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SUMMARY AND CONCLUSIONS 

1. Intracellular recording techniques were used to investigate 
the mechanisms underlying the activity-dependent lability of in- 
hibitory synaptic potentials indirectly evoked in CA3 pyramidal 
neurons by stimulation of the mossy fiber afferent pathway in 
organotypic slice cultures of hippocampus. 

2. Repetitive stimulation (3- 10 Hz, 30-60 s) was found to 
reduce the amplitude of the inhibitory postsynaptic potential 
(IPSP) and occasionally lead to repetitive, epileptiform discharge. 

3. Under single-electrode voltage-clamp, the current underly- 
ing the inhibitory postsynaptic potential (IPSC) was found to have 
the same reversal potential (Erpsc) as the response to iontopho- 
retically applied y-aminobutyric acid (EGABA), and both were 
blocked by bicuculline. Reducing the extracellular Cl- concen- 
tration from 153 to 89 mM shifted EGABA in the depolarizing 
direction by 9 mV from -64.7 to -55.6 mV, an amount close to 
that predicted by the Nernst equation. We therefore presume that 
the IPSC is mediated by GABA and that the reversal potentials of 
both are equal to E&--. 

4. Under single-electrode voltage-clamp, repetitive stimulation 
(3- 10 Hz, 30-60 s) was found to cause a mean decrease in the 
conductance underlying the IPSC (g& of 22%. This decrease 
was independent of the membrane potential at which stimuli 
were delivered. 

5. Under single-electrode voltage-clamp, repetitive stimulation 
(3-10 Hz, 30-60 s) was found to cause a 2-8 mV depolarizing 
shift in Eipsc when the membrane potential was held constant 
5-l 5 mV depolarized from E Ipso. The mean decrease in IPSC 
driving force was 49%. If membrane potential was .held lo-20 mV 
hyperpolarized from E Ipsc, there was no change in driving force. 

6. Currents activated by iontophoretically applied GABA were 
decreased in amplitude following repetitive stimulation at depo- 
larized, but not hyperpolarized, holding potentials. 

7. The decrease in IPSC driving force following repetitive stim- 
ulation at depolarized holding potentials was less after decreasing 
the extracellular K+ concentration from 5.8 to 1 mM. 

8. We conclude that the decrease in driving force following 
repetitive stimulation results from an increase in the intracellular 
Cl- concentration, and that the activity-dependent decrease in 
gIpsc results from a decrease in presynaptic release rather than 
from postsynaptic receptor desensitization. 

INTRODUCTION 

Several experimental models of human epilepsy are in 
use that allow investigation of different aspects of the dis- 
ease process. Application of convulsant drugs to isolated 
and intact CNS structures has provided significant insight 
into the cellular mechanisms underlying the focal interictal 

event (for reviews see Refs. 16, 32, 44). The finding that a 
wide range of convulsants exert their effect by interfering 
with the efficacy of inhibitory synaptic transmission (32) 
has suggested a critical role for the inhibitory postsynaptic 
potential (IPSP) in limiting the excitability of the cell popu- 
lation. Under normal conditions, activation of afferent 
pathways to hippocampal pyramidal cells produces a 
short-latency excitatory postsynaptic potential (EPSP), 
which may be large enough to evoke a single action poten- 
tial, followed by a pronounced hyperpolarizing IPSP. This 
IPSP results from the activation of inhibitory interneurons 
that release the neurotransmitter y-aminobutyric acid 
(GABA) (e.g., Ref. 18). Substances that block hippocampal 
GABAergic synapses directly (e.g., penicillin) or indirectly 
(e.g., opiates) increase excitability by unmasking recurrent 
excitatory interactions, causing cells to discharge 
synchronously and drive follower populations (3 1, 39,6 1). 
Manipulations that increase excitation (e.g., removal of 
extracellular Mg2+) can also produce epileptiform dis- 
charge (e.g., Ref. 59). While providing significant insights 
into the nature of epileptiform discharge, this class of 
model has the limitation of producing epilepsy by seem- 
ingly nonphysiological manipulations of the ionic milieu 
or pharmacologic intervention. 

The kindling model of epilepsy has provided comple- 
mentary information regarding the origin of epilepsy (for 
review see Ref. 36). Long-lasting changes in cell excitability 
are observed following repeated application of high-fre- 
quency, high-intensity, kindling-like stimulation to many 
parts of the brain, including the hippocampus (e.g., Refs. 
34, 50). This model shares many features with human epi- 
lepsy: I) seizures occur spontaneously after kindling (43); 
2) spontaneous interictal spikes are observed in between 
seizures (43); 3) similar, specific patterns of neuronal dam- 
age are seen (49); and 4) epileptiform discharge can be 
projected from sites of focal seizures to target populations, 
leading to the development of secondary foci (58). Al- 
though the changes responsible for kindling are as yet un- 
clear, kindling has been shown to produce a long-term de- 
pression of GABAergic inhibition (49, 5 1). 

Repetitive stimulation at relatively low frequencies has 
also been shown to result in a gradual increase in the excit- 
ability of hippocampal pyramidal cells in situ and in vitro, 
as shown by the transition of the neuronal firing pattern 
from single spikes to multiple-spike bursts, synchronized 
throughout the population (e.g., Ref. 4,48,62). Coincident 
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with the development of burst discharge there is a large 
reduction in the amplitude of the IPSP (7, 27, 35,62). The 
similarity of these bursts to epileptiform discharge, and the 
ability to evoke them with physiologically relevant stimula- 
tion frequencies and without pharmacologic intervention, 
suggests-that the depression of the IPSP that follows repeti- 
tive stimulation, or activity-dependent disinhibition, may 
represent a significant endogenous process underlying 
some aspects of epilepsy. Importantly, repeated applica- 
tions of low-frequency, low-intensity stimulation to the 
hippocampus can produce kindling similar to that seen 
following high-frequency stimulation ( 11). 

