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Summary

Synchronous activity among synaptically connected
interneurons is thought to organize temporal patterns
such as gamma and theta rhythms in cortical circuits.
Interactions between distinct interneuron circuits may
underlie more complex patterns, such as nested
rhythms. Here, we demonstrate such an interaction
between two groups of CA1 interneurons, GABA,siow
and GABA, s Cells, that may contribute to theta and
gamma rhythms, respectively. Stratum lacunosum-
moleculare (SL-M) stimuli that activate GABA,gow IN-
hibitory postsynaptic currents (IPSCs) in pyramidal
cells simultaneously depress the rate and amplitude
of spontaneous GABA, .« IPSCs for several hundred
milliseconds. This suppression has a similar pharma-
cological profile to GABA, g0 IPSCs, and SL-M stimuli
elicit GABA, 40w IPSCs in interneurons. We conclude
that GABA4sow Cells inhibit both pyramidal cells and
GABA, .« iInterneurons and postulate that this interac-
tion contributes to nested theta/gamma rhythms in
hippocampus.

Introduction

Cortical inhibitory cells exert a powerful and complex
influence over pyramidal cell activity, for example, regu-
lating dendritic plasticity (Davies et al., 1991; Mott and
Lewis, 1991; Kapur et al., 1997) and synchronizing the
output of ensembles of pyramidal cells (Cobb et al.,
1995). In addition to interactions with pyramidal cells,
connections between interneurons are also observed,
and networks of mutually connected interneurons gen-
erate oscillatory firing patterns in slices and simulated
networks (Whittington et al., 1995; Wang and Buzsaki,
1996; White et al., 1998). Further complexity in firing
behavior may be achieved by interconnections between
networks that differ in kinetic and pharmacological prop-
erties (Marder et al., 1998).

In CA1 pyramidal cells, two kinetic classes of GABA,
inhibitory postsynaptic currents (IPSCs) are observed
(Pearce, 1993; Banks et al., 1998). GABA, s is a rapidly
activated, rapidly decaying IPSC mediated by somatic
and proximal dendritic synapses, likely arising from bas-
ket and chandelier cells, as well as other interneurons
projecting to these regions (Freund and Buzsaki, 1996).
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By virtue of its location and time course, this inhibitory
current is able to control the timing and occurrence of
pyramidal cell output in response to a given excitatory
input (Pearce, 1993; Miles et al., 1996). GABA,qow IS @
slowly rising and decaying IPSC mediated by dendritic
synapses. Its colocalization with dendritic excitatory in-
puts suggests that GABA, ¢ May regulate local dendritic
depolarization and hence synaptic plasticity (Pearce,
1993; Kapur et al., 1997). Consistent with this hypothe-
sis, GABAg-mediated frequency-dependent depression
of GABA, IPSCs is necessary for induction of long-term
potentiation (LTP) in pyramidal cell dendrites (Davies et
al., 1991; Mott and Lewis, 1991). Only GABA, gow, and not
GABA, s, IS regulated by activity-dependent, GABAg-
mediated depression (Pearce et al., 1995), indicating
that the GABA,sow IPSC regulates LTP in these cells.

The anatomical segregation of the synapses mediat-
ing GABA, st and GABA, son, cOmMbined with the known
heterogeneity of axonal termination patterns among
classes of CAl interneurons (Freund and Buzsaki, 1996),
suggests that different interneuron cell types mediate
these two IPSCs. Indeed, in our previous study of spon-
taneous IPSCs (sIPSCs) in pyramidal cells (Banks et al.,
1998), we showed that sSIPSCs with mixed GABA, ¢,w and
GABA, s Kinetics are never seen. From this observation,
we can conclude that separate interneuron classes give
rise to GABA,ns and GABA, 40w, because if the same
interneurons were to project to both somatic and den-
dritic regions to produce GABA . and GABA, g IPSCs,
then action potential-dependent spontaneous events
would necessarily have mixed kinetics. This conclusion
is also supported by a recent study demonstrating cell
type-specific kinetic classes of IPSCs among CA1l in-
terneurons (Ouardouz and Lacaille, 1997).

