PERCENToc MAXIMUMCHANGEOBSERVED
AT PEAKOF IPSP. CELLS AREGROUPEDAS IN TABLE I

Group

Number

of cells

Resting potential
(mW

Resistance change during
(at peak)
(30 ms later)

General
Best cells
Under Ketamine

41
12
13

- 32.4
- 65.7
- 40.3

100
100
100

Best cells

12

-65.7

loo

Conductance

46.613.3)
49.3(5.7)
33.3(6.4)
change during
21.2(2.6)

IPSP (Y,,)
(60 ms later)
21.4(3.4)
19.4(5.7)
ll.5(7.0)
IPSP (‘I,,)
6.3(1.3)

Inhibitory

postsynaptic

potentials

‘0
N
-

w
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(closed circles). Although there was appreciable variation. these graphs indicate a significantly
greater
duration of IPSPs under urethane (half decay time
37 ms) than under ketamine (half decay time 21 ms).
The shorter duration of IPSPs in rats under ketamine
is also evident in Table 2, where all the relevant data
are grouped separately: for example, at 30 ms past the
peak, the resistance change observed under ketamine
was only 2/3 of that seen in the overall population.
Furthermore,
urethane appears to potentiate the peak
intensity of IPSPs since the peak increase in IPSP
conductance
was one-third
less in rats under
ketamine (Table 1).
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FIG. 6. Comparison
of time course of resistance (or conductance)
change
during
inhibitory
synaptic
potential
evoked in the same five neurons by fimbrial-commissural
and by entorhinal
stimulation.
Inset traces illustrate two
such IPSPs, from one of these neurons, evoked by (A) entorhinal and (B) fimbrial stimulation.
Triangles indicate resistance fall as percentage
of maximum
fall observed
at
peak of IPSP, and circles conductance
increase as percentage of maximum increase observed at peak of IPSP. Open
symbols, fimbrial stimulation;
closed symbols, entorhinal
stimulation.
Dotted lines are exponential
relations that fit
the values for times > 60 ms. The solid lines can be fitted
by two exponential
processes with half-times of decay of
10-12 ms and 4749 ms respectively.
changes (B) evoked by stimulating the entorhinal cortex at various intensities (as indicated). In C, D are
the responses evoked by the somewhat less effective
fimbrial stimulation. With entorhinal stimulation, the
threshold intensity was near 4.0 V; the peak responses
then increased rapidly but they approached
saturation above 6.0 V. The duration of the IPSP increased
more strikingly, especially since there was no sign of
saturation: for stimulations of 4, 5, 6, 8 and 10 V, the
respective
times of half decay for the resistance
change were 4, 15, 22, 30 and 40ms. The fimbrialevoked IPSPs had similar characteristics,
though
stronger stimulations were required to evoke IPSPs.

Influence of anaesthetic
A series of five experiments was performed in rats
under ketamine in order to find out whether urethane-the
anaesthetic
used routinely-significantly
affected the characteristics
of IPSPs. Figure 8 illustrates the difference in time course of IPSPs recorded
under particularly stable conditions (resting potentials
- 61 to - 80 mV) in 4 cells in 4 rats under urethane
(open circles) and in 4 cells in rats under ketamine

The intersection of control and IPSP current-voltage lines provides an estimate of E,,,,. In seven cells
with negative IPSPs, EIPSP (measured near the peak)
was 18.3 mV (SD. 8.3) more negative on the average
than the resting potential (mean - 55 mV [SD. 8.41).
Of course, when positive IPSPs were recorded with
KC1 electrodes, E,,,, was was much more positive
than the resting potential. For example, the mean
E,,,, for the 12 ‘best’ cells in Table 1 was 34 mV (SD.
22.3) more positive than the mean resting potential of
- 66 mV.
More systematic measurements
with four or more
sets of pulses at intervals along the IPSP (cf. Fig. 2)
yielded estimates of E,,,, at corresponding
times: they
revealed a consistent tendency for E,,,, to be relatively positive near the onset of the IPSP. Thus for
the 12 cells of Table 1, the first estimate of EIPSP(near
the peak of conductance) was 13.9 mV (S.D.17.6) more
positive than subsequent estimates. This is in keeping
with the idea that the early portion of the IPSP is
‘contaminated’ by an EPSP.
The great similarity between the fimbrial and entorhinal IPSPs is confirmed by the remarkably small
difference between corresponding
values of E,,,,. In
the five cells of Fig. 6, values of E,,,, ranged from
- 43 mV to + 8 mV, but the mean difference between
IPSPs recorded in
Em for fimbrial and entorhinal
the same cell was only 3.7 mV (SD. 2.18).
Late reboundfollowing

inhibitory synaptic potential

As emphasized
particularly
by ECCLES (1964),
IPSPs are not infrequently followed by a ‘post-anodal’ rebound of increased excitability. A depolarizing
rebound often followed negative IPSPs in the present
experiments.
For example, the fimbrial IPSPs in
Fig. 3C, D show a small but consistent
rebound
(arrow). As a rule, fimbrial stimulation did not evolve
conspicuous rebounds (cf. Fig. 3E). such as were seen
not infrequently
after entorhinal
stimulation
(e.g.
Fig. 6A). It is unlikely that the rebound signals the
delayed arrival of an excitatory input because positive
IPSPs tend to be followed by a hyperpolarizing
rebound (Figs 4G, 5 and 7). Moreover, the rebound is
usually accompanied by a variable but often substan-
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FIG. 8. Comparison of time course of resistance change
during inhibitory synaptic potential recorded in four cells
under urethane and four cells under ketamine anaesthesia,
all having resting potentials between -60 and -8OmV.
Vertical bars indicate standard errors.
tial overshoot of input resistance (Figs 3D, F; 5 and
7).
The main characteristics of the rebound-a
Clsensitive potential, but opposite to the IPSP in polarity, and associated with an increased resistance-are
not what one would expect of an intrinsic membrane
process. A more likely explanation is that hippocampal neurons may be subject to a substantial ongoing
inhibitory bombardment, which is temporarily suppressed after the IPSP,
The neuron of Figs 4 and 5 provides an excellent
illustration of these features. The control (‘resting’)
period preceding the stimulus in Fig. 4E and G is
characterized by a large amount of ‘spontaneous’ activity, that is reflected in the exceptionally high standard error of the estimate of ‘resting’ resistance in the
corresponding graph of Fig. 5B: the intense ongoing
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synaptic activity is seen even more clearly in the righthand portion of the very slow traces in Fig. 4G and
H. These responses are reversed IPSPs and not
EPSPs, because they became conspicuous only when
the stimulus-evoked IPSP turned positive, and they
had a reversal potential close to that of the IPSP.
Thus, the 3OOms-long period of quiescence that followed the peak of the IPSP can be ascribed to two
processes: an initial phase of enhanced conductance
(true inhibition), lasting nearly i00ms, during which
excitabiIity was su~cientIy reduced to prevent postanodal spike generation by hyperpolarizing pulses (cf.
IPSP in Fig. 4H), and a later phase lasting some
200ms during which excitability returned, but ongoing IPSPs remained largely suppressed.
The biphasic effect of stimulation does not depend
on the use of very strong volleys; as shown in Fig. 7,
even a just supra-threshold entorhinai stimulus that
elicits only a small and brief IPSP (and conductance
increase), nevertheless may evoke a large and prolonged rebound, particularly of resistance. Indeed,
after strong shocks, as the IPSP became longer, the
undershoot in potential and conductance diminished:
but a prolonged reduction in inhibition is suggested
by the downward shift in ‘control’ values of potential
and resistance in Figs 7A and B. Since these data were
obtained during stimulation at 2 Hz, the disinhibitory
action must have persisted for at least 0.5 s.
Main effects produced by y-aminobutyrate

In addition to a sharp reduction in excitability, that
was already well-known from extracellular studies,
the most characteristic effect of GABA is a large fall
in cell input resistance. It is easily visible in Figs 9 and
10.
In the chart paper traces of Fig. 9, voltage transients evoked by resistance-measuring current pulses
caused a great thickening of the base line; this was
much reduced or even abolished during application of
GABA. Owing to the poor frequency-response of the
pen-writer, such traces cannot give more than an approximate idea of resistance changes; for more re-

FIG. 9. Polygraph traces showing potential changes evoked by applications of y-aminobutyric acid to
four different neurons; A, B. C and D-F. Iontophoretic currents are indicated in nA. Regular series of
resistance testing pulses were applied throughout; they produced particularly large voltage changes in C
and D-F. Both IPSPs and effect of GABA were negative for cell A, but positive for other three cells.

Y. BEN-ARI. K. KRNJEVI~. R. J. REIFFENSTEINand W. REINHARUT

2456

E

/

I

F

GABA 14”~

31

FIG. 10. Both inhibitory
synaptic potential and y-aminobutyric
acid have similar effects on membrane
potential and resistance. Upper traces show negative IPSP and associated
resistance changes measured
in ‘resting’ state (first set of pulses, at left of stimulus artifact, marked by arrow in A, and at three points
during IPSP evoked by fimbrial stimulation.
(A), initial control; resting potential
-51 mV, input resistance, 5.0 MR, (B) 10 s after start of GABA release. there is a fall in resting resistance (to 2.7 MR), as well
as a downward (negative) displacement
of membrane potential; (C), 10 s later. during maintained
GABA
release, note partial recovery of resistance (D) further recovery 30 s after end of GABA release: resting
potential is now -53 mV and resistance 4.5 MR. E, second neuron with initial resting potential
of
-72 mV and resistance
of 17 Ma. Note large fall in resistance during IPSP evoked by entorhinal
stimulation.
Soon after start reapplication
of GABA (F). there was a positive, upward shift in membrane
potential, resting resistance fell sharply, but resistance at peak of IPSP increased a little. 24 s later (G), in
spite of continued
release of GABA, there was a partial repolarization,
and both resting and IPSP
resistances increased substantially.
(H) shows full recovery 25 s after end of GABA release.

liable estimates one must turn to oscilloscope records
like those in Fig. 10.
The first cell of Fig. lOA_D initially had a relatively
poor resting potential and resistance, and showed
only a moderate resistance drop during the negative
IPSP evoked by fimbrial stimulation (after arrow in
A): the application of GABA made the ‘resting’ resistance fall by about one half (B). The last set of traces
(D) shows full recovery of resistance 30s after the
release of GABA ended. The second cell (E-H) had a
much better resting potential and resistance, and a
large positive IPSP, accompanied
by a large fall in
resistance (as well as spikes), was evoked by entorhinal stimulation
(after arrow in E). Even a very
small release of GABA greatly reduced the input resistance (within 3 s) and abolished the synapticallyevoked spikes (F). The large conductance
increase
induced by GABA is indicated not only by the much
smaller amplitude of the voltage-deflection
generated
by identical current pulses but also by their faster
time-course (cf. Fig. IOE and F), reflecting a shorter
membrane time constant. The effect of GABA was
again fully reversible (Fig. 10H).
The traces in Figs 9 and 10 show that GABA can
also produce substantial potential changes; but they
were quite variable, apparently
depending
on the
polarity of the IPSP. Thus, for the cells of Figs 9A
and lOA_B, both the IPSP and the effects of GABA
were in the hyperpolarizing
direction, whereas the
cells illustrated in the other traces of Figs 9 and 10
showed IPSPs and effects of GABA that were in the
depolarizing
direction. This aspect of the action of
GABA will be discussed more fully below in connection with its reversal potential.

Mugnitudu

of the resisruncr

evoked by y-aminobutyric

(or conductance)

change

wid

A more quantitative
estimate of input resistance
and its modification by GABA was provided by current-voltage
data, as illustrated in Fig. II. The first
three panels (A-C) are computer displays of currentvoltage points obtained from cell E-H in Fig. IO: in A
are 10 resting values recorded shortly before each
entorhinal stimulus (before arrow in Fig. IOE); in B.
are 10 values recorded 3 ms after the peak of the IPSP
(after the arrow in Fig. IOE); and in C, IO ‘resting’
values recorded at the peak of the effect of GABA (cf.
Fig. 10F). These current-voltage
points were readily
fitted by linear regression lines (Fig. 1lD), and from
the slopes of these lines changes
in resistance and
conductance could be calculated with good accuracy
(the standard errors were < 5”;; of the regression coefficients).