The exact mechanisms underlying activity-dependent 
disinhibition have not yet been fully described. Although 
initially attributed to potentiation of partially overlapping 
excitatory postsynaptic potentials (4), or depolarizing 
GABA-mediated responses (62), it has now been estab- 
lished that IPSPs are themselves depressed following a train 
of stimuli (7, 35). How the IPSP is depressed is not known, 
although two aspects of the IPSP have been implicated: the 
driving force for inhibition (the difference between mem- 
brane potential, I&, and the IPSP reversal potential, EIpsc) 
and the magnitude of the underlying evoked conductance 
(gIpsc). Decreases in driving force are believed to result 
from accumulation of Cl- intracellularly (e.g., Ref. 29), as 
the extracellular concentration of Cl- is effectively constant 
( 17). Decreases in gIpsc could result from either presynaptic 
processes, such as a decrease in evoked transmitter release 
(e.g., Ref. 15), or postsynaptic processes, such as desensiti- 
zation (e.g., Refs. 3 1, 42). 

Previous observations on the effects of repetitive stimu- 
lation have been largely made with current-clamp tech- 
niques, making it difficult to separate clearly these poten- 
tial mechanisms. We have therefore reexamined the effects 
of repetitive stimulation on the processes that produce the 
IPSP using the single-electrode voltage-clamp technique to 
directly measure IPSP conductance and driving force. The 
cultured hippocampal slice is particularly well suited for 
these experiments due to the excellent visibility of, and 
access to, the neurons, as well as because of the mainte- 
nance of the normal synaptic arrangements (20, 21, 64). 
We have chosen to investigate the IPSP evoked indirectly 
in CA3 pyramidal cells following orthodromic activation 
of the mossy fiber system because of the apparent impor- 
tance of this population as a pacemaker for seizure dis- 
charge (e.g., Ref. 61). 

Portions of the data in this series of papers have been 
presented in abstract form (53, 54). 

METHODS 

Organotypic hippocampal slice cultures were prepared and 
maintained as described previously (20, 2 1). In brief, 4- to 6-day- 
old neonatal rats were decapitated and the hippocampus was dis- 
sected free. Transverse slices of 400 pm nominal thickness were 
cut with a McIlwain tissue chopper. Most slices were X-irradiated 
( 1 ,OOO- 1,500 roentgen over 5- 10 min) to reduce glial prolifera- 
tion and thus improve the ability to visualize and to impale indi- 
vidual neurons. Cells in irradiated slices were physiologically in- 
distinguishable from those in nonirradiated slices. Slices were 
then attached to cleaned glass coverslips in a film of chicken 
plasma clotted with thrombin. Slices were placed in sealed test 
tubes containing OS-l.0 ml medium and maintained at 365°C 

on a roller drum ( 10 revolutions/h) in an incubator. Incubation 
media consisted of 50% basal medium (Eagle), 25% balanced salt 
solution, and 25% heat-inactivated horse serum (GIBCO). The 
concentration of HCO? in the incubation medium was varied 
with use of either Hanks’ or Earle’s salt solutions to buffer meta- 
bolic lactic acid production. Cultures were fed once per week. 

After 2 wk in culture the slices had flattened out to a thickness 
of only 1 or 2 cell diameters in S. pyramidale, yet had retained 
much of the cellular and local synaptic organization found in the 
hippocampus in situ (see Refs. 20, 2 1, 64). Cultures were then 
transferred to a recording chamber mounted on the stage of an 
inverted microscope (Zeiss, IM 35) equipped with phase-contrast 
optics, where they were continuously superfused and maintained 
at 35°C. The volume of the chamber was < 1 ml allowing for rapid 
exchange of contents in <2 min. Control saline (modified Hanks’ 
balanced salt solution, GIBCO) consisted of the following (in 
mM): Cl- 153, Na+ 141, IS+ 5.8, glucose 5.6, HCOy 4.1, Ca2+ 3.3, 
Mg2’ 2.4, SOi- 0.4, H2P04 0.4, and HPOi- 0.3. The pH in room 
air was 7.4, as monitored with the presence of phenol red ( 10 
mg/l) in all solutions. Alteration of the concentration of ions was 
always done as equimolar substitution of the appropriate salt 
for NaCl. 

After 1 l-33 days in vitro, intracellular recordings were made 
from visually identified pyramidal neurons located in area CA3 
using thin-walled micropipettes (1 mm OD, 0.75 mm ID), pulled 
on a Brown-Flaming puller (Sutter Inst.). Unless otherwise noted, 
electrodes were filled with 2 M potassium acetate (pH = 7) and 
had tip resistances of 40-80 MQ. Tip potentials were compen- 
sated for by adding the bath potential, measured upon withdraw- 
ing from the cell, to the command voltage. Synaptic currents were 
measured using a sample-and-hold switching voltage-clamp am- 
plifier (Axoclamp 2, Axon Inst.) (for review of the technique see 
Ref. 19). The head stage output was continuously monitored and 
capacitance compensation appropriately adjusted to insure that 
the microelectrode voltage transient resulting from the injected 
current pulse had fully settled before the membrane potential was 
sampled. Experiments were stopped if this became impossible. 
Due to the relatively high resistance of acetate-filled electrodes, 
switching frequency was limited to 2.0-2.6 kHz; however, clamp 
gain was typically 5-6 nA/mV. Voltage commands were deliv- 
ered to the amplifier and the sampled membrane potential and 
membrane currents were digitized and stored on-line by a com- 
puter-controlled (IBM-AT; pClamp software, Axon Inst.) analog/ 
digital converter (Labmaster, Tecmar, Inc.). The digitization rate 
was 2-5 kHz. 

Synaptic potentials were evoked with 100 pus anodal current 
pulses from 5 MQ, 2 M NaCl-filled micropipettes positioned in S. 
radiatum at the mouth of the dentate hilus so as to predominantly 
activate the mossy fiber pathway (for anatomy of mossy fibers in 
hippocampal slice cultures see Ref. 64). Current intensity (5-50 
PA) was adjusted to yield the maximal postsynaptic response. In 
some experiments drugs were applied iontophoretically. GABA, 
baclofen, or muscimol were prepared as 0.25-l .O M solutions in 
H20 and titrated to pH = 3.5-4.5 with NaOH or HCl. They were 
applied from micropipettes (l-3 pm tip diam.) with cathodal 
current. Anodal retaining currents were used between applica- 
tions. The electrophoretic pipette was visually positioned directly 
adjacent to the soma of the impaled cell. All drugs were obtained 
from commercial sources except baclofen, which was a gift of Dr. 
H.-R. Olpe, Ciba-Geigy. 

