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SUMMARY

1. Inhibitory postsynaptic potentials (IPSPs) and currents (IPSCs) were recorded
from cultured hippocampal neurones of the embryonic rat at 22 °C, using the whole-
cell patch-clamp technique with a low-Cl-, 145 mM-potassium gluconate solution in
the patch pipette. Individual synaptic events were elicited at low frequency (0 05-
0-1 Hz) by stimulating a presynaptic neurone either by direct intracellular current
injection, or by applying a brief pulse of L-glutamate.

2. In target neurones voltage clamped at -40 mV, outwardly directed IPSCs of
mean amplitude 0-23 nA were recorded. The IPSCs were depressed by the GABA
antagonist bicuculline, and reversed polarity between -50 and -80 mV (mean
-64 mV), as did current responses to y-aminobutyric acid. The IPSPs and IPSCs
reversed as a single phase; no bicuculline-resistant 'late' synaptic event was
observed.

3. The IPSCs had variable kinetics, with rise times between 1 and 5 ms (mean
2-9 ms) at -40 mV, and slower, monoexponential, decay phases (decay time
constant, TIPSC 10-40 ms at -40 mV). In some cells, TIPSC clearly increased with
depolarization.

4. The IPSC reversal potential was -64+ 9 mV (n = 23) under the experimental
conditions used; this suggests that the synaptically activated channels are
approximately 25 times more permeable to Cl- than to the gluconate anion.

5. The peak conductance associated with the IPSC showed outward rectification.
The synaptic conductance measured at -40 mV was 1-7 times greater than that
measured at -100 mV; at -20 mV, synaptic conductance was 2-5 times greater
than at -100 mV. This outward rectification can be explained by a constant field
model under these experimental conditions of asymmetric Cl- concentrations.

INTRODUCTION

y-Aminobutyric acid (GABA) receptors coupled to Cl- conductance mechanisms
are widely distributed throughout vertebrate and invertebrate nervous systems. In
crayfish or locust muscle (Dudel, 1977; Onodera & Takeuchi, 1979; Cull-Candy,
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1984, 1986), and invertebrate neurones (Gardner, 1980a, b; Gardner & Stevens, 1980;
Adams, Gage & Hamill, 1982; Adams, Banks & Constanti, 1981) the Cl--dependent
inhibitory postsynaptic current (IPSC) mediated by GABA or acetylcholine has been
studied in detail. The GABA-mediated IPSCs have been studied in mammalian
systems, using the hippocampal slice preparation (Collingridge, Gage & Robertson,
1984) or cultures of rat hippocampal neurones (Segal & Barker, 1984 b). In both these
studies, Cl--filled microelectrodes were used to increase [Cl-]i and thus shift the
reversal potential for the IPSC in the depolarized direction. This permitted
recordings of large-amplitude IPSCs at resting and more negative membrane
potentials, but prevented study of the IPSC at more depolarized potentials. We have
used the whole-cell patch clamp technique to study inhibitory synaptic transmission
between cultured rat hippocampal neurones under conditions in which the cells are
not loaded with Cl- ions.
The results of our experiments demonstrate that postsynaptic depolarization

over a physiologically relevant range of membrane potentials (- 120 to -20 mV)
results in intensification of the synaptically activated inhibitory conductance. Some
of these observations have been the subject of a preliminary communication (Barker,
Harrison & Vicini, 1986).

METHODS

Cell culture. Neurones from the hippocampi of E18 rat embryos were dissociated and maintained
in dissociated culture for 2-5 weeks as previously described (Segal, 1983).

Electrophysiological recordings. Recordings were made at room temperature (19-24 TC) on the
stage of an inverted phase-contrast microscope from neurones having cell bodies between 10 and
20,um in diameter. The whole-cell variation of the patch clamp technique was used to record
membrane currents or potentials (Hamill, Marty, Neher, Sakmann & Sigworth, 1981) via one or
two List EPC-7 amplifiers. Pipette-membrane seals of 2-20 GQ were necessary for successful
recordings. Pipette-to-bath resistances prior to seal formation were 3-5 MQ. Up to 70% series
resistance compensation was obtained under voltage clamp.