As already mentioned, the cell time constant was some.
times too long to permit complete charging-up
of the membrane capacitance,
as in the example of Fig. 1OE; this
caused an underestimation
of resting resistance in certain
cells. which probably did not exceed 2&30”,,. Fortunately,
this underestimation
becomes even less significant
when
the resistance
data are converted
to conductances.
For
example, in the case of the cell illustrated in Fig. 10 (E-H):
the estimated resting input resistance was near 20 MR and
GABA reduced this by about 10MR; if the true resting
resistance was in fact 50”. greater (30 MQ), the estimate of
the change in resistance produced by GABA would have to
be revised by 100%. But if the data calculated
in terms of
conductance,
the conductance
increase evoked by GABA
would have to be corrected by only 33”,,.
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expressed in terms of conductance changes, increasing
iontophoretic
doses of GABA in the range 7-28 nA
evoked approximately
linearly increasing responses;
hence over this range, the ‘potency’ of GABA varied
between only 2.0 and 2.6 nS per nA of GABA iontophoretic current (these values refer to the early peak
of conductance increase elicited by GABA).
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Most neurons allowed only much more transient
intracellular
recording,
and the ‘resting’ potentials
were usually much poorer. Nevertheless,
in many
cases reproducible
large changes in resistance were
readily evoked by GABA. The conductance increases
observed in 30 cells are summarized in Table 3: for
each cell, only one representative
set of data was
taken, as well as the corresponding
resting potential
and input resistance. It is evident that in spite of a
poor mean resting potential (- 35 mV) and low input

FIG. 11. Current-voltage
points illustrating inhibitory
synaptic potential and action of y-aminobutyric acid. In
A-C, each set of IO points shows membrane potential
recorded at end of 10 ms pulses of current incremented in 9
equal steps between -2.0 and OnA: A, control resting
state; B, at peak of IPSP; C, at peak effect of GABA
(14 nA). Same three sets of points and corresponding lines
of best fit are shown in D: note single point of intersection
of lines indicating similar reversal potential for IPSP and
for action of GABA. Current-voltage points and lines in E
illustrate ‘fading’ of the GABA-induced conductance increase: values labelled GABA I are for initial peak effect,
those labelled GABA 2 were obtained after 10 s of GABA
release; note increase in resistance and positive shift in
reversal potential (cf. EG2 and EG1). Points and line GABA
3 in F show further fading 10 s later.
Under optimal conditions of recording, the large
changes in resistance produced by GABA are quite
reproducible.
For example, the cell of Fig. 11 had a
resting potential that fluctuated between -63 and
- 80 mV over a period of about 40 min. During this
time GABA was applied 15 times, alone or in combination
with other
procedures
or drugs. When
TABLE 3. PEAK CHANGES IN INPUT CONDUCTANCE
Y-AMINOBUTYRIC ACID. ONLY ONE SET OF DATA
STANDARDERRORS). OBSERVATIONSMADEINTHE
8
INCLUDED IN THE TOTAL POPULATION

No. of cells
30
8

Such estimates of potency do not have an absolute
meaning since they depend particularly on diffusion distance, GABA transport number and perhaps some other
variables. But they are useful for comparing the effects
obtained with similar electrodes at various sites or releasing different agents.

Resting
potential
(mV)
- 34.9(3.49)
-60.1(3.21)

resistance (under 6 MR), the mean potency of GABA
(4.2nS/nA) did not differ significantly from the data
obtained from the 8 ‘best’ cells (having a mean potential and resistance about double those for the over-all
population (Table 1, second line)),
Fading of the action of y-aminobutyrare
Most of the traces already discussed clearly illustrate a very characteristic feature: the GABA-induced
voltage and resistance changes reach a peak within a
few seconds and then decay to a substantially
lower
level. In Fig. 9 this is shown best by the two cells in C
and BF.
Here, the regular seres of current pulses
generated a sequence of large changes in voltage (seen
as downward,
hyperpolarizing
deflections).
In C,
when GABA was applied, it caused an upward (depolarizing) shift of the base-line and a reduction in the
amplitude of the voltage deflections, the latter reflecting the fall in resistance. With 7 nA of GABA, these
effects were well maintained
throughout
the application, but with 14nA the changes diminished after
an initial maximum. A similar fading of the action of
GABA occurred with 14 and 28 nA applications in E
and F (but again not with 7 nA, cf. D). Fading is also
evident in Fig. 10 (note the larger ‘resting’ pulse) in C
as compared with B, or in G as compared with F), as

OF HIPPOCAMPAL NEURONS ELICITEDBY IONTOPHORETIC APPLICATIONS OF
FROM EACH CELL WAS USED IN CALCULATING THE MEAN VALUES (AND
NEURONSTHATHADRESTINGPOTENTIALSBETTERTHAN
- 50mV (AND ARE
OF 30 NEURONS)ARE SHOWN SEPARATELY IN THE SECOND LINE

Input
resistance
(MQ)

Conductance increase
evoked by GABA
(%)
(ns)

5.8qO.98)
11.5(2.66)

308(41.3)
355(205)

129(17.7)
176(52.4)

Conductance increase per
unit of iontophoretic current
(WnA)
(‘%A)
4.23(0.56)
4.00(1.11)

2.38(0.74)
4.94(1.99)

GABA
current
(nA)
90.4(6.9)
67.8(18.0)
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peak IPSP conductance is therefore substantially less
than before the application of GABA (or afterwards,
cf. H). In general, the reduction in IPSP potency
occurred in parallel with the fading of the GABAinduced increase in ‘resting’ conductance.
Reversal
and,for

I

I

.