As shown previously (e.g., Ref: 21-23), CA3 cells in slice cul- 
tures have active and passive membrane properties that are indis- 
tinguishable from those observed in situ and in acutely prepared 
hippocampal slices. Cells were considered acceptable for study if 
they had resting membrane potentials greater than -55 mV, rest- 
ing membrane conductances of ~50 nS, and overshooting action 
potentials. A total of 175 neurons were studied for this and the 
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subsequent two papers. The average resting membrane potential 
of 25 randomly selected cells was -63.6 t 4.0 (SD) mV, and the 
average membrane conductance at rest was 20.9 I~I 8.2 (SD) nS. 

RESULTS 

Measurement and interpretation of IPSP and GABA 
driving force and conductance 

Interpretation of the results of this and the subsequent 
two papers relies on the ability to measure accurately both 
the reversal potential and slope conductance of the IPSP 
under voltage-clamp. Despite the limitations inherent in 
the single-electrode technique, as well as the difficulties in 
obtaining an adequate space-clamp in a cell with such a 
complicated geometry, we believe that the impact of these 
potential problems on the conclusions drawn are minimal 
for the following reasons: I) GABAergic synapses are lo- 
cated primarily at or near the soma of cultured pyramidal 
cells (unpublished observations) as they are in situ (46) 
allowing for minimal distortion of the response due to the 
cable properties of the cells, 2) hippocampal cells are elec- 
trically compact (e.g., 9), and 3) we have limited our mea- 
surements to the range of membrane potential (-50 to -90 
mV) in which the resting current/voltage relationship is 
relatively linear (see Fig. 2B) thus eliminating activation of 
potentially spurious voltage-dependent currents (see also 
Ref. 10). 

The current/voltage relationship of the IPSP was mea- 
sured by eliciting synaptic currents 100-200 ms after the 
start of voltage command pulses of varying amplitude and 

C 

polarity (Fig. 1 B). In this way any current through resting 
and voltage-dependent conductances has reached a steady- 
state before stimulation. The difference between this 
steady-state current and the peak synaptic current, mea- 
sured 20-30 ms after the stimulus, at which time the IPSP 
reaches maximum amplitude (Fig. lA), is thus due solely to 
current flow through the synaptic conductance. This mea- 
sured inhibitory postsynaptic current (IPSC) is then plotted 
as a function of the corrected command voltage (Fig. 1 C). 
The magnitude of the synaptic conductance evoked (gIpsc) 
is calculated as the slope of the best fit line (using linear 
regression analysis) and the reversal potential (EIpsc) is, by 
definition, the voltage at which the regression line crosses 
zero current. Regression lines were typically determined 
from 14 measurements within the range of membrane po- 
tentials between -90 and -50 mV and had correlation (r2) 
values > 0.95. The standard error of the estimated reversal 
potential was typically < 1 mV. In describing the results, 
holding potential (I&J will be used to refer to the voltage 
maintained during an experimental maneuver, such as 
changing a solution or delivering repetitive stimulation, 
whereas the voltage during a given command pulse at 
which an individual IPSC was evoked will be refered to as 
the membrane potential (v-). 

The mean ETpsc was -65.7 t 4.7 mV (n = 57) and the 
mean gIpsc was 129.9 t 60.5 nS (n = 57) in control saline 
with acetate-filled electrodes. These values agree quite 
closely with those obtained under current- and voltage- 
clamp in the hippocampus in situ and in acute slices (e.g., 

B 

FIG. 1. Calculation of IPSP reversal potential and conduc- 
tance. A: intracellular recording of IPSPs evoked with brief ( 100 
ps) monopolar stimulation of the mossy fiber afferent pathway 
(at time indicated with solid arrowhead in this and subsequent 
figures) while the membrane potential (&,) was varied with 
intracellular current pulses (I) of varying amplitude and polar- 
ity. B: same cell and stimulation as in A, but under single-elec- 
trode voltage-clamp. Step voltage commands were delivered 
(sampled V, shown in upper traces) and the resulting mem- 
brane currents are shown. At depolarized V, the synaptic cur- 
rent is predominantly outward, whereas at hyperpolarized V, 
synaptic currents are predominantly inward. In this and all 
subsequent figures inward currents are downward. Although 
the initial portion of the synaptic response is poorly clamped 
(note escape of V, in upper traces), V, is well clamped at the 
time of the peak of the IPSP (25-35 ms after stimulation). 
Currents resulting from the presence of spontaneous IPSPs are 
sometimes apparent in this and subsequent records (arrow). C 
amplitude of the IPSP (under current-clamp, solid circles) and 
the IPSC (under voltage-clamp, open squares) are plotted as a 
function of the membrane potential at which they were evoked. 
gIpsc is given by the slope of the regression line calculated from 
the voltage-clamp data (98 nS) and Eipsc is the voltage at which 
no synaptic current flows (-67 mV, not different from the IPSP 
reversal potential). IPSP and IPSC amplitudes measured 35 ms 
after stimulation. 

IPSC 1 

Amplitude (0, nN 
’ ’ ’ ’ 

-60 -50 
Membrane potential 

(mV) 

-10 
IPSP 
Amplitude 
b, mV 1 

0 

+lO 

Downloaded from www.physiology.org/journal/jn by ${individualUser.givenNames} ${individualUser.surname} (163.015.154.053) on September 13, 2018.
Copyright © 1989 American Physiological Society. All rights reserved.



S. M. THOMPSON AND B. H. GAHWILER 

A 

I 

IR+ bAGA 

I 0.5 nA 

4s 

B 1 
0 

Current 
(nA) O1 

-2 

1 I  I  1 

100 200 300 400 
Time (ms) 

C 

1 GABA 
(nN 

l- 

0.5- 

O- 

-0.5- 

-l.O- 

-1.5- 

Membrane potenti 
I 1 

-80 -90 

‘d0 

FIG. 2. CakulatiOn Of E GABA and &ABA. A: current activated by an 8-S, 
1 O-nA iontophoretic application of GABA. Vertical deflections result 
from ramp voltage commands used to assess &ABA and &ABA. Ramps 
before application of GABA activate currents (1& that flow through only 
resting conductances. Ramps at the peak of the GABA response activate 
currents that flow across both resting and GABA-activated conductances 
(lR + IGABA). B: membrane current before (1R) and at the peak of the 
GABA response (lR + I GABA, as indicated in A), and sampled V, during 
ramp voltage command. Note large increase in conductance during 
GABA application as shown by the larger current needed to effect the 
same voltage ramp. C I oABA is isolated by digitally subtracting (1rJ from 
& + 1q,,&) and plotting the result as a function of V, during the ramp 
command. Note that the polarity of the abscissa is reversed from conven- 
tion in this and subsequent figures using this technique. &ABA is given by 
the slope of this plot, and E GABA is the zero current intercept. J!&ABA is thus 
-67 mV, not different than E ipso measured in the same cell (Fig. 1). &ABA 
is 63 nS, electrode resistance = 63 MQ. 