In area CAl, GABA,s iNnterneurons are synaptically
connected (Sik et al., 1995; Fukuda et al., 1996), forming
a circuit capable of generating synchronous firing pat-
terns, such as gamma band (40 Hz) oscillations, in the
absence of ionotropic glutamate receptor activation
(Whittington et al., 1995). In hippocampus and other
cortical regions, gamma oscillations typically are modu-
lated by theta frequency oscillations (3-8 Hz) (Bragin et
al., 1995; Chrobak and Buzsaki, 1998; Fisahn etal., 1998;
Penttonen et al., 1998), though theta and gamma are
also observed independently. These observations sug-
gest that distinct but interacting circuit elements gener-
ate these two rhythms. By analogy with the GABA tast
circuit, GABA, 40w interneurons may also form a cohesive
circuit and participate in network activity on a slower
time scale. These cells likely correspond to interneurons
in stratum lacunosum-moleculare (SL-M) (Ouardouz and
Lacaille, 1997) and thus receive strong theta frequency
input from entorhinal cortex (Bragin et al., 1995) and
exhibit intrinsic theta frequency membrane oscillations
(Chapman and Lacaille, 1999). Here, we show that acti-
vation of GABA, . interneurons suppresses the activity
of the GABA\ st Network, and that the network recovers
from this suppression with a time constant in the range












GABA, Circuit Interactions in the Hippocampus
453

A % . B Fast sIPSC

Figure 5. Kinetics of GABA, IPSCs in CA1 In-
terneurons

(A) Camera lucida drawing of a biocytin-
labeled interneuron in stratum radiatum.
Note that axonal projections are concentrated
within 100 pm of stratum pyramidale, similar
to the distribution of synapses underlying
GABAA,!asl-

(B) SL-M evoked and average fast spontane-
ous IPSC recorded in the cell in (A). Stimuli

~625 ms) was long compared to the GABA, o IPSP
(Tdecay =140 ms). We speculated that the low spontaneous
firing rates of GABA, st iNterneurons in the slice coupled
with GABA, 40 inhibition would produce a pause sub-
stantially longer than the duration of the inhibitory cur-
rent itself. To investigate this possibility, we simulated
inhibition of GABA, .« iINterneurons by SL-M stimulation
(Figure 6). We found that an IPSC with the kinetics of
GABA,«w Was able to suppress action potential firing
for a period consistently longer than the duration of the
IPSC (Figure 6A) and that the duration of SFI was a
function of the GABA, 4, cOnductance, gs,, (Figure 6B).
The appropriate range for g, was estimated by assum-
ing that it was the same in GABA, .« Cells and in pyrami-
dal cells. We then calculated a range of g, values by
considering the surface area of a CA1 cell’s apical den-
drite (~10,000 um?) (Spruston et al., 1993; Cook and
Johnston, 1997), where GABA, 50w Synapses are located
(Pearce, 1993), and the range of GABA,sow IPSC ampli-
tudes observed in these experiments (10 pA to 1 nA;
Figure 1F). This range of gy, (0.167 X 107° to 0.167 X
1073 nS/um?) produced a simulated SFI whose duration
spanned the range of the experimental data (t;, = 150-
630 ms; Figure 6B).

We also explored the time course of SFI produced using
GABA, .t and GABAg inhibition instead of GABA, g (Fig-
ure 6B), varying the magnitude of g, to test the effect

were similar in location and amplitude to
those evoking GABA, 4. in pyramidal cells.
(C) GABA, ot and GABA, 4o IPSCs recorded
in a CAl pyramidal cell in a different experi-
ment, included for comparison.

on SFI. The maximum duration of SFI produced by simu-
lated GABA, s IPSCs was 350 ms, which was below
even the mean duration observed experimentally. Con-
versely, the minimum duration of SFI produced by simu-
lated GABAg IPSCs (625 ms) was close to the maximum
duration observed experimentally, and in this case the
simulated SFI developed slowly (tyesx = 150 ms; data
not shown), in contrast to the experimental data (e.g.,
Figure 1A). These simulations suggest that the kinetics
of GABA, ¢ @re most compatible with the duration of
SFI observed in our experiments.

Discussion

The data presented here provide evidence for the regu-
lation of GABA, 1. interneuron activity by GABA, gow iN-
terneurons. Stimuli that evoked GABA, gow IPSCs in pyra-
midