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Patch-Clamp Recordings Reveal Powerful GABAergic Inhibition in

Dentate Hilar Neurons

Ivan Soltesz and Istvan Mody

Department of Anesthesiology, and Pain Management, UT Southwestern Medical Center, Dallas, Texas 75235-9068

Whole-cell and cell-attached patch-clamp recordings were
used to investigate the nature of GABA, receptor-mediated
inhibition in the adult rat dentate gyrus in standard 400-um-
thick horizontal slices. In the presence of the glutamate re-
ceptor antagonists b-2-amino-5-phosphonovaleric acid and
6-cyano-7-nitroquinoxaline-2,3-dione, whole-cell voltage-
clamp experiments with chloride-filled electrodes ([CI-], =
[CI-]..) revealed a high degree of spontaneous activity (10-
60 Hz) in all hilar neurons (HNs) recorded with access re-
sistances lower than 20 MQ. The events were inward at neg-
ative holding potentials, reversed at around the Cl- equilib-
rium potential, and were completely abolished by the specific
antagonists of the GABA, receptor channel picrotoxin and
SR-95531 in a reversible manner, indicating that they were
spontaneous inhibitory postsynaptic currents (sIPSCs) me-
diated by GABA, receptors. The majority of the sIPSCs were
TTX-insensitive miniature currents resulting from the action
potential-independent release of GABA.

The 10-90% rise times and the monoexponential decay
time constants of the sIPSCs were significantly longer in HNs
than those found in neighboring granule cells (GCs). Fur-
thermore, the decay time constant of the hilar sIPSCs was
not voltage dependent, contrary to the voltage dependency
of the decay time constant of the sIPSCs recorded from GCs.
As HNs have longer electrotonic length than GCs do, den-
dritic filtering may contribute to the kinetic differences. Non-
stationary fluctuation analysis showed that whereas the
number of channels open at the peak of individual sIPSCs
was similar, the single-channel conductances significantly
differed between the two cell groups. The 21% smaller sin-
gle-channel conductance and the existence of electrotoni-
cally close GABAergic synapses on HNs indicate that den-
dritic filtering alone cannot explain the differences between
HNs and GCs. The distinct subunit composition of the GABA,
receptor channels in HNs and GCs may also be responsible
for the altered kinetics of IPSCs in HNs. However, the subunit
specific benzodiazepine agonist zolpidem (3 um) prolonged
the monoexponential decay time constants in both HNs and
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GCs. Thus, differences between the GABA , receptors of the
two cell types are not due to a simple all-or-none presence/
absence of the a5 subunit.

In order to determine the effect of the activation of GABA,
receptors on the resting membrane potential in HNs and GCs
in a nonintrusive way, we used single potassium channels
as transmembrane voltage sensors by measuring the change
in their conductance in cell-attached recordings in response
to the GABA, agonist muscimol. GABA, receptor activation
resulted in a strong peak depolarization (about 16 mV) in
GCs but induced only small (about 4 mV) depolarizations in
HNs.

These results reveal for the first time that spontaneous
activation of GABA, receptors takes place in HNs with a high
frequency. Thus, while significant differences exist in the
way GABAergic inhibition operates in the two neighboring
neuronal population, it is highly unlikely that a general lack
of inhibition can explain the extreme vuinerability of HNs to
excitotoxic insults.

[Key words: GABA, receptor, granule cell, dentate gyrus,
inhibitory postsynaptic current, excitotoxicity, hilus, potas-
sium channel, patch clamp, synchronization]

The hilus of the dentate gyrus is in a strategic position to influ-
ence neuronal information processing in corticolimbic net-
works. Indeed, several prominent EEG rhythms of the hippo-
campal formation have been described in the hilus, including,
among others, the theta oscillations and the fast (“40 Hz)
rhythms (Buzsaki et al., 1983; Miller, 1991; Soltesz and Desch-
énes, 1993). The large variety of electrical behaviors exhibited
by the dentate hilus is presumably a reflection of the number
of neuronal computations that may take place in it. Some of
these rhythms, such as the fast waves, have the highest ampli-
tude in the hilus (Buzsaki et al., 1983; Soltesz and Deschénes,
1993), indicating that hilar neurons (HNs) may be particularly
adept at temporal synchronization of their neuronal activities.
It has been suggested that synchronization in the hilus may take
place via depolarizing GABA, receptor-mediated responses
(Michelson and Wong, 1991). However, little is known about
the physiology of GABAergic synaptic events in HNs. In fact,
it has been suggested that the high sensitivity to excitotoxic
insults (Mouritzen-Dam, 1980; Sloviter, 1983, 1987, 1989, 1991;
Babb et al., 1984; Scharfman and Schwartzkroin, 1990; Sutula
etal., 1992) of spiny HNs, of which the mossy cells are the most
abundant (Amaral, 1978; Frotscher et al., 1991), might be con-
nected to the relative absence of GABAergic inhibitory influ-
ences (Scharfman, 1991). This hypothesis seemed to have been
supported by observations in vitro carried out with sharp mi-
croelectrodes in conventional brain slices (Scharfman, 1992;
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Figure 1. The position of the HNs (solid circles) recorded in the whole-
cell mode is shown on the fop, while those HNs that were recorded in
the cell-attached mode are indicated on the bottom schematic drawing
of the dentate gyrus [plate 109 of the Paxinos-Watson (1986) atlas].
The dashed lines indicate the border of the GC layer with the hilus and
the layer of the CA3c pyramidal cells.