7, 10, 35, 37). The IPSC could be blocked with (+) bicu- 
culline methochloride ( 10m5 M, n = 3), confirming that it is 
GABA-mediated; and E Ipsc was shifted in the depolarizing 
direction when recorded with KCl-filled electrodes (n = 3), 
confirming that it is carried by Cl- ions (18). 

The reversal potential and conductance of responses ac- 
tivated with iontophoresis of GABA could be obtained in 
two ways. First, brief pulses of GABA can be applied at 

several holding potentials, and the resulting responses plot- 
ted as a function of the holding potential. This process is 
rather slow, however. Alternatively, ramp voltage com- 
mands were used to measure simultaneously both the re- 
versal potential (EGA& and conductance &GA&) of the 
response to GABA. This was done by first measuring the 
current flowing through the resting conductance with a 
ramp voltage-command (-45 mV to -85 mV over 200 
ms) (Fig. 2A, B: IR). Then, the same command protocol 
was repeated at the peak of a GABA response; the resulting 
Current being the sum of the currents flowing through both 
the resting and the GABA-activated conductances (Fig. 2A, 
B: IR + IGABA). The computer then digitally subtracted the 
resting current, measured before GABA application, from 
the currents during GABA application to isolate the por- 
tion of the current that flowed through the GABA-acti- 
vated conductance (I GABA). When this current is plotted as 
a function of the command voltage the magnitude of &ABA 
is given by the slope of the line and EGABA is the voltage at 
which there is no current flow (Fig. 2C). Identical results 
were obtained with both methods. The mean EGABA under 
control conditions was -66.4 t 4.2 mV (n = 11) and was 
not significantly different from Eipsc when measured in the 
same cell. g GABA was a function of the magnitude of the 
iontophoretic current (range of &ABA used = 30-250 nS). 
Rectification of the GABA-activated conductance (e.g., 6) 
was not significant within the range of V,s examined (Fig. 
2C). In the presence of bicuculline ( 10m5 M) these focal 
iontophoretic applications of GABA were incapable of sig- 
nificantly activating the GABAB-mediated K+ conduc- 
tance (22). It is therefore reasonable to assume that the 
response to iontophoretic GABA is mediated solely by 
GABAA receptors. 

Multiphasic GABA responses, including a prominent 
depolarizing component, have been observed in neurons in 
acutely prepared hippocampal slices, and are most promi- 
nent when applications are localized to neuronal dendrites 
in S. radiatum (2, 3, 62). It has been suggested that during 
repetitive stimulation, presynaptically released GABA may 
“spill over” onto receptors at these “extrasynaptic” loca- 

A 
CONTROL AFTER RECOVERY 

V 
5Hz 30s 

u JOmV 

15ms 

5Hz 20s 

FIG. 3. Depression of IPSPs following repetitive stimulation. A: IPSPs 
under current clamp recording at V, = -55 mV before, during a train of 
stimuli at 5 Hz for 30 s (slower time base), immediately after the stimulus 
train, and after 2-3 min recovery. IPSP amplitude is decreased 45% after 
stimulation. B: development of spontaneous, rhythmic afterdischarge in 
another cell following a train of stimuli at 5 Hz for 20 s, K,, = -59 mV. 
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tions, thus causing an apparent depolarizing shift in E’ipso 
(62). We therefore examined responses to iontophoretic 
applications of GABA in S. radiatum. Neither multiphasic 
nor depolarizing GABA responses were ever observed in 
dendritic (n = 4 cells) or somatic applications. We may 
therefore rule out the involvement of such a process in 
activity-dependent disinhibition in our preparation. 

If IGABA is a purely chloride-mediated current, then its 
equilibrium potential should be predicted by the Nernst 
equation for Cl-. That is, EGABA should be dependent on 
the Cl- gradient such that a lo-fold decrease in the extra- 

FIG. 4. Effects of repetitive stimulation at depolarized V’, 
on &K and gIpsc. A: sampled V, and membrane currents (I) in 
response to step voltage commands and synaptic stimulation 
before, after repetitive stimulation at 2 Hz for 60 s at &,1d = 
-50, and after 3 min recovery. Note that the synaptic current at 
v, = -50 mV is more depressed than the synaptic current at 
Kn = -90 mV. B: calculation of Eipsc and gIm before (o), after 
repetitive stimulation (o), and after recovery (x) shows that both 
gIK and driving force are reversibly decreased (45 and 56%, 
respectively) following repetitive stimulation. 

min in the low [Cl-], solution was found to be significantly 
less negative than control (-55.6 t 1.8 mV, n = 7; P < 
0.00 1, Mann-Whitney U test), close to the value of -52.1 
mV predicted by the Nemst equation. It was not possible to 
determine the effects of reducing [Cl-], on Erpsc because of 
the development of epileptiform discharge in this low 
[Cl-l0 saline (63). 