Solutions. The patch pipettes were filled with an 'intracellular' solution containing (mM):
potassium gluconate, 145; MgCI2, 2; (CaCl2, 0-1; ECTA, 1 1; HEPES, 5; titrated to pH 7-2 with
KOH. Sucrose was added to adjust the osmolarity to 315 mosM. Total intrapipette Cl- was
therefore 4-2 mM. The extracellular medium contained (mM): NaCl, 125; KCl, 5; MgCl2, 8; CaCl2,
4; D-glucose, 6; HEPES, 10; titrated to pH 7-4 with NaOH. Extracellular Cl- was therefore
154 mm. The high level of Mg2+ in the extracellular medium was associated with a low level of
s)ontaneous synaptic activity (Segal & Barker, 1984b). The liquid junction potential between the
two solutions was eliminated by placing the reference electrode in a side compartment containinlg
the 'intracellular' medium. The two compartments were connected with a bridge, filled on the
reference electrode side with 'intracellular' medium and on the bath side with extracellular saline.
An agar-saline 'plug' prevented mixing of the solutions, but ensured low (kQ) electrical
resistance.

Presynaptic stimulation. The postsynaptic events recorded were evoked either by direct injectioil
of depolarizing current via a second 'intracellular' patch pipette (1 nA, 2-5 ms, 0-1 Hz), sufficient
to trigger an action potential in the presynaptic neurone, or by stimulating another cell in the field
of view with 50-100 ms pulses of i,-glutamate, applied by pressure (1-2 lbf/in2. 0-05-01 Hz) from
a micropipette containing 20 /tM-L-glutamate, placed close to the cell body of the 'presynaptic'
neurone. The duration of the pressure pulse was adjusted until only one event was recorded per
stimulus. The GABA and bicuculline were also applied by pressure from micropipettes placed
within 2-3 /um of the 'postsynaptic' cell body.

Data aquisition and analysis. Pipette current or voltage was sampled and digitized at rates
between 1 and 5 kHz, using a Data Translation analog-to-digital converter (12 bit, +5 V range).
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Digitized data were stored for off-line analysis on a PDP 11-23 computer. Signals were low-pass
filtered at half the sampling rate. The decay time constant, rIPSC was estimated for individual
currents (not averaged data) using a least-squares fitting routine. Synaptic latency was determined
as the time elapsed between the peak of the presynaptic somatic action potential and the onset of
the postsynaptic signal. Rise time was defined as the time taken for the IPSP or IPSC to grow from
10 to 90% of its peak amplitude. Where mean values of variables are given, these are quoted as
mean + standard deviation.

Calculation of peak synaptic conductance. The IPSC reversal potential, EIPSC0 was obtained by
linear interpolation from the current-voltage relation for peak IPSC amplitude, I, for each target
cell. The driving force for Cl--ion movement, VD, was then expressed for a given holding potential.
VH, as VD = VH-EIPsc (this assumes EIPSC to be independent of VH; see below and Fig. 6). The peak
synaptic chord conductance was then defined as g1PSC = I/(VH-Epsc)

Fitting of experimental data by constantfield model. In order to fit the experimental current-voltage
relationships by a constant-field model, a modification of the Goldman-Hodgkin-Katz current
equation (Hodgkin & Katz, 1949) was used to describe current flow by two permeant species
through the synaptically activated ion channels. It was assumed that the only permeant ions were
Cl- and gluconate- (Gl-); the permeability of gluconate through the channels was then defined as
PGI = krel PCXXwhere krel is the ratio of permeabilities of gluconate relative to Cl-. The equation used
was:

i = aV[([Cl].+ kre,i[GI-]o) - ([Cl-]1 + krel[Gl-]i) e-VFIRT],

where a is a constant inversely proportional to the absolute mobility of chloride ions, [Cl-]. and
[Cl-]1 are the external and internal concentrations of Cl- ions, V is absolute membrane potential,
and F,R, and T have their conventional meanings. The parameters a and kre, were allowed to vary,
using a non-linear least-squares algorithm, until a 'best fit' to the experimental data was
obtained.