Strowbridge et al., 1992), as well as with whole-cell recordings
in thin slices (Livsey and Vicini, 1992), indicating that the block-
ade of the intense, exclusively depolarizing spontaneous activity
in spiny HNs by glutamate receptor antagonists (without
4-aminopyridine) abolishes all spontaneous activity and does
not reveal any “hidden,” glutamate receptor antagonist-insen-
sitive synaptic events. Even the evoked responses of HNs, re-
corded in control medium, were reported to be dominated by
excitatory potentials whereas small inhibitory responses oc-
curred only in few HNs (Scharfman and Schwartzkroin, 1988;
Scharfman, 1991). However, it has been known from anatom-
ical studies that GABAergic terminals are abundant in the hilus
and are present on HNs (Ribak et al., 1978, 1985; Ribak and
Seress, 1988; Han et al., 1993). This contrasts sharply with the
lack of electrophysiological evidence for prominent inhibitory
spontaneous or evoked activity.

Recently, however, two reports indicated that HNs may be
under more effective inhibitory control than previously thought.
First, a recent in vitro sharp electrode study (Scharfman, 1992)

reported that spiny HNs responded with IPSPs to high- but not
to low-intensity electrical stimulation, in the presence of D-2-
amino-5-phosphonovaleric acid (AP5) and 6-cyano-7-nitro-
quinoxaline-2,3-dione (CNQX), although no spontaneous in-
hibitory activity was seen. Second, mossy cells responded with
prominent IPSPs to stimulation of the entorhinal cortex in vivo
(Soltesz et al., 1993). Furthermore, in the same in vivo study
the intracellular theta rhythm of mossy cells showed strong volt-
age dependency in its phase with respect to the EEG theta rhythm,
a property shared with CA3 and CA1l neurons thought to in-
dicate the involvement of fast, Cl--dependent, GABA, recep-
tor-mediated IPSPs (Artemenko, 1972; Leung and Yim, 1986;
Fox, 1989; Soltesz and Deschénes, 1993). We have undertaken
the present study to seek answers to the following questions. (1)
Could spontaneous inhibitory activity, mediated by GABA,
receptors, be revealed in HNs? (2) If yes, what differences do
the spontaneous events show with respect to the well-studied
spontaneous postsynaptic currents (SIPSCs) of the neighboring
granule cells (GCs)? (3) Is the action of GABA, receptor acti-
vation depolarizing or hyperpolarizing in HNs and GCs? The
answers to these questions are important because they advance
our knowledge of how inhibition operates in corticolimbic sys-
tems with consequences for the understanding of the neuronal
mechanisms underlying learning and memory as well as several
pathological states.

Some of the results have been presented in abstract form
(Soltesz and Mody, 1993).

Materials and Methods

Slice preparation. The preparation of slices was done as described before
(Otis et al., 1991; Staley and Mody, 1991). Briefly, adult (60-120 d old,
250-350 gm) male Wistar rats were decapitated under pentobarbital
sodium anesthesia (75 mg/kg, i.p.) and the brains removed. The brain
was cooled in 4°C artificial cerebrospinal fluid (ACSF), composed of (in
mm) 126 NaCl, 2.5 KCl, 26 NaHCO;, 2 CaCl,, 2 MgCl,, 1.25 NaH,PO,,
and 10 glucose. Horizontal whole brain slices (Lambert and Jones, 1990;
Staley and Mody, 1991) (400 um thick) were prepared using a vibratome
tissue sectioner (Lancer series 1000). The brain slices were sagittally
bisected onto two hemispheric components and incubated submerged
in a storage chamber at 32°C.

Electrodes and solutions. Both whole-cell and cell-attached recordings
were obtained from HNs (the recording sites are shown separately for
the two types of recordings in Fig. 1) and from GCs. Patch electrodes
were pulled from borosilicate (KG-33) glass capillary tubing (1.5 mm
o.d.; Garner Glass) using a Narishige PP-83 two-stage electrode puller.
Tip dimensions were 0.5~1.0 um i.d. and 3-4 um o.d., with the cell-
attached electrodes being slightly smaller. Only the electrodes used for
cell-attached recordings were fire polished and coatings were not used.

Intracellular or, in the case of the pipettes used for cell-attached re-
cordings, intrapipette solutions were composed of (in mm) 135 either
potassium or cesium chloride or in a few experiments cesium gluconate,
2 MgCl,, and 10 N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid
(HEPES); the solution was buffered with CsOH or KOH to pH 7.2 in
high-performance liquid chromatography (HPLC) grade water (Omni-
solve, EM Science, Gibbstown, NJ). No calcium buffer was used. Whole-
cell voltage-clamp recordings were done with 10 mm QX-314 (Alamone
Labs.), cell-attached recordings with 2 mm CaCl, in the pipette. Final
osmolarity for all solutions was 260-280 mOsm. All salts were obtained
from Fluka.

Recordings and analysis. The application of the whole-cell recording
technique to the standard brain slice preparation has been described in
detail (Blanton et al., 1989; Staley et al,, 1992). Recordings were ob-
tained with an Axopatch-200A amplifier (Axon Instruments) (in the
case of the few cells that were recorded in the current-clamp mode, an
Axoclamp 2A amplifier was used), digitized at 88 kHz (Neurocorder,
NeuroData) before being stored in PCM form on videotape, and filtered
DC to 1-3 kHz (eight-pole Bessel) before digitization by the computer
for analysis that was performed with the Strathclyde Electrophysiology
Software (courtesy of J. Dempster, Univ. of Strathclyde, UK). In the
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Figure 2. HNs show intense depolarizing activity in control medium
in current clamp. 4, Photomicrograph of the cell whose activity is shown
in B. Note the prominent spines on the cell body and on the proximal
dendrite. The cell had a single dendrite in the molecular layer. The
position of the cell; the large cell body; the presence of numerous large,
complex spines on the soma and proximal dendrites; and small, simple
ones on the distal dendrites and the single dendrite in the molecular
layer suggest that this cell is a hilar mossy cell. B, Whole-cell current-
clamp recording (Cs-gluconate electrode) shows the intense depolarizing
activity characteristic of spiny HNs. The cell was at RMP. The indi-
vidual traces are consecutive records. Scale bar in 4, 50 pm.

case of the cell-attached recordings, the channel activity was also re-
corded with a patch-clamp amplifier (Axopatch 200A) (low-pass filtered
DC to 10 kHz) in pulse code modulated (PCM) form onto videotapes.
Channel data were redigitized at 3 kHz, low-pass filtered at 500 Hz (-3
dB, eight-pole Bessel), and analyzed off line with the single-channel
analysis program of the Strathclyde Electrophysiology Software using a
50% threshold-crossing event detection algorithm.

Constant-current stimuli (50-200 usec) were applied from a bipolar
90 um tungsten stimulating electrode placed in the molecular layer of
the dentate gyrus. With the exception of the current-clamp experiments,
which were done in control ACSF, recordings were performed in ACSF
containing (in uM) 25 D-2-amino-5-phosphonovaleric acid (AP5; Cam-
bridge Research Biochemicals) and 10 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX; Tocris Neuramin).

Monsiationary noise analysis was performed as described elsewhere
(Sigworth, 1980; Robinson et al., 1991; Traynelis et al., 1991, 1993; De
Koninck et al., 1992). Briefly, multiple, overlapping events were re-
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Figure 3. ThesIPSCsare GABA, receptor-mediated events. The effect
of the GABA, receptor antagonist SR-95531 on the frequency of the
sIPSCs recorded with whole-cell patch pipettes in voltage clamp is shown,
in the presence of AP5 and CNQX. Traces from control (Control) and
the drug-effected state (SR-95531) are presented below. Note that the
GABA , receptor antagonist abolished all activity.

jected, and then the individual events were selected on the basis of their
rise times and decay time constants (only those that were close to the
mean of all events were analyzed further) in order to be able to deal
with a fairly homogeneous population. About 100-200 sIPSCs were
used in each cell. The ensemble average current was scaled to the peak
of each event and the latter was divided into bins of equal amplitudes
on the current scale to calculate the variance versus mean amplitude of
the current during the decay phase of the sIPSCs (within a time window
of fixed length). Within each bin the variance of the current (¢?) around
the scaled average was computed and the baseline variance was then
subtracted. The following parabola (Sigworth, 1981) was fitted (least-
square simplex method) through the points of the variance versus mean
current relationship:

ot =il, — LUN

where [/, is the measured current, i is the unitary current, and N is the
number of open channels at the peak of the sIPSC.

The electrotonic length of the membrane (L,.,, according to the no-
tations of Holmes and Rall, 1992) was estimated in voltage-clamp re-
cordings by analyzing current transients following 5-10 mV, 100-msec-
long voltage pulses (Rall, 1969; Holmes and Rall, 1992; Jackson, 1992),
according to the equation (Rall, 1969)

L\ucE = (I"{z) (9Tvc2 - .rw:l)“2 (Tucl - Tw:2)_“23

where 7., and 7., are the slow and fast time constants, respectively, of
the current transients. According to simulations performed by Holmes
and Rall (1992), this method overestimates the real electrotonic length
(L) of the membrane particularly if there is a severe tapering in the
diameter of distal dendrites.

Drugs were applied by bath perfusion. The bath concentrations were
(in um) 100 picrotoxin (Sigma), 10 SR-95531 (Cambridge Research
Biochemicals), 100 muscimol (Fluka), 3 or 30 zolpidem (courtesy of
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Figure 4. The effect of TTX on the

sIPSCs of an HN. Top traces show the

sIPSCs in CNQX/AP5-containing

(control) medium and in the presence 296 4
of TTX. Middle traces show the block-
ing effect of TTX on the IPSCs evoked
by electrical stimulation of the molec-
ular layer. Lower panels show the in-
terevent histograms of the sIPSCs in
control medium (/eff) and in TTX (right)
binned on a log scale. Note that TTX
abolished the evoked response while it
did not cause any change in the mean
interevent interval and thus in the mean
frequency or amplitude (not shown) of 10°
the spontaneous events.
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Dr. G. White, Neurogen Corp.), and 1 tetrodotoxin (TTX; Calbiochem).
In some experiments biocytin (0.5%, Sigma) was included in the pipette
and after the end of the recording the slice was allowed to stay in the
chamber for an additional 10-15 min and then it was placed between
filter papers and put into a fixative solution containing 4% parafor-
maldehyde. The slices were resectioned with a freezing microtome and
processed for biocytin immunocytochemistry according to the protocol
described by Horikawa and Armstrong (1988). Statistical analyses were
performed using spss for Windows with a level of significance of 0.05.
Data are presented as mean = SE (n = number of cells).

Results

Whole-cell voltage clamp reveals sIPSCs in HNs

In HNs of the rat dentate gyrus intense excitatory synaptic ac-
tivity can be observed in control medium both with sharp elec-
trode (Scharfman and Schwartzkroin, 1988; Scharfman, 1991;
Strowbridge et al., 1992) and with whole-cell voltage-clamp
(Livsey and Vicini, 1992) as well as current-clamp recordings
(Fig. 2). Six HNs were injected with biocytin, and all of them
proved to be similar to that shown in Figure 24; that is, they
all had large cell bodies, prominent spines on their somata and
proximal dendrites, and smaller spines on their distal dendrites.
As the most abundant deep HNs are spiny, like the mossy cells
with large cell bodies (Amaral, 1978; Scharfman and Schwartz-
kroin, 1988; Frotscher et al., 1991), the chance of recording
from this cell type is large.

Contrary to what has been reported before, whole-cell voltage-
clamp experiments (with symmetrical chloride, i.e., [Cl-], =
[CI-]...) revealed a high degree of spontaneous synaptic activity
even in the presence of the glutamate antagonists AP5 (25 um)
and CNQX (10 um) at frequencies of 10-65 Hz (e.g., Fig. 3) in
all HN's recorded with access resistances lower than 20 MQ. The
events were inward currents at negative holding potentials (Figs.
3, 4, 5B, see Fig, 74) and they reversed at around 0 mV (2.43
mV). The GABA, receptor antagonists picrotoxin (100 um; n
= 2) and SR-95531 (10 um; n = 5) reversibly abolished all
activity (e.g., Fig. 3), and thus the events recorded in the presence
of APS and CNQX were spontaneous inhibitory postsynaptic
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currents (SIPSCs) mediated by GABA, receptors. TTX (1 um),
an antagonist of voltage-dependent sodium channels, slightly
reduced the frequency of the sIPSCs by —17.7 + 14.7% (n =
6) (Fig. 4), a value that is considerably smaller than what has
been reported for GCs, where approximately 50% of the sIPSCs
are TTX sensitive (Otis et al., 1991). This showed that the
majority of the sIPSCs in HNs were generated by action poten-
tial-independent release of GABA; that is, they were miniature
synaptic currents.

FElectrophysiological characteristics of sIPSCs

As demonstrated in the examples of GC and HN sIPSCs in
Figure 5, A and B, sIPSCs in HNs were slower rising and slower
decaying than sIPSCs from GCs. We took great care to ascertain
that these kinetic differences were not due to differences in access
resistances. Thus, we selected eight HNs and five GCs that were
recorded with similarly low access resistances (5.5-7.5 M).
Two hundred sIPSCs were studied in each cell immediately after
switching off the test pulse used to check the access resistance.
As Figure 6 shows, in spite of the similar access resistances, the
kinetic differences were unequivocal, even though in this group
of cells the amplitude of the sSIPSCs was similar. Analysis of the
sIPSCs in a larger population of neurons revealed that the rise
times (0.59 + 0.06 msec; n = 17) and decay time constants
(4.65 = 0.29 msec; » = 17) in HNs were significantly (p < 0.05,
two-tailed ¢ test) higher than those found in neighboring GCs
(0.32 0.04 msec and 3.66 + 0.29 msec, respectively; n = 9).
Although the average amplitude of the sSIPSCs of HNs was smaller
than that of the sIPSCs from GCs (recorded at —60 to —65 mV
holding potentials; HNs, —83.8 + 7.82 pA; GCs, —118.65 =+
22.33 pA), the difference did not reach a statistically significant
level. The slow rise times of hilar sIPSCs did not result from
multiple overlapping events, since no inflection point was pres-
ent on the rising phase of the analyzed sIPSCs (e.g., Fig. 5C,D).
In addition to the differences between the rise times and the
decay time constants, a difference was noted between the voltage



A Granule Cell B

The Journal of Neuroscience, April 1994, 14(4) 2369
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dependencies of the decay time constants of the sIPSCs recorded
from HNs and GCs. Hilar sIPSCs were not statistically different
at +25 and —75 mV even when the access resistances were the
same at these two membrane potentials (n = 4). This property
of the hilar sIPSCs contrasts sharply with the voltage depen-
dency of the decay time constant of sSIPSCs recorded from GCs,
where a 132 mV change in membrane potential produces an
e-fold prolongation (Otis and Mody, 1992).

The anatomical structure and size of HNs and GCs are rather
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Figure5. ThesIPSCsof GCsand HN.
A and B, The sIPSCs of the GC (4)
appear faster rising and faster decaying
than those recorded from the HN (B).
C and D, The slower rise time of the
HN is not due to the temporal sum-
mation of sIPSCs, since there is no in-
flection point (i.e., no ‘““notch” can be
Als seen above the baseline noise) on the

0.2ms rising phase of the synaptic currents.

different, indicating that the electrotonic cable structure might
also differ (Rall, 1969; Holmes and Rall, 1992; Jackson, 1992;
Livsey and Vicini, 1992; Spruston and Johnston, 1992; Staley
et al., 1992), which, in turn, might cause kinetic differences in
the sIPSCs. Indeed, previously published whole-cell studies of
GCs and HNs reported a difference in the electrotonic length
(L) between the two cell groups (Livsey and Vicini, 1992; Staley
etal., 1992). In order to confirm the existence of such a difference
between the GCs and HNs in our sample, we performed an
analysis of the electrotonic properties according to the method

Figure 6. The sIPSCs of HNs have
slower rise times and decay time con-
stants than GCs do. 4, A group of cells
consisting of five GCs and eight HNs
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were selected on the basis that they were
recorded with similarly low access re-
sistances. Two hundred sIPSCs were
collected from each cell immediately
after switching off the test pulse used to
check the access resistance (series re-
sistance compensation, >70%). These
IPSCs were pooled (n = 1000 for GCs;
n = 1600 for HNs) and the plots in B-
D refer to data from these pooled events.
B-D, Cumulative probability plots show
that in these selected IPSCs recorded
with similar access resistances, the 10—
90% rise times were significantly slower
and decay time constants longer in HNs
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(noise) analysis of sSIPSCs in GCs and
HNs. 4, An example of the averaged
sIPSCs and the mean current versus
variance plots in a representative GC
and an HN. B and C, Fluctuation anal-
ysis performed on sIPSCs from nine
GCs and 17 HNs revealed that while
the number of subsynaptic channels are
similar, the single-channel conductance
of the GABA, channel of HNs is sig- 0
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of Jackson (1992) in two HNs and two GCs that were recorded
with similarly low access resistances (6-9 MQ). The analysis
showed that HNs had longer L., values (1.84 and 1.69 in HNs
vs 0.89 and 0.33 in GCs) [the sIPSC characteristics in these cells
followed the general trend reported above (130-250 events): rise
time, 0.72 * 0.42 and 0.24 + 0.05 msec in HNs vs 0.17 + 0.08
and 0.23 * 0.08 msec in GCs; decay time constant, 5.38 = 1.38
and 5.69 = 1.42 msecin HNs vs 4,52 + 1.26 and 5.57 £ 1.62
msec in GCs). The about twice-long L,., of HNs suggests that
the slower kinetic properties of the hilar sSIPSCs might be due
to dendritic filtering. In a similar manner to that reported by
Livsey and Vicini (1992) for sEPSCs of HNs, in four cells (100~
200 sIPSCs each) we found no correlation between the rise times
and the decay time constants of hilar sIPSCs (r = 0.09 * 0.01;
range, 0.07-0.13) and in 17 HNs there was no correlation (r =
0.47) between the rise times versus decay time constants of
averaged sIPSCs. It should be noted, however, that the lack of
correlation between rise times and decay time constants does
not necessarily indicate that electrotonic filtering is an unlikely

HN GC HN

cause of kinetic differences (Major, 1993; Spruston et al., 1993;
Traynelis et al., 1993).

The nature of the subsynaptic chanrels underlying the sIPSCs

Recent in situ hybridization studies indicated differences be-
tween the subunit composition of GABA, receptors of HNs and
GCs (Persohnetal., 1992; Wisden etal., 1992). Different subunit
composition may result in different channel kinetics. In order
to determine the single-channel conductance and number of
hilar and granular GABA, channels, we applied the nonsta-
tionary noise analysis technique (Sigworth, 1980; Robinson et
al., 1991; Traynelis et al., 1991; De Koninck et al., 1992). This
method showed a significant difference between the single-chan-
nel conductance of the GABA, channels present on these two
neuronal populations (HNs, 21.6 + 0.98 pS; GCs, 27.9 + 1.35
pS) (Fig. 7). However, the number of subsynaptic channels open
at the peak of sIPSCs were similar (HNs, 67 + 9; GCs, 63 =+
7) (Fig. 7). Although the single-channel conductance calculated
by this method can be influenced by dendritic filtering (see Dis-
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Figure 8. The effect of the benzodiazepine agonist zolpidem on the sIPSCs of GCs and HNs. 4 and B, Averages of sIPSCs recorded from control
GCs and HNs and from neurons recorded in the presence of 3 um zolpidem. As shown in C and D, zolpidem increased the decay time constants
of both GCs and HNs. The numbers indicate the mean and SD. Bin width = 2 msec.

cussion), the different subunit composition of GABA, receptors
(Sigel et al., 1990; Verdoorn et al., 1990; Schonrock and Bor-
mann, 1993) may also underlie or contribute to the observed
differences in the properties of the sIPSCs between HNs and
GCs. The in situ studies of Persohn et al. (1992) indicated a
relatively weaker expression of the a3 and «5 (as well as 6)
subunits in HNs. The benzodiazepine receptor agonist zolpi-
dem, which has higher affinity for the «1-3 subunits than for
the a5 subunit of the GABA, receptor (Pritchett and Seeburg,
1990; Puia et al., 1991; Mertens et al., 1993), increased the
decay time constants in both HNs and GCs (Fig. 8) at both low
(3 um) and high (30 uM) concentrations (mean 7,.,, values in 3
and 30 M zolpidem, respectively, n = 2 at each concentration:
HNs, 13 and 28 msec; GCs, 13 and 21 msec), suggesting that
the difference between the channels is probably not due to an
all-or-none presence/absence of the a5 subunit.

The action of GABA , receptor activation on the resting
membrane potential

The whole-cell patch-clamp experiments described above re-
vealed a perpetual bombardment of the HNs’ cell membrane
by spontaneously released GABA and showed that the sIPSCs
exhibit some significant differences from those recorded in GCs.
In the next series of experiments we attempted to determine
what changes, if any, GABA, receptor activation induces in the
membrane potential of HNs. This question was particularly

interesting in the light of recent reports suggesting that depo-
larizing GABA , receptor-mediated responses, probably in con-
junction with voltage-dependent currents may play an impor-
tant role in the synchronization of neuronal activity in the hilus
(Michelson and Wong, 1991). Because both sharp electrode and
whole-cell recordings interfere with the relationship between E,
and the resting membrane potential (RMP), which determines
whether GABA, receptor activation leads to depolarization,
hyperpolarization, or no change in the RMP, we performed
recordings of HNs and GCs in the cell-attached configuration
in the presence of TTX (and AP5 and CNQX). The experimental
paradigm is shown in Figure 94. Briefly, with electrodes that
contained 135 mm K+, which is close to that of the intracellular
milieu, we formed cell-attached patches on the cell membrane
and recorded from presumed K+ channels that served as trans-
membrane voltage sensors (Zhang and Jackson, 1993). At RMP
(i.e., with no current), the conductance of the K+ channels varied
between 25 and 90 pS (Johansson and Arhem, 1992). Plots of
voltage (holding potential of the patch from rest) versus single-
channel current revealed that the channels behaved linearly be-
tween 0 and —80 mV (Fig. 104). The channelsreversed at —79.8
+ 7.5 mV in HNs (n = 6), and at —82.5 = 2.7 mV in GCs (n
= 3) (Fig. 104). These reversal potential values are good esti-
mates of the unperturbed RMPs of these cells, since reasonably
small differences between [K+}],, and [K*],... Would have only
negligible effects. Following a period of control recording, we
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Figure 9. Cell-attached recording of K+ channels on HNs and GCs
and the effect of muscimol. 4, The recording arrangement is shown
schematically on the Jeft, and the principle of the experiment is on the
right. The patch containing the K+ channel is kept at rest (i.., at 0 mV
relative to RMP). Following the application of the GABA, receptor
agonist muscimol the amplitude of the K+ channel either (1) does not
change [no change in the resting membrane potential (RMP)], (2) de-
creases (muscimol depolarizes the RMP), or (3) increases in its ampli-
tude (muscimol hyperpolarizes the RMP). B, Examples of single K+
channels recorded at the RMP from GCs and HNs in control conditions
and in the presence of muscimol.
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switched to a solution containing the GABA, receptor agonist
muscimol (100 uM) for 5 min. The exchange time of the per-
fusion of muscimol was 3—4 min as assessed from whole-cell
recordings. Whereas muscimol caused a reversible, relatively
large (—20 + 2%; r = 4) decrease in single K+ channel current
in GCs, HNs responded with a much smaller change, although
that change, on average, was in the same direction (—5 + 3%;
n = 5) (Figs. 9B, 10B). Since the relative percentage decrease
in single-channel current corresponds to an equivalent relative
decrease in RMP, these results indicated that GCs responded
with a rather uniform large, about 16 mV depolarization to
muscimol, whereas HNs, on average, showed a small depolar-
ization of about 4 mV in response to GABA, receptor activa-
tion.

Discussion

The main findings of our study can be summarized as follows:
(1) HNs are subjected to tonic GABA, receptor-mediated in-
hibition in vitro; (2) the hilar sSIPSCs, most of which result from
action potential-independent release of GABA, show significant
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Figure 10. The RMP of HNs and GCs and the time course of action
of muscimol. 4, I-V plot of a K+ channel recorded from an HN and a
GC. Note that between holding potentials of 0-80 mV the plot is linear,
and also that the channel reverses around +80 mV. As recordings were
done in symmetrical [K+], the reversal potential of current flow through
K~ channels should be 0 mV. The +80 mV needed to change the RMP
of the patch to the E indicates that the cell’s true RMP was ~80 mV.
The amplitude of the channel in these cases was assessed from all-points
histograms, and thus the conductance of the channel (~20 and 40 pS)
is underestimated by at least 40%. B, Time course of the reversible,
indirect action of muscimol on the amplitude of K+ channels in GCs
and HNs. GCs exhibited a relatively large decrease in the amplitude of
the K+ channel current in response to muscimol, indicating a depolar-
ization of about 20% of the RMP, which amounts to approximately 16
mV for RMPs around —80 mV. HNs showed a considerably smaller
decrease in the amplitude of the channels, which suggests a smaller
depolarization of the membrane. In no case was there a significant
hyperpolarization observed.

differences in their kinetic properties with respect to those that
are present in GCs; (3) different subunit compositions of GABA,
receptors in HNs and GCs, in addition to the different electro-
tonic structure, underlie the observed differences; (4) the RMPs
of HNs and GCs are close to —80 mV when glutamatergic
transmission  is blocked; and (5) GABA, receptor activation
depolarizes the RMP strongly in GCs but does so only weakly
in HNs.

Factors underlying the differences in the properties of sSIPSCs
from HNs and GCs

The sIPSCs of HNs differed from those of GCs in three im-
portant aspects: (1) their rise times were longer, (2) their decay



time constants were higher, and (3) their decay time constants
were independent of membrane voltage. These differences may
result from differences in GABA, receptor channels or in the
electrotonic cable structure of the neurons. Our data from elec-
trotonic cable analysis indicating that the electrotonic length of
HNis is about twice the electrotonic length of GCs agreed well
with published values from whole-cell patch clamp studies [L
= (.49 for GCs in Staley et al. (1992), and L = 0.9 for spiny
HNs in Livsey and Vicini (1992)]. As mentioned in Materials
and Methods, the voltage-clamp technique used overestimates
L particularly if there is severe tapering of the dendrites (Holmes
and Rall, 1992). The dendrites of GCs obey the 3/2 power law
(Desmond and Levy, 1984), and therefore if an overestimation
of L occurred it was in the case of the HNs, indicating that the
real difference between the L values of HNs and GCs might be
smaller than found. In any case, the difference in L suggests that
there is a possibility that the kinetic differences of sSIPSCs may
result from differences in the electrotonic structure and the re-
sulting space-clamp problems in the two groups of neuron. This
would be especially so if the channels generating the sIPSCs
would be located preferentially on the distal dendrites of HNs,
which would be very interesting in itself because it would in-
dicate that most of the spontaneous inhibition in HNs arises
from distant dendritic sites. However, there are symmetrical
synapses and GABAergic terminals on the electrotonically prob-
ably close axon initial segments (Han et al., 1993), as well as
on the somata and proximal dendrites (Ribak et al., 1985; Ribak
and Seress 1988; C. Ribak, personal communication) of HNs
(unfortunately, the quantitative spatial distribution of GA-
BAergic terminals on the surface of the HNs is not known).
Nonstationary fluctuation analysis indicated that the number
of subsynaptic receptors is similar, but a significant difference
exists in the single-channel conductances of GABA, receptors
in the two neurons. Although dendritic filtering would decrease
the single-channel conductance estimated by nonstationary fluc-
tuation analysis (Traynelis et al., 1993), it is unlikely that fil-
tering alone would account for the observed differences. As
mentioned above, there are numerous GABAergic synapses on
electrotonically close parts of HNs. Our nonstationary fluctu-
ation analysis focused on the fastest 10-90% rise time events
in any given cell (see Materials and Methods). These events are
likely to have originated from electrotonically close synapses
and it is difficult to imagine that such synapses are all silent;
that is, they do not spontaneously release GABA. In addition,
the 22 versus 28 pS difference is larger than that expected from
electrotonic filtering alone (Traynelis et al., 1993). Thus, these
results are compatible with differences in the subunit compo-
sition of the GABA, receptor channels between HNs and GCs.
Although molecular biological studies (Persohn et al., 1992;
Wisden et al., 1992) indicated that the a5 subunit (which is
present almost exclusively in the hippocampus) was strongly
expressed in GCs and below detectable levels in HNs, zolpidem
did not differentiate in an all-or-none manner between the GA-
BA, receptors of HNs and GCs. This suggests that in native
GABA, receptors the a5 subunit is mixed together with other
subunits to constitute a physiologically relevant receptor pop-
ulation at the GABAergic synapses on GCs. In any case, the
differences in mRNA expression described by the study of Per-
sohn et al. (1992) included, in addition to «5 subunit (where
the strongest difference was noted between HNs and GCs), also
a3 and § (a4 was not studied), and thus these molecular biology
findings in general are consistent with different kinetics and
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single-channel conductance suggested by our nonstationary fluc-
tuation analysis.

Origin of GABAergic inhibition in the hilus

The hilus has a diverse intrinsic GABAergic circuitry (Seress
and Ribak, 1983; Somogyi et al., 1984; Ribak et al., 1985;
Misgeld and Frotscher, 1986; Kosaka et al., 1988; Ribak and
Seress, 1988; Miiller and Misgeld, 1990; Han et al., 1993) and
it also receives several extrinsic GABAergic inputs. The latter
include fibers from basket cells of the GC layer of the dentate
gyrus (Han et al., 1993), from the contralateral hilus (Ribak et
al., 1986), and from the medial septum-vertical limb of the
diagonal band of Broca complex (Freund and Antal, 1988).
Clearly, in the slice many axons are separated from their cell
bodies. The integrity of presynaptic fibers was shown to influ-
ence the rate of action potential-independent excitatory neu-
rotransmitter release (Staley and Mody, 1991). If this also ap-
plies to GABA release, then the relatively high frequency of the
TTX-resistant sSIPSCs in HNs may stem from a portion of hilar
GABAergic axons that are not separated from their cell bodies.
On the other hand, it has been suggested, on the basis of the
relative ease with which IPSPs can be evoked in mossy cells in
vivo versus in vitro (both with sharp electrodes; see introductory
remarks), that the parent cell bodies of the GABAergic neurons
forming synapses on a given HN might be spatially distant from
it and thus not present in the same slice (Soltesz et al., 1993).
This is clearly the case for the inputs from the contralateral hilus
and the septum. It also seems likely that the ipsilateral axonal
tree of the dentate GABAergic cells is rather extensive (Amaral
and Witter, 1989; Halasy and Somogyi, 1993; Han et al., 1993).
Thus, there may be a large number of GABAergic terminals
without their parent cell bodies in the slice. The finding that
TTX caused only a small reduction in the frequency of sSIPSCs
in HNs is certainly consistent with this hypothesis.

The relationship between E, and the resting membrane
potential

The relationship between E, and the RMP determines whether
GABA,, receptor activation leads to depolarization, hyperpo-
larization, or no change in the RMP. However, the nature of
this relationship has remained elusive partly because the intra-
cellular CI- ion concentration is difficult to assess. In addition,
there are problems associated with the exact measurement of
the RMP of a cell, because the process of experimental obser-
vation itself may cause changes in the object of observation.
For example, the penetration of neurons with sharp microelec-
trodes interferes with the physiological state of the cell (Staley
etal., 1992). On the other hand, the RMP measured after break-
through in the whole-cell configuration will be influenced by the
filling solution of the whole-cell patch electrode.

Cell-attached recordings, however, do not rupture the cell
membrane and therefore lead to no disturbances in the physi-
ological characteristics of neurons. In this recording configura-
tion, K+ channels can serve as transmembrane voltage sensors.
Thus, cell-attached recordings of single K+ channels can be used
not only to measure the RMPs of neurons without damaging
the cells, but in addition, such recordings before and after the
application of GABA, receptor agonists offer a nonintrusive
way of establishing the direction of the membrane potential
changes in response to the activation of GABA,, receptors (Zhang
and Jackson, 1993).

Our results with the cell-attached patches showed that the
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RMPs of HNs and GCs are close to —80 mV, at least under
our conditions when all ionotropic glutamatergic excitation is
blocked. Whether this 1s so in vivo we cannot know for sure.
Data from extracellular (Mizumori et al., 1989; Jung and Mc-
Naughton, 1993) and intracellular (I. Soltesz and M. Deschénes,
unpublished observations) in vivo electrophysiological record-
ings of GCs, as well as data from in vivo intracellular recordings
of mossy HNss (Soltesz et al., 1993), indicate that these neurons
reach firing threshold only rarely during theta oscillations, sug-
gesting that their “resting” membrane potential is rather hy-
perpolarized in vivo as well. Interestingly, in spite of the similar
RMPs, GABA, receptor activation leads to large depolariza-
tions in GCs and only to small ones in HNs. This may indicate
that E in GCs might be at a more depolarized potential than
it is in HNs.

In the light of recent studies suggesting that depolarizing GA-
BA, responses underlie the synchronization of neuronal elec-
trical activity in the hilus, it is especially interesting to ask whether
GABA, receptor-mediated depolarizations have the magnitude
to serve as means of synchronization. Although Michelson and
Wong (1991) interpreted their findings as indicating the involve-
ment of depolarizing GABA responses in the synchronization
of GABAergic cells, the idea that synchronization may be achieved
via depolarizing GABA responses would still be interesting even
if the majority of the participating HNs were non-GABAergic
and would be driven to oscillate by the depolarizing responses
originating from GABAergic neurons that themselves would be
synchronized by some mechanism, perhaps via gap junctions
(Michelson and Wong, 1992). Our data suggest that the depo-
larizing GABA responses by themselves in HNs would not be
of sufficient amplitude to achieve synchronous firing because
the RMP is close to E, and is rather hyperpolarized and thus
most likely well below firing threshold in these neurons. How-
ever, these small depolarizing GABA , responses may contribute
to the synchronization of subthreshold events in HNs, and thus
appear as extracellular potentials on the EEG electrodes. In
addition, specific voltage-dependent conductances intrinsic to
the cells may amplify these small depolarizations such that the
membrane potential reaches the threshold for firing.

Physiological significance

The discovery of tonic GABAergic activity in HNs adds a new
dimension to our thinking about the dentate gyrus. Importantly,
these neurons are subjected to perpetual bombardment of the
cell membranes by both glutamate and GABA. The effect of
this continuous spontaneous GABAergic activity is likely to be
a strong shunting effect, irrespective of the fact that GABA,
receptor activation leads to depolarizing responses in HNs and
GCs (Staley and Mody, 1992). During physiological rhythms
like the theta rhythm, extra- and intracellularly recorded pre-
sumed GABAergic cells fire clusters of action potentials phase-
locked to the theta rhythm (Buzsiki and Eidelberg, 1983; Buz-
séki et al., 1983; Fox et al., 1986; Soltesz and Deschénes, 1993).
Thus; it is likely that the in vivo activation of GABA , receptors
on HNs takes place in a discontinuous manner in time with
some rhythmicity, on the background of tonic inhibition re-
sulting from the spontaneous (i.e., action potential-indepen-
dent) release of GABA. Such clustering of the IPSCs will bring
the membrane potentials of HNs and GCs close to E, and at
the same time shunt the excitatory influence coming from glu-
tamatergic neurons. Synchronization of this temporal patterning

of inhibitory activity in a large number of neurons, in turn,
would result in the appearance of oscillatory waves such as the
theta rhythm or the fast oscillations of the dentate gyrus.

Finally, these results demonstrate that the underlying reason
for vulnerability of HNs to excitotoxic insults (Mouritzen-Dam,
1980; Sloviter, 1983, 1987, 1989, 1991; Babb et al., 1984; Ben-
veniste and Diemer, 1988; Sutula et al., 1992) is not a general
lack of inhibition. Our data suggest that the slower time course
of the GABAergic IPSCs in HNs would be favorable for the
temporal summation of the individual events that might offset
the smaller conductance of the hilar GABA, channel. Further-
more, the fact that benzodiazepines like zolpidem prolong the
IPSCs in HNs as well may suggest new ways of protecting these
cells against overexcitation.
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