Taken together, these data thus strongly support the as- 
sumption that the IPSC is GABA mediated, and that the 
reversal potential of both responses may be considered to 
be equal to the Cl- equilibrium potential (Ea-). 

cellular Cl- concentration ([Cl-],) should produce a 
6 I-mV depolarizing shift in EGABA. [Cl-], was reduced Efects of repetitive stimulation on the IPSP 

from control ( 153 mM) to 89 mM by equimolar replace- The lability of the IPSP during repetitive stimulation was 
ment of NaCl with sodium isethionate. E GABA after 5- 10 examined in CA3 neurons in hippocampal cultures. AS in 

TABLE 1. Effects of repetitive stimulation at depolarized Vj.,, on inhibition 

Control After Recovery Mean Decrease/Cell n 

&SC9 mv -62.5 I~I 6.5 -57.8 t 7.6" -61.5 1: 6.8 4.7 15 
(2-W 

Driving force, mV 10.6 ~fc 4.3 5.9 t 4.2" 9.7 z!z 4.3 4gt 15 
(17-90) 

e!3c9 ns 124t61 95 t47" 115t60 w 14 
(O-44) 

IGABA, nA 0.73 t 0.17 0.25 t 0.11” 0.65 f :  0.1 63-t 4 
(40-90) 

Resting conductance, nS 23 t6 24t7 24 t7 14 

Values are means t SD; numbers in parentheses are ranges. Stimulation at 3- 10 Hz for 30-60 s delivered with V hold 5- 15 mV depolarized with respect 
to EIm. V,, membrane potential; EIE, mean IPSC reverse potential; gIE, conductance underlying the IPSC; GABA, y-aminobutyric acid; IoABA, 
GABA-activated current; Vh&-j ) holding potential; GABA iontophoretic currents, 4-5 s and 5-20 nA. *Statistically different from control (P < 0.01) as 
assessed with paired t test. tValues expressed as percent. 
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GABA 3.3 Hz GA GABA 
50 nA 60s 

BEFORE AFTER RECOVERY 

0.25 nA 

FIG. 5. Effects of repetitive stimulation at depolarized Vhold on GABA 
responses. Upper trace: continuous chart recording of membrane current. 
Responses to iontophoretic application of GABA were obtained before 
and at varying times after a train of repetitive synaptic stimuli (3.3 Hz for 
60 s) at vhold = -54 mV. In between the GABA responses the chart speed 
was reduced as indicated. Vertical deflections are spontaneous IPSCs. 
Note that they are also significantly reduced in amplitude, although their 
frequency remains roughly constant, after repetitive stimulation. GABA 
responses are shown again at higher gain below. 

previous observations in situ and in vitro, stimulation at 
frequencies >3 Hz was found to result in a depression of 
IPSP amplitude (Fig. 34 and, given sufficient stimulation 
intensities, the generation of synchronous epileptiform af- 
terdischarges (Fig. 3B). Previous experiments using cur- 
rent-clamp recording techniques have left it unclear 

TABLE 2. Effects of repetitive stimulation at hyperpolarized 
VW on inhibition 

Mean 
Control After Recovery Change/Cell n 

ElPSC 9 -68.9 + 7.0 -68.8 t 6.8 -68.5 t 7.8 -0.1 4 
mV (1.5--l) 

&PSC, ns 101 t 76 69 ,t 45* 104 t 80 -29t 4 
(5-41) 

I GABA 9 -0.57 +: 0.12 -0.56 rt 0.13 -0.59 t 0.14 7 
nA 

Values are means t SD; numbers in parentheses are ranges. Stimulation 
at 3- 10 Hz for 30-60 s with Vhold 20-30 mV hyperpolarized with respect to 
E Ipsc. GABA iontophoretic currents, 4-5 s and 5-20 nA [Note that at 
hyperpolarized V hold there was no significant shift in EIpsc although gIpsp 
decreased an amount similar to that observed with depolarized &olds (cf. 
Table 1 )] other abbreviations, see Table 1. *Not significantly different 
(Mann-Whitney U test) than effects of repetitive stimulation at depolar- 
ized Vh&j. EIPSC and IG ABA not significantly different after stimulation 
(paired t test). tValues expressed as percent. 

whether this activity-dependent depression of the IPSP re- 
sults from a decrease of the evoked conductance underly- 
ing the IPSP, or from a decrease in the driving force for the 
IPSP as a result of an accumulation of intracellular Cl-, or 
from both. We therefore examined this process under volt- 
age-clamp so that both aspects could be independently as- 
sessed. 

The control E Ipsc and gIpsc were determined and tetanic 
stimulation was then delivered to mossy fiber afferents at 
3-10 Hz for 30-60 s under voltage-clamp. The resulting 
effect on the IPSC was assessed immediately following the 

Membrane potential (mV) 
I 

120 

FIG. 6. Effects of repetitive stimulation at hyperpolarized 
Chord on EImc and gIpsc. A: sampled v, and membrane currents 
(I) in response to step voltage commands and synaptic stimula- 
tion before, after repetitive stimulation at 2 Hz for 60 s at 
V hold = -90, and after 3 min recovery. Note that the synaptic 
current at V, = -50 mV is depressed approximately the same 
amount as the synaptic current at V, = -90 mV. B: calculation 
of Elpsc and gIpsc before (o), after repetitive stimulation (o), and 
after recovery (x) shows that g Ipsc is reversibly decreased by 45% 
following repetitive stimulation, but driving force is unchanged 
unlike the effects of repetitive stimulation at depolarized Vhold 
(cf., same cell Fig. 4). 
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GABA 3 3Hz GABA . GABA -- 
60s 

I I. 
- v- -5omii 

HoLD = -65mV 

4 
_I 

0.5nA 
4s 
40s 

FIG. 7. Effects of I&,rd on the ability of repetitive stimulation to depress 
GABA responses. Traces show continuous chart recordings of membrane 
current. Responses to iontophoretic application of GABA (5 s, 20 nA) 
were obtained before, and at varying times after a train of repetitive syn- 
aptic stimuli (3.3 Hz for 60 s) at either l&,1d = -50 or -85 mV. In between 
the GABA responses the chart speed was reduced as indicated. Vertical 
deflections are spontaneous IPSCs. Note that GABA responses are de- 
pressed following repetitive stimulation only when Yhold is depolarized 
with respect to &mc and EoABA, because &,- is unaltered by repetitive 
stimulation at hyperpolarized I’& (see Fig. 6). 

tetanic train. As shown in Fig. 4, when the tetanus was 
delivered while holding the membrane potential 5- 15 mV 
less negative than EIpsc, i.e., as the cell would be under 
normal conditions in situ, two effects were consistently 
observed. First, there was a 22% reduction in gIpsc. Second, 
there was a 2-7 mV shift in EIpsc towards the holding 
potential. These data are summarized in Table 1. Given 
that the holding potential was 5-l 5 mV depolarized from 
EIpsc, this depolarizing shift in EIpsc results in a 17-90% 
reduction in the driving force for the IPSP (mean = 49%). 
Decreases of a similar magnitude have been indirectly in- 
ferred from current-clamp data in vitro and in situ (7, 35). 
No change in the resting conductance of the cells was ob- 
served following repetitive stimulation (Table 1). 