I

I

Ftc. 12. Effect of depolarization
on inhibitory
synaptic
potential and on y-aminobutyric
acid action recorded in a
hippocampal
cell. A, current-voltage
lines in resting state
(‘control’), at peak of IPSP (‘IPSP’) and at early peak of
GABA action (‘GABA’); reversal potentials
for IPSP (E,)
and for GABA effect (E,) are indicated;
B, same control
and GABA 1 lines as well as GABA 2 values recorded in
same neuron after another 15 s of continued GABA application (14 nA); note increase in resistance and positive shift
in GABA reversal potential;
C and D illustrate
data
obtained
from same cell during depolarization
by intracellular injection of current. from initial value of - 70 mV
(in A) to - 36 mV in C, and + 14 mV in D; note in D that
both IPSP and effect of GABA are now in hyperpolarizing
direction.
There is good agreement
between GABA and
IPSP reversal potentials
over wide range of membrane
potentials.

well as in the current-voltage
displays of Fig. 1 lE, F:
in E, the upper
line (GABA 1) indicates
values
recorded at the peak of GABA action, and the steeper
line (GABA 2) indicates the values recorded during
the subsequent 5 s; in F, the points recorded 10 s later
are labelled GABA 3. There are further examples of
fading in Figs 12B and 14C.
Such a fall-off in conductance
increase was seen
almost universally, except when applying very small
amounts of GABA. As a result, the high conductance
diminished to a plateau that was typically less than
half the early peak: for example, in the 8 ‘best’ cells in
Table 3 the increased conductance
fell to a mean
value only 39.13,: of the peak (S.E. 6.69). Another point
of interest, which is evident in the displays
of
Fig. 11E. F and Fig. 12B, is that in 20 cells out of 26
fading was associated with a positive shift in the
reversal potential for the action of GABA.
;a-Aminobutyrate
synaptic

acid-induced

fading

of

inhibitory

potentiulfor
inhibitory

the action

synaptic

of y-aminobutpric acid

potential

As already mentioned, a reversal potential could be
calculated from the points of intersection of currentvoltage lines recorded at rest and during IPSPs or
during applications of GABA (cf. Figs 11 and 12). In
most experiments we used KCl-containing
electrodes,
so many of the observed values were much more positive than the resting potential But over a wide range
of potential, the values of Erpsp and EoAiia obtained
simultaneously
from a given cell were usually strikingly similar. For example, the cell recorded in Fig. 11
showed an excellent agreement between E,,,, and
EoABA (as in Fig. 11D) during many repeated applications of GABA; thus although in 13 pairs of estimates EGAHAvaried between - 12 and -55 mV, the
mean difference between EIPSP and E,,,,
was only
3.8 mV (s.D. 4.00).
The cell illustrated in Fig. 12 showed initially (at a
resting potential of -69 mV) a difference of only
10mV between EIPSP and E,,,,
(A). When current
injection depolarized this cell to - 36 mV, the positive
IPSP was greatly diminished
but the agreement
between the reversal potentials became even better
(C). Stronger depolarization
(to + 14 mV) reversed the
IPSP to a negative potential, but E,,,, and E,,,,
remained virtually indistinguishable
(D).
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Another significant effect of GABA is a clear depression of the conductance
increase acompanying
the IPSP. This is particularly evident in Fig. 10 E-G:
when compared with either E or F, the height of the
resistance testing pulse applied near the peak of the
IPSP in G has increased by about one-third. The

FIG. 13. Similarity
betwen y-aminobutyric
acid reversal
potentials and inhibitory synaptic potential reversal potentials recorded in 27 different neurons, in 7 rats, as a result
of 83 tests of y-aminobutyric
acid. Solid line is leastsquares regression line (r = 0.95 x -2.18; S.E. is 0.047 for
slope and 1.59 for intercept). Dotted line is line of perfect
fit (?’ = x).
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FIG. 14. Intracellular records illustrating strong inhibitory effect of y-aminobutyric acid and, in same
neuron, minimal effect of glycine. A, IPSP and corresponding conductance change evoked by fimbrial
stimulation; B, typical large conductance increase induced by GABA, with significant fading in C. E, F
illustrate absence of conductance increase during larger application of glycine.
The excellent general agreement between E,,,, and
E GABAis illustrated in Fig. 13, which shows a total of