RESULTS

Cultured rat hippocampal neurones recorded from with patch pipettes containing
potassium gluconate had resting membrane potentials between -50 and -60 mV,
and input resistance between 100 and 500 MQ. Injection of depolarizing current
evoked one or more action potentials; prolonged current injection resulted in
accommodation of firing. These electrophysiological properties are superficially
similar to those reported for cultured hippocampal neurones impaled with
conventional microelectrodes (Segal, 1983). Inhibitory synaptic connections were
apparent after between 2-3 weeks in culture (Segal & Barker, 1984 b). With gluconate
as the main intracellular anion, and holding the membrane potential at -45 mV
with injected depolarizing current, we could readily distinguish between hyper-
polarizing inhibitory postsynaptic potentials (IPSPs) and depolarizing excitatory
postsynaptic potentials (EPSPs); we studied onlv the IPSPs.

Properties of IPSPs
In eleven pairs of recorded neurones, IPSP latency was 3-4 + 1P5 ms (range

1P2-5-5 ms). Synaptic latency varied little between stimuli (Fig. 1). Presynaptic firing
rates up to 10 Hz were followed on a one-for-one basis by IPSPs in these synaptic
pairs; such high-frequency stimulation of the presynaptic cell elicited the use-
dependent depression of IPSPs previously described in rat hippocampal slices
(McCarren & Alger, 1985). Often the presynaptic neurone failed to fire more rapidly
than 10-20 Hz, perhaps due to mono- or polysynaptic feed-back inhibition mediated
by recurrent collaterals of the presynaptic neurone itself. The IPSP rise time at
-45 mV was 7-3+ 3-2 ms (n = 11, range 3-6-14-5 ms). The IPSPs usually decayed in
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Fig. 1. Short latency monosynaptic IPSPs evoked by electrical stimulation of a

presynaptic neurone. A, a single record shows an IPSP evoked by a single presynaptic
action potential. The short synaptic latency is indicated (L). B, five consecutive records
showing the stability of synaptic latency and IPSP amplitude.

a manner that could not be described by a single-exponential process (Dingledine &
Korn, 1985); IPSP duration measured at half-peak amplitude was 73+25 ms

(n = 11, range 31-112 ms). They could be reversed in polarity between -60 and
-70 mV by injection of hyperpolarizing current (Fig. 2A). The IPSPs reversed as a

single phase with no evidence for a 'late' hyperpolarizing potential of the type
described in adult rat hippocampal slices (Newberry & Nicoll, 1984a; Hablitz &
Thalmann, 1987).

IPSPs and IPSCs reverse polarity at the reversal potential for current responses to
GABA

Following identification of stable IPSPs in a postsynaptic cell, the neurone was

voltage clamped at -40 mV. At this holding potential, presynaptic stimulation
elicited outwardly directed IPSCs (mean amplitude 0'23 nA; range 0-04-0-82 nA).
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Fig. 2. IPSPs and IPSCs reverse polarity at EGABA. A, IPSPs were evoked by L-glutamate
stimulation of a presynaptic neurone. Injection of hyperpolarizing current at the
postsynaptic cell body reverses the polarity of the evoked IPSP at about -60 mV.
B, in another experiment, stimulation of the presynaptic neurone with L-glutamate was
closely followed by application of a 15 ms pulse of 20,uM-GABA to the cell body of the
voltage-clamped postsynaptic cell. It is apparent that the IPSC and current responses to
exogenous GABA have a coincident reversal potential between -50 and -60 mV.