The observation of a depolarizing shift in EIpsc might be 
explained in several ways. First, as the IPSC results from an 
increase in Cl- conductance, the decrease may reflect a 
depolarizing shift in Ea- due to an increase in the intracel- 
lular chloride concentration ([Cl-Ii). Alternatively, the ap- 
parent decrease in E Ipsc could arise from an increased con- 
tribution in some overlapping conductance that has a re- 
versal potential less negative than EIpsc. Such an effect 
could occur, for example, as a result of potentiation of the 
EPSP. Likewise, a decreased contribution of a component 
of the synaptic response with a more negative reversal po- 
tential could also produce an apparent depolarizing shift in 
EIpsc. We therefore performed the following experiment to 
distinguish between these possible explanations. 

If the observed decrease in EIpsc represents a true de- 
crease in the driving force for inhibition and not an artifact, 
then responses to iontophoretically applied GABA should 
also be depressed following repetitive stimulation. Again, 
trains of tetanic stimuli were given at 3 Hz for 60 s while 
holding the membrane potential 5-l 5 mV depolarized to 
EGABA. The amplitude of the GABA-activated current was 
found to be reduced an average of 63% (n = 4) (Fig. 5 and 
Table 1). This evidence thus supports the conclusion that 
the decline in E Ipsc observed following repetitive stimula- 

tion reflects a true decrease in the efficacy of GABAergic 
inhibition and not potentiation of the EPSP. 

Is the activity-dependent 
accumulation? 

decrease in EIPSC due to Cl- 

GABA-mediated increases in Cl- conductance generate 
large inward movements of Cl- ions (outward currents) 
when the membrane potential is less negative than Eel- 
(Fig. 1). Huguenard and Alger (29) have presented evi- 
dence which suggests that repetitive activation of 
GABAergic synapses can lead to the accumulation of Cl- 
within hippocampal cells. If the shift in EIpsc that we have 
observed following repetitive stimulation is due to such an 
accumulation of Cl-, it should be possible to reduce or 
reverse this shift by holding the membrane potential more 
negative than Eel- and thus reverse the flow of Cl- ions to 
outward (i.e., an inward current). If, on the other hand, the 
shift in EIpsc following repetitive stimulation is due to some 
other mechanism, then E Ipsc should still shift in the depo- 
larizing direction following repetitive stimulation at hyper- 
polarized holding potentials. 

Repetitive stimulation at 3- 10 Hz for 30-60 s, while 
holding the membrane potential lo-20 mV more negative 
than EIpsc, was found to result in decreases in gIpso not 
significantly different from those seen with depolarizing 
holding potentials (29 t 14%, n = 4; Table 2). In contrast, 
however, EIpsc was unaffected by repetitive stimulation de- 
livered at hyperpolarized holding potentials. The mean 
change was < 1 mV (not statistically significant, n = 4) (Fig. 

IPSC 
Amplitud 
(nA) 

[K+10 = 1.0 mM 
BEFORE Y 

Membrane potential (mV) 

FIG. 8. Influence of [K+10 on activity-dependent disinhibition. Calcu- 
lation of E Ipsc and gIpsc before (0) and after repetitive stimulation at 3.3 
Hz for 45 s (0) for a single cell in control saline ( [K’10 = 5.8 mM) and after 
reducing [K’10 to 1 mM. I/hold was adjusted to yield approximately the 
same initial driving force in both salines. Although the decrease in gIpsc 
was similar in both salines (35-40%), driving force decreased 70% in 
control saline but only 40% in the low [K’10 saline. 
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TABLE 3. Effects on reduced [K’]* on activity-dependent disinhibition 

Control After Recovery 
Decrease in Decrease in 

+ [K I 0 DF, mV 8IPsC9 I-6 DF, mV &P!n ns DF, mV &SC9 ns DF/Cell, % gIP&Cell, % n 

5.8 mM 8.6 Z!Z 1.9 121 t 41 2.4 t 1.7 75 t 19 6.9 t 1.4 102 t 30 75t 17 35t 13 4 
1.0 mM 10.0 t 1.5 127 t 50 8.2 t 1.9 86 t 32 11.2 t 1.8 105 f: 30 18 t 14* 32 rfr 10 5t 

Values are means k SD. Repetitive stimulation at 3.3 Hz for 45 s with vhold 5-l 5 mV depolarized with respect to E& in control saline ([K’lo = 5.8 
mM) and in saline containing [K’lo = 1 mM. Single cells were held through both salines in either order of presentation. DF, driving force; [IS+],, 
extracellular potassium; other abbreviations, see Table 1. *Significantly different than in control saline (P < 0.05) as assessed with paired t test. 
tInclusion of 1 cell that was not also tested in [K’lo = 5.8 mM. 

6, Table 2). In addition, when iontophoretic GABA appli- 
cations were compared following repetitive stimulation at 
hyperpolarized holding potentials, no decrease in ampli- 
tude was seen (n = 7) (Fig. 7, Table 2). These data therefore 
support the hypothesis that EIpsc has shifted in the depo- 
larizing direction following repetitive stimulation as a re- 
sult of accumulation of intracellular Cl-. 

Is the decrease in gIpsc pre- or postsynaptic? 

Decreases in gIpsc following repetitive stimulation could 
arise from either pre- or postsynaptic mechanisms. For ex- 
ample, desensitization of postsynaptic GABA receptors 
would decrease gIpsc by reducing the conductance acti- 
vated by a constant amount of synaptically-released 
GABA. Alternatively, postsynaptic receptors could be un- 
changed, but if less GABA is released from presynaptic 
elements following repetitive stimulation then gIpsc would 
decrease. Responses to exogenous GABA may be used to 
distinguish between these possibilities. Because Eel-, as in- 
dicated by EIpsc, was not changed by repetitive stimulation 
at hyperpolarized holding potentials, only postsynaptic de- 
sensitization could cause a decrease in GABA responses. 
However, GABA currents were not depressed following re- 
petitive stimulation at hyperpolarized holding potentials 
(Fig. 7, Table 2), thus postsynaptic desensitization did not 
occur under these conditions. Desensitization is therefore 
unlikely to have contributed significantly to either the de- 
crease in GABA currents or the decrease in gIpsc observed 
following repetitive stimulation at depolarized holding po- 
tentials. Rather presynaptic GABA release is apparently 
decreased following repetitive stimulation. 