83 pairs of values, obtained from 27 cells in 7 rats.
The regression calculated for these points indicates a
very high positive correlation (r = 0.914), and the corresponding line (y = 0.95 x -2.18) does not differ
significantly from the line of perfect fit. The mean
difference between E,,,
and Eo,,,
was only
-0.91 mV (s.E. 1.11).

Eficts of glycine on hippocampal neurons
In four rats, systematic tests of glycine were made
on 16 cells, comparing in the same cell the effects
produced by both GABA and glycine. In three cases,
the recording was extracellular and only changes in
spike discharge were examined. Glycine was very ineffective in depressing either ongoing or evoked spike
activity, especially when compared even with much
lower iontophoretic doses of GABA.
Satisfactory intracellular records from 12 cells also
failed to reveal any consistent increases in membrane
conductance, even after large applications of glycine
(lOO-160nA); though all these cells showed a clear
increase in conductance in the presence of smaller
doses of GABA. This can be seen in the chart paper
record of Fig. 9B, as well as the oscilloscope traces of
Fig. 14. Only 4 cells out of the 12 showed some conductance increase when glycine was applied, and even
in these cells, the mean potency of glycine was only
15% of that of GABA (range 639%). Indeed, in six
other cells, glycine evoked an increase in resistance.
This unexpected change may be accounted for by the
relatively consistent depressant effect of glycine on
IPSP conductance increases (seen in 9 cells out of 12),

which indicates a possible presynaptic
glycine on inhibitory neurons.

action

of

DISCUSSION
Properties of IPSPs

Our observations confirm those of many previous
authors who have reported large IPSPs in hippocampal neurons (KANDELet al., 1961; ANDERSENet al.,
1964; ECCLESet al., 1977; DINGLEDINE& LANGMOEN,
1980). In our experiments, IPSPs have seldom lasted
beyond 10&2OOms, possibly because they were not
performed on animals under barbiturate anaesthesia
(cf. NICOLL, ECCLES, OSHIMA & RUBIA, 1975).
Although urethane appears to potentiate and prolong
IPSPs significantly, the IPSPs in our experiments
were comparable in time course to the IPSPs recently
studied in oitro by DINGLEDINE& LANGMOEN
(1980).
The principal difference between the results
obtained in uitro and in vioo lies in the greater magnitude of the conductance increases recorded in uiuo. In
spite of much lower average input resistances than the
25-50 MR reported from studies on hippocampal
slices (SEGAL,1980; SCHWARTZKROIN
& PRINCE,1980;
DODD, DINGLEDINE& KELLY, 1981tthe
overall
mean resting resistance being only 5 MR-at the peak
of maximal IPSPs the resistance typically fell by
60-70x. This is nearly twice the resistance changes
reported by DINGLEDINE& LANGMOEN(1980) (or
3-fold greater in terms of conductance increase). It is
not clear whether these authors used effectively
weaker stimulations, or whether inhibitory mechanisms are depressed in vitro, perhaps because inhibitory
interneurons are particularly susceptible to hypoxia
(DUNWIDDIE,MUELLER,PALMER,STEWART& HOFFER,
1980).
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The relatively low ‘resting’ input resistances in our
experiments cannot be due simply to poorer recording conditions:
even the best neurons (with mean
resting potentials of- 66 mV) had a mean resistance
of only 10 MR, in fair agreement with an early estimate of 13 MR for cat hippocampal
neurons in situ
(SPENCER & KANDEL, 1961). In the present population, the resistance ranged very widely from 3 to
24 MR) but showed no correlation with the resting
potential. When the cells had a particularly high resistance, our usual technique of measuring resistance
with l&20 ms current pulses tended to give an underestimate, because the recorded pulses failed to reach
a plateau owing to the long membrane time constant;
but judging by their time course, and, in some cases,
the results of tests with progressively longer current
pulses, even in the worst cases the underestimation
would not have been more than 20-30”,,. The high
resting conductance
is probably caused by the ongoing inhibitory activity that is strongly indicated by
other observations (Figs 4. 5 and 7).
The analysis of the time course of IPSPs is complicated at the beginning of the IPSP by an additional
depolarizing influence, and at the end by a variable,
but often striking undershoot
of both potential and
conductance.
The superimposition
of an early and
relatively brief EPSP (lasting l(r20ms)
would best
explain the apparent delay in the onset of hyperpolarizing IPSPs, as well as the more positive reversal
potential observed initially during the IPSP (noted
also by DINCLEDINE & LANGMOEN, 1980) making
unneccessary the postulate of a more positive equilibrium potential for Cl- in the cell bodies (which would
go against the contrary evidence of ANDERSENet ul..
1980) or the involvement of some other ion(s) in the
generation of IPSPs. It is fully in agreement with previous evidence of overlapping
EPSPs and IPSPs
generated by hippocampal
inputs (e.g. MACVICAR &
DUDEK, 1970; DINGLEDINE& GJERSTADT, 1979). The
early EPSP (or perhaps a voltage-dependent
conductance) may be responsible for the relatively high initial peak of conductance.
On the other hand, there is no obvious reason why
the synaptic action should decay as a simple exponential process with a half-time of about 30 ms. Indeed,
the removal of transmitter from its site of action by
diffusion and uptake should ensure a much more
rapid decay. It is curious that the unitary conductance
changes produced
by GABA have a duration
of
z 30 ms (BARKER, MACDONALD, MATHERS, MCBURNEY & OERTAL, 1981); if GABA remains attached to
its receptor for a comparable
time, repeated activation of receptors by single molecules of GABA
might explain its prolonged action.
The rebound of resistance and potential at the end
of the IPSP. which probably accounts for its early
termination,
is an interesting phenomenon.
It is in
fact unlikely to be a true rebound. Its main characteristics-the
reversed polarity after Cl- injection. the
increased resistance, and the absence of any simple