Between 20 and 500 IPSCs were recorded in each of thirty-two cells. In nine cells,
reversal of the IPSC was not demonstrated convincingly, suggesting that the
subsynaptic membrane was not under adequate voltage control; these data were
discarded. In the remaining population of cells, the value of the reversal potential for
the IPSC was -64 + 9 mV (range -55 to -80 mV). In individual recordings, EIPSC
was identical with the reversal potential for current responses to GABA (EGABA),
evoked by 10-30 ms pulses at the cell body (Fig. 2B). This close correspondence
between EIPSC and EGABA indicates that the ionic conductance activated by
exogenous GABA and endogenous transmitter was identical. When 145 mM-KCl or
CsCl replaced potassium gluconate in the patch pipette solution, both EIPSC and
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EGABA shifted in the depolarizing direction, to between 0 and + 5 mV. The IPSCs
were reversibly depressed in amplitude by local application of the GABA antagonist
bicuculline (not shown). Like the IPSPs and the current responses to GABA, IPSCs
reversed as a single phase, with no evidence for a late, K+-dependent synaptic
current.

IPSC kinetics
In contrast to the complex decay of IPSPs, the vast majority of the IPSCs

recorded in these experiments decayed as a single exponential at all membrane

A B

*- X T245 ms

Nc,\
-60 mV *.* 4?**y

-80 mV e..

-100 mV _ ,'_

|0 1 nA

20 ms

Fig. 3. IPSCs decay exponentially at all membrane potentials. A, raw data showing
IPSCs recorded at holding potentials of -60, -80 and -100 mV in the same cell. B, the
same data showing the exponential fit to the decay phase of the IPSC. All three IPSCs
were very well fitted by a single-exponential decay phase. The fits to the IPSCs are
superimposed on the original data; the fit to the first IPSC is also illustrated parallel to
the fitted synaptic current. The IPSC decay time constant, tIPSC was 24-5, 15-7 and
10-4 ms respectively. Note that although TIPSC increases somewhat with depolarization in
this case (see also Fig. 5), each IPSC still decays monoexponentially.

potentials studied (Fig. 3). A small proportion of IPSCs (< 10%) did not decay as
a single exponential, having a 'tail' that was longer in duration than the majority of
monoexponentially decaying IPSCs recorded. In view of the complexity of these
events, our analysis is restricted to twenty-three cells in which IPSCs decayed with
single-exponential kinetics. The IPSC rise time was estimated in thirteen cells; mean
rise time was 2-9 ms (range 1-6-5 6 ms). The IPSC decay time measured at -40 mV
varied considerably over twenty-three recordings; TIpSC was 27 + 9 ms (range
11-41 ms). Over twenty-three recordings, TIpsc did not correlate with peak
conductance (gIpsc) (Fig. 4A; P > 041, Kendall rank correlation test). In thirteen
cells in which rise time and TIpSC were measured, there was a weak correlation
between the two variables (Fig. 4B; P < 002, Kendall rank correlation test). In
eight cells, sufficient IPSCs were sampled to permit study of the voltage dependence
of TIPSC; there was some increase in TipsC with depolarization in five of the eight cells
(e.g. Fig. 5A). In cells in which TIpSC increased with depolarization, there was no
evidence that IPSC rise time was voltage dependent (Fig. 5B).
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Fig. 4. TrpSC is weakly correlated with rise time but not with 9IPSC. A, the synaptic
conductance 91PSC associated with the IPSC recorded at -40 mV in each of twentv-one
cells is plotted against the mean IPSC decay time constant T,,C for IPSCs recorded at
-40 mV in that cell. Each point represents the mean of 10-500 individual IPSCs. There
was no correlation between the two variables. B, IPSC rise time is plotted against TIPSC
for a population of thirteen cells in which IPSC rise time could be estimated accurately
(in some cases the stimulus artifact arising from capacitative coupling between the two
microelectrodes obscured the rising phase of the IPSC).