Are increases in [K’]* involved in eflects of repetitive 
stimulation? 

Repetitive stimulation produces a well-characterized, 
transient elevation of the extracellular K+ concentration 
([K+],) to as high as 12 mM (e.g., 8, 26, 33, 35). Previous 
studies have suggested that this increase in [K+], may un- 
derly part of the reduction in IPSP driving force following 
repetitive stimulation (35, 62). We therefore tested this hy- 
pothesis by reducing [K’10 in the bathing medium from 
control (5.8 mM) to 1 mM by equimolar substitution with 
NaCl. Although the amount of K+ released is presumably 
unchanged under these conditions, the lower base-line 
[K+], will reduce the maximum, absolute concentration of 
[K’$ achieved during stimulation (26). 

Repetitive stimulation at 3.33 Hz for 45 s, at holding 
potentials 5- 15 mV less negative than EIpsc, in saline in 
which [K+], had been reduced to 1 mM was found to be as 
effective at decreasing gIpsc, but less effective at decreasing 
the driving force, than similar trains of stimuli in control 
saline ([K+], = 5.8 mM). The mean decrease in driving 
force was reduced from 75 Z!I 17% in 5.8 mM [IQ to 18 & 
14% in 1 mM [K+], (n = 5), whereas the mean change in 
gIpsc was 35 t 13% and 32 t lo%, respectively (Fig. 8, 
Table 3). These data therefore suggest that activity-depen- 
dent increases in [K+], may exert a strong influence on the 
ability of repetitive stimulation to cause a depolarizing shift 
of EIpsc. Moreover, it appears that the absolute concentra- 
tion of [K+], attained is more significant than the amount 
of K+ released, since this should not be significantly 
changed in the low [K+], solution (26). 

DISCUSSION 

The fragility of GABAergic inhibition was first suggested 
in the observation that the ability of exogenous GABA to 
inhibit spontaneous discharge in the spinal cord gradually 
decreased during prolonged iontophoretic applications 
(13). Since this time, the IPSP has also been shown to be 
remarkably labile both in situ and in vitro. 

Mechanisms of activity-dependent disinhibition 

Experiments in hippocampus have shown that IPSPs be- 
come decreased in amplitude up to 90% following trains of 
stimuli at low frequencies (3-5 Hz) (4,7,27,35,62). In this 
paper we-have examined several mechanisms that together 
account for this lability. The amplitude of the IPSP is de- 
termined by many factors: the amount of GABA released 
in response to an impulse in the presynaptic element, the 
magnitude of the conductance activated by a given GABA 
release, the amount of current that flows across a given 
conductance, and the input resistance of the postsynaptic 
cell. Indeed, evidence has previously been presented that 
all of these may be altered after repetitive stimulation. 
Using single-electrode voltage-clamp recording techniques 
we have been able to examine the role and relative contri- 
bution of each of these factors. When trains of stimuli were 
delivered while holding the membrane potential of the cell 
constantly depolarized with respect to EIpsc, i.e., so that 
Cl- ions flowed into the cell during the IPSC as in situ, then 
two effects were consistently observed. First, there was a 
shift in Erpsc in the depolarizing direction toward the hold- 
ing potential of, on average, 4.7 mV. Given a holding po- 
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tential 5-l 5 mV from E Ipsc, this shift effectively reduces 
the driving force for Cl- ion flow, on average 49% (Fig. 4, 
Table 1). Second, the size of the conductance activated 
with the same intensity of stimulation was significantly 
decreased relative to control following a train of repetitive 
stimuli. On average, gIpsc was decreased 22% (Fig. 4, Table 
1). Taken together these two effects could thus reduce the 
amplitude of an IPSP recorded in current clamp by as 
much as 60%. No effect of repetitive stimulation on the 
resting membrane conductance was observed (Table 1). 
Previous indirect measurements have estimated decreases 
in gIpsc of 60-75% and depolarizing shifts in EIpsc of 5- 15 
mV (7, 35), somewhat larger than we report here. As the 
effects of repetitive stimulation on gIpsc and EIpsc can be 
attributed to an accumulation in the tissue of substances 
(K+ and GABA) released auring the tetanus (see below), 
the smaller changes seen in slice cultures may result from 
the relative lack of diffusional barriers between the cells 
and the bathing saline in this preparation which therefore 
allows these substances to diffuse away more quickly. 

Mechanisms of activity-dependent decreases in IPSC 
driving force 

Activity-dependent decreases in IPSC driving force 
could result from several causes. Since several conduc- 
tances are activated in CA3 cells following stimulation of 
the mossy fiber afferent pathway, including an EPSP and a 
late postsynaptic potential (1, 24), either a change in the 
reversal potential or a change in the relative contribution of 
one of these responses to the composite synaptic response 
could give the appearance of a change in EIpsc. For exam- 
ple, potentiation of the EPSP following repetitive stimula- 
tion would shift the apparent reversal potential in the de- 
polarizing direction by increasing its contribution to the 
synaptic response, and this has been suggested to underlie 
the activity-dependent shift in EIpsc (4). Likewise a recruit- 
ment of the so-called depolarizing GABA response would 
shift the apparent E Ipsc in the depolarizing direction (62). 
Our data allow us to rule out these possibilities. First, de- 
polarizing GABA responses were not observed in our prep- 
aration. Second, repetitive stimulation at depolarized hold- 
ing potentials also depressed the response of the cell to 
iontophoretic application of exogenous GABA (Fig. 5). 
Third, both the shift in E Ipsc, and the depression of GABA 
responses, following repetitive stimulation were eliminated 
if the direction of Cl- flow was reversed from inward to 
outward by holding the membrane potential hyperpolar- 
ized with respect to E Ipsc (Figs. 6 and 7; Table 2). Rather, 
our data demonstrate that the activity-dependent decrease 
in IPSC driving force reflects a true change in Ecl- due to 
shifts in the transmembrane distribution of Cl- ions. Since 
[Cl-], has been shown to be insignificantly altered follow- 
ing tetanic stimulation (17), this shift in Ecl- must result 
from accumulation of Cl- inside the cell. 