correlation to the intensity of stimulation and the size
of the IPSP (Fig. 7tare
fully consistent with a reduction of ongoing inhibitory input. The long duration of
this phenomenon
(> 300 ms) at least partly explains
the rise in resting resistance seen with increasing
strength of stimulation. when stimulating at frequencies of 2 or more Hz. Presumably, fimbrial and especially entorhinal stimulation has a biphasic action
on hippocampal
inhibitory interneurons,
causing an
early excitation (responsible for the IPSP seen in pyramidal neurons) followed by a prolonged inhibition
or disfacilitation. A corresponding
inactivation of inhibitory interneurons
during repetitive stimulation
may contribute significantly to the progressive disinhibition observed during stimulation
at frequencies
> l/s (BEN-ARI rr (I/.. 1979).

The large increase in conductance
produced
by
GABA is essentially comparable
to the effects observed in the neocortex (KRNJEVI~ & SCHWARTZ, 1967;
DREIFUSS, KELLY & KRNJEVIC. 1969), the spinal cord
(CURTIS. H~~sLI,JOHNSTON& JOHNSTON,1968: KRNJEVIC. PUIL & WERMAN. 1977) and some other regions
of the brain (OBATA, 1972), as well as in central
neurons grown in culture (BARKER & RANSOM, 1978).
The potency of GABA in the hippocampus
(about
4nSnA)
seems to be intermediate
between values
previously reported for the cortex (17 nS/nA) and the
spinal cord (2.7nS/nA) (KRNJEVI~ rt al., 1977). The
hippocampal neurons, however. resemble cells in the
neocortex in showing little sensitivity to glycine, in
agreement with the observations
by &GAL. SIMS &
SMISSMAN(1975). in contrast to spinal and brain stem
motoneurons
which are more readily inhibited by
glycine than by GABA (WERMAN, DAVID~FF & APRISON, 1968; CURTIS et trl., 1968; TEN BRUGGENCATE&
SONNHOF. 1971; KRNJEVI~‘et d.. 1977).
In agreement with observations
elsewhere (DREIFUSSet trl.. 1969: ADAMS& BROWN, 1975; KRNJEVI~ et
(II.. 1977; DESCH~NES & FELTZ, 1976) there was a
marked ‘fading’ of the GABA-induced
conductance
increase also in the hippocampus.
The mechanism of
this phenomenon
is by no means certain: it may be
due to desensitization
of GABA receptors. inactivation of Cl- channels, or accelerated uptake of GABA
at the receptor sites. One argument in favour of a
significant role of uptake is that fading is very often
associated with a positive shift in GABA-reversal
potential, which is perhaps most easily explained by
rheogenic GABA uptake (KRNIEVI~‘ et ul., 1977; see
also CONSTANTI, KRNJEVI~‘ & NISTRI, 1980). Other
explanations
would involve either extracellular
accumulations
of K+. secondary to depolarization
of
nerve endings. dendrites (ANDERSENc-‘tL/I.. 1980) and
even the cell under observations
(as in dorsal root
ganglion, DESCHBNES& FELTZ, 1976) or the late activation of distant GABA receptors that trigger a process having a more positive reversal potential,