IPSCOs show outward rectification
The amplitude of the IPSC varied in a non-linear manner with holding potential

in most cells. In several experiments, the membrane potential was held at -40 mV,
then the holding potential was changed to allow sampling of IPSCs at other
membrane potentials for 30-90 s, before returning to -40 mV (method A). An
example of a current-voltage relation obtained in this way is shown in Fig. 7A. In
these initial experiments, it was assumed that ElPSC is independent of holding
potential; in other words it was assumed that conditioning the cell at various
membrane potentials did not alter Ec, and hence EIPSC. This assumption was tested
in a separate series of experiments in which the postsynaptic membrane was held at
various potentials before being stepped to test potentials for 200 ms. The presynaptic
cell was electrically stimulated 20 ms after the postsynaptic voltage jump was
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Fig. 5. IPSC decay time constant but not rise time is voltage dependent. A, IPSC decay
time constant is plotted against holding potential for two different cells. Each point
represents the mean decay time constant rI^C for six to twenty-five IPSCs recorded at
that holding potential. In one of the two experiments illustrated, a clear trend towards
increased decay time constant is apparent with membrane depolarization. Error bars
indicating standard deviation are shown for one cell only for clarity. B, voltage
dependence of rlpc but not rise time. In the example shown, rIPSC increases by 50%

between -110 and -20 mV, while rise time appears voltage invariant.

initiated (method B). In Fig. 6, it can be seen that conditioning the postsynaptic
neurone for several minutes over a 40 mV range of holding potentials between -40
and -80 mV failed to influence the value of E1psc; this remained unchanged at
-75 mV. This demonstration of the independence of ElPSC from holding potential
suggested that results obtained using the method A were valid, and the results of
experiments using methods A and B were pooled.
By assuming EIPSC to be invariant, it was possible to calculate synaptic

conductance gIPSC at a variety of holding potentials on either side of the reversal
potential. Data from single cells transformed in this way also suggested outward
rectification of the inhibitory conductance mechanism (Fig. 7B). When the
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Fig. 6. The IPSC reversal potential EIPSC is independent of holding potential under
conditions of whole-cell recording. The membrane current ('In) IPSCs recorded following
voltage jumps from various holding potentials (VH) to a series of test potentials. The
postsynaptic cell was stepped from the holding potential to the test potential for 200 ins.
Twenty milliseconds after the beginning of the step the presynaptic neurone (Pre) was
electrically stimulated, firing a single action potential, which evokes an IPSC in the target
cell. A, a family of synaptic currents recorded following voltage steps to test potentials
between-30 and -100 mV, from a holding potential of -60 mV. The reversal potential
for the IPSC, EIS was approximately -75 mV. Each current shown is an average of five
to ten IPSCs obtained at each test potential. B, a family of synaptic currents recorded in
the same cell by jumps to test potentials from -40 mV. The EIPSC~is again -75 mV. C, a
family of synaptic currents recorded when the holding potential wasm-80 mV. The EIPS
is -75mV. D, current-voltage plots of the data for all three families of synaptic
currents, showing identical reversal potentials and a modest degree of outward
rectification.

population data were pooled, over a wide range of membrane potentials, the mean
value Of 9IPSCwas 51 nS atp-o100 mV (twelve cells), 82 nS at -40 mV (twelve cells)
and 92 nS at -20 mV (six cells).
Due to the intrinsic variability in synaptic conductance among recordings (range
2-23i0nS at-40 mV), the statistical significance of the outward rectification was
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Fig. 7. Non-linearity of the inhibitory synaptic conductance. A, plot of IPSC peak
amplitude measured at various holding potentials in a single cell, illustrating the non-

linear nature of the current-voltage relationship. Each point represents the mean of five
to thirty individual measurements at each potential. Variance was very small; standard
deviations were less than 10% of the mean, and error bars are therefore not shown. B,
the same data as shown in A are plotted as synaptic conductance 9IPSC- C, data from
twelve cells were expressed as synaptic conductance relative to that measured at
-100 mV, and the data were pooled. Each point represents the mean relative synaptic
conductance from three to twelve cells at each given holding potential, relative to that at
-100 mV (= 10). Error bars indicate the standard deviation about the arithmetic
mean.
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tested by expressing gipsc at a depolarized potential (-40 mV) as a ratio Of gipsc
measured at a hyperpolarized potential (- 100 mV) in the same cell. Using this
method, a conductance ratio was calculated for each of twelve cells. The conductance
ratio for the population of twelve cells was 173+057. This ratio is significantlyr
different from 1 (P < 0 001, one-tailed t test). Conductance ratios relative to
-100 mV were calculated for a wide range of membrane potentials (Fig. 7C),