Accumulation of intracellular Cl- has been shown to 
occur during prolonged applications of GABA due to the 
inward flux of Cl- ions carrying the GABA-activated cur- 
rent (e.g., 29). Similarly, our data suggest that during repet- 
itive stimulation the influx of Cl- during the overlapping 
IPSCs transiently elevates [Cl-Ii. This increase in [Cl-Ii 

accounts for the decrease in the amplitude of responses to 
exogenous GABA as well. Consistent with this mechanism, 
no increase in [Cl-Ii is observed when repetitive stimula- 
tion is delivered at hyperpolarized holding potentials so 
that here is an outward movement of Cl- during the IPSC. 
One may wonder why, given the outward driving force for 
Cl- flux in this experiment, no hyperpolarizing shift of 
EIpsc was observed. One explanation is that the effect of 
this outward Cl- flux was obscured by a some additional 
mechanism which promotes Cl- accumulation, so that the 
net effect was no apparent change in Ea-. For example, we 
observed that the activity-dependent decrease in driving 
force was greater when stimulation was delivered in saline 
containing a higher [K+],. The correlation between [K’10 
and Cl- accumulation has been noted previously (35), and 
may reflect an inhibition of active, outwardly directed Cl- 
transport by elevated [K’10 (14, 52). This process will tend 
to increase [Cl-Ii. Homeostasis of [Cl-Ii, and the influence 
of [K+],, are described in detail in the following paper (55). 

Mechanisms of activity-dependent decrease in gzpSc 

Activity-dependent decreases in gIpsc could arise either 
from a presynaptic decrease in evoked GABA release or 
from a decreased sensitivity of postsynaptic receptors to 
released GABA, such as might occur after desensitization. 
Desensitization of the GABA receptor complex has been 
suggested to underlie the decrease in gIpsc following a train 
of stimuli (7, 62). However, our experiments in which the 
effect of repetitive stimulation on responses to exogenous 
GABA was tested (Figs. 5 and 7) indicate that significant 
desensitization did not occur after the tetanus. Decreases in 
the amplitude of GABA responses occurred only when 
there were concomitant decreases in Ecl-, such as after 
repetitive stimulation at depolarized holding potentials, 
and not when E c1- was unchanged, such as after repetitive 
stimulation at hyperpolarized holding potentials. The 
postsynaptic receptors activated by the exogenous GABA 
were therefore unaffected by the stimulus train in the later 
case. Of course, we can not be certain that the population 
of receptors activated by the exogenous GABA are the 
same population as those activated by the IPSC. Thus it 
remains possible that the receptors responsible for the IPSC 
have become desensitized, whereas the independent popu- 
lation responsible for the GABA response were unchanged. 
This seems unlikely however given our ability to localize 
the GABA application visually to the cell soma where the 
GABAergic presynaptic terminals are most dense. Since 
desensitization is apparently not responsible for the activ- 
ity-dependent reduction in gIpsc, we conclude that presyn- 
aptic GABA release has decreased following the train of 
repetitive stimuli. One possible mechanism, described in 
detail in the last paper of this series (56), is that prolonged 
GABA efflux during the tetanus has effected a negative 
feedback of its own release mediated by presynaptic 
GABAB receptors, as suggested by Deisz and Prince (15) for 
the neocortex. 

Relationship of activity-dependent disinhibition to epilepsy 

The defining feature of activity-dependent disinhibition 
is a short-term reduction in the efficacy of GABAergic, 
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Cl -mediated synaptic inhibition following a train of repet- REFERENCES 
itive stimuli. Synchronized, epileptiform discharge result- 
ing from application of GABA antagonists such as bicu- 
culline, penicillin, and picrotoxin due to the large blockade 
of inhibition is well described (e.g., Ref. 32). Previous stud- 
ies have suggested that this activity arises from a release of 
excitatory interactions in the CA3 region, that then serves 
as a pacemaker in driving synchronous discharge in fol- 
lower populations such as CA1 (6 1). Could the partial, 
short-lasting disinhibition described here also result in epi- 
lepsy? Models of neuronal networks in the hippocampus 
have suggested that synchronized discharge can occur in 
hippocampal slices following only partial disinhibition, 
provided that excitatory interactions between CA3 cells are 
sufficiently strong (57). Such capabilities are also shown by 
our preparation, such as the epileptiform discharge result- 
ing from repetitive stimulation illustrated in Fig. 3B, where 
disinhibition is presumably incomplete. Disinhibition may 
actually increase excitatory interactions through several 
mechanisms, including reducing the voltage-dependent 
block of N-methyl-D-aspartate (NMDA) receptor-activated 
ion channels by Mg2+ ions (28) and increasing the probabil- 
ity that an EPSP will generate an action potential in the 
postsynaptic cell (60). Indeed, Miles and Wong (38, 39) 
have shown that following suppression of inhibition with 
either picrotoxin or tetanic stimulation, latent excitatory 
interactions betwee :n CA3 pyramidal cells become un- 
masked. 

Repeated application of stimuli that evoke tran sient, ac- 
tivity-dependent disinhibition could lead to chronic in- 
creases in excitability as well. For example, both a 
strengthening of excitation (4 1 ), perhaps via an NMDA-re- 
ceptor-mediated process such as long-term potentia tion 
(e.g., Ref. 25), and a long-l .asting decrease in inhibition (51) 
have been described following multi ple applications of re- 
petiti ve sti mulation. Such processes might be involved in 
the development of secondary epileptic foci in regions 
where the initial propagated event is inhibitory in nature, 
but gradually becomes transformed into synaptic excita- 
tion (47). 
transition 

I n addition, such m echanisms could facilitate the 
from interictal to ictal discharge by causin 4s a 

progressive decrease in the strength of surround inhibi- 
tion (45). 

Activity-dependent disinhibition thus results from sev- 
eral naturally occurring mechanisms which are capable of 
producing transient or chronic increases in hippocampal 
excitability. As such, these mechanisms may represent an 
important endogenous factor in the genesis of epilepsy. 
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