Inhibitory

postsynaptic

potentials

An impressive feature of this fading, in the hippocampus, is the accompanying
sharp inactivation
of
IPSPs. This seems to indicate a loss of sensitivity to
GABA that affects equally the receptors activated by
the endogenous synaptic transmitter (presumably also
GABA). Although this is the most reasonable explanation-which
is strongly supported by the parallel
onset of fading and depression of IPSP conductance
change-we
cannot exclude a presynaptic
action of
the applied GABA, especially when large amounts of
GABA are released iontophoretically.
On the other
hand, the clear depression of IPSP conductance
by
very small doses of GABA (14-28 nA, cf. Figs 9C, E,
F; Fig. 10) does not seem compatible with an indirect
action mediated
by inhibition
of inhibitory
interneurons. Of course, if GABA can strongly depress
GABA release from inhibitory terminals, any fading
due to postsynaptic
desensitization
(and possibly
uptake) could be reinforced by autogenic presynaptic
inhibition
(cf. the well-known
ACh-mediated
depression of ACh release from cholinergic terminals.
e.g. SZERB, 1978).
The excellent agreement between E,,,,
and EIPSP
in many cells, under a variety of conditions, is very
much in keeping with strong neurochemical
evidence
that GABA is the most likely inhibitory transmitter in
the hippocampus
(STORM-MATHISEN,
1977;
RIBAK,
VAUGHAN & SAITO, 1978).

There

is especially

good

when both are
relatively positive (owing to Cl- lekage); but the tendency for E,,,,
to be somewhat more negative than
E lPSPwhen the latter is more negative than the resting
potential (Fig. 13) can be accounted for by some contamination
of the early portion of the IPSP by an
EPSP.
We can presume that the most negative observed
values of EGABAprovide the best indication of its true
‘normal’ value. Owing to the great technical difficulties experienced when using citrate-filled
electrodes,
we have only limited information
from cells having
fully satisfactory
resting potentials
and negative
IPSPs;
but judging
by these (Fig. 13), E,,,,
approaches
a negative minimum somewhere in the
agreement

between

E,,,,

and

E,,,,

and GABA
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region of - 75 mV. This value is reasonably close to
our estimate of a ‘normal’ value of E,,,, some 18 mV
(mean
the
resting
potential
negative
to
-55 mVtand
it agrees with the observations
of
ANDERSENet al. (1980) on E,,,,
in the cell body (in
hippocampal slices).
These findings are therefore consistent with a normal moderately hyperpolarizing
effect of both GABA
and synaptic inhibition, at least on the pyramidal cell
bodies. Inevitably, artifacts caused by intracellular
penetration
with a microelectrode
cannot be fully
controlled. The true value of resting potential, in so
far as this can be said to have any real meaning, is
hypothetical.
It is not clear why negative IPSPs
usually tend to diminish, even when they are recorded
with citrate electrodes (for comparable
observations
in the spinal cord, cf. KATZ & MILEDI, 1963). Can
even

citrate

interfere

travel

with

Perhaps

through

Cl-

channels,

the presumed

Cl-

pump?

the strongest

mally

hyperpolarizing

cuous

positive

wave

argument
somatic
recorded

or does

in favour
IPSP

is the

extracellularly

it

of a norconspiin the

to stimulations
that
evoke IPSPs (ANDERSEN et al., 1964, etc.). Although
this evidence to some extent suffers from the usual
ambiguity of field potentials (there may be a significant contribution
of sources generated by dendritic
EPSPs), it is obtained from cells that have not been
penetrated by an electrode [a comparable argument
was used by ARAKI, ECCLES & ITO (1960) and WERMAN (1940) to refute the suggestion that hyperpolarizing IPSPs in spinal interneurons
are an experimental
artifact (cf. LLOYD & Wu_soN, 1959)].
stratum

pyramidale

in response
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