5

4

/norm
3

-110 -9- -50 -30 -10

Membrane potential (mV)

Fig. 8. Comparison of experimental rectification with (Goldman rectification. Normalized
current-voltage relation for pooled data from ten experiments, with culrents ('nr)
expressed relative to synaptic current amplitude and sign at -1(00 m\V, are shown
together with the 'best-fit' predicted rectification based on the Goldman-Hodgkin- Katz
equation. The 'best-fit' line estimates the IPSC reversal potential as -66 m\V alld the
permeability ratio, krel, as 0 039.

indicating a trend toward outward rectification of the synaptic conductance at
membrane potentials depolarized to the resting membrane potential. These
experimental data can be compared with the predicted current voltage curve
calculated using the Goldman-Hodgkin-Katz current equation (Fig. 8). The pooled
normalized data used in Fig. 7C were expressed as currents normalized to the current
amplitude measured at - 100 mV, and the resulting data were fitted using the
constant field model (see Methods). The pooled data are well fitted by the
Goldman-Hodgkin-Katz current equation, giving a best estimate of 00389 for
krel, the permeability ratio (gluconate-/Cl-), and a 'best-fit' reversal potential of
-66 mV. The approximation of the experimental data by the Goldman-- Hodgkin--
Katz equation is consistent with the explanation that the observed rectification of
the IPSC arises from the asymmetric Cl- concentrations across the postsvnaptic
membrane.

DISCUSSION

We have studied inhibitory synapses between embryonic rat hippocampal
neurones in dissociated culture. The coincident reversal potential for the IPSC and
for GABA-evoked currents, the shift of IPSC reversal potential with high [Cl-]j and
the sensitivity of IPSCs to bicuculline all indicate that the IPSCs described here are
Cl--dependent and mediated by GABA acting at the bicuculline-sensitive GABAAA
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receptor (nomenclature from Hill & Bowery, 1981). No late K+-dependent component
of the synaptic signal was observed in these experiments. In addition, no postsynaptic
response to the GABAB receptor agonist baclofen was obtained, although baclofen
can reduce IPSC amplitude by a presynaptic action in cultured hippocampal
neurones (Harrison, Lange & Barker, 1988). In preparations from the adult rat
hippocampus, baclofen hyperpolarizes pyramidal neurones via an increase in K+
conductance (Newberry & Nicoll, 1984b; Gahwiler & Brown, 1985). The absence of
both postsynaptic baclofen responses and of the 'late' IPSP in our recordings is not
inconsistent with the idea that these are generated by the same mechanisms.

Kinetics of IPSCs
Inhibitory postsynaptic potentials decayed with kinetics that could not be fitted

with single-exponential models. However, almost all of the corresponding IPSCs
recorded under voltage clamp decayed monoexponentially. This observation is
consistent with previous recordings of IPSCs made with intracellular microelectrode
techniques (Segal & Barker, 1984b; Collingridge et al. 1984). Exponential kinetics of
synaptic current decay recorded at these and other types of chemical synapse have
been interpreted as reflecting the probabilistic closure of ion channels opened as a
consequence of postsynaptic receptor occupancy by the synaptic transmitter
(Magleby & Stevens, 1972). The biphasic currents we occasionally observed may have
arisen if significant numbers of synaptic endings invested electrotonically distant
regions of the postsynaptic neurone, as well as regions close to and including the cell
body (Nelson, Pun & Westbrook, 1986; see also Vicini, Wroblewski & Costa, 1986).
The weak correlation between rise time and decay time constant observed in our
recordings may be evidence for a more distant location of transmitter release sites in
cases where both rise time and rIPSC are prolonged.

Amplitude of the IPSC
The evoked IPSC amplitudes reported here varied substantially over the

population, most probably due to a large variability in the number of presynaptic
release sites, but are of a similar order of magnitude to those reported by Collingridge
et al. (1984) for spontaneous IPSCs in hippocampal slices. In both studies the
recorded IPSCs reflect the activity of a single presynaptic neurone, and the size of the
synaptic conductance increase is therefore many times less than that evoked by
stimulation of inhibitory pathways in the hippocampal slice (Brown & Johnston,
1983), presumably because in the latter case multiple inhibitory units are activated.

Reversal potential and permeability ratio
In our recordings, the IPSC and GABA-evoked currents reversed polarity at

-64 + 9 mV. This is significantly more depolarized than predicted by the Nernst
equation (-89 mV), assuming gluconate to be completely impermeant through the
synaptically activated channels. Errors arising from incomplete compensation of
series resistance were probably 2-3 mV at maximum. A similar value for EIPSP is
obtained with methanesulphonate replacing gluconate as anion (I. D. Forsythe &
G. L. Westbrook, unpublished observations). The 'best-fit' curve obtained using the
Goldman-Hodgkin-Katz current equation to fit the experimental data gave a
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reversal potential of -66 mV, and the discrepancy between predicted and
experimental reversal potentials can be explained if the gluconate anion permeability
of the GABA-operated channel is approximately 0-04 times the Cl- ion permeability.

Outward rectification of the IPSC
Under the recording conditions utilized here, the IPSC can be studied over a wide

range of membrane potentials, revealing a modest but significant outward
rectification of the peak synaptic conductance. Since the rise time of IPSCs is
voltage-invariant in our recordings, we do not believe that the rectification of 9IPSC
results from changes in the gating of synaptically activated channels with membrane
depolarization. Furthermore, the rectification seems not to have arisen as a
consequence of changes in ElPSc, since ElPSC proved rather insensitive to changes in
holding potential (see Fig. 7). The values of EGABA and EIPSC certainly vary with
membrane potential in situ, as observed with conventional microelectrode recordings
(Ashwood, Collingridge, Herron & Wheal, 1987), but under conditions of whole-cell
perfusion this appears not to be a factor in the interpretation of these synaptic
conductance measurements.

Rectification of membrane current responses to exogenous GABA has been
reported using potassium acetate microelectrodes in cultured hippocampal neurones
(Segal & Barker, 1984a) and in the hippocampal slice (Ashwood et al. 1987). Single-
channel recordings in membrane patches from cultured spinal neurones with
asymmetric Cl- concentrations also provide evidence for outward rectification
(Hamill, Bormann & Sakmann, 1983). The present results show that this
phenomenon extends to inhibitory synaptic currents at mammalian GABAergic
synapses. Other Cl--dependent synapses also show outward rectification (Dudel,
1977; Gardner, 1980a), and the rectification in each case may result from the
asymmetric Cl- concentrations across the postsynaptic membrane. The predicted
current-voltage relation from the Goldman-Hodgkin-Katz equation provides a
reasonably good fit to the experimental data (Fig. 8), and therefore suggests a
parsimonious explanation for the observed macroscopic behaviour of the synaptic
conductance.

Conclusion
Recordings of synaptic currents evoked by stimulation of presynaptic inhibitory

neurones from embryonic rat hippocampus support the hypothesis that they are
generated by a transient release of GABA, acting at GABAA receptors to stimulate
an increase in Cl- conductance. The synaptic current decays exponentially in a
manner that is not incompatible with the probabilistic closure of individual ion
channels. The IPSC decay time constant increases weakly, and peak synaptic
conductance strongly, with membrane depolarization. The ability to make dual
electrical recordings from pairs of synaptically coupled neurones should extend our
understanding of this and other types of chemical synapse between central neurones
grown in tissue culture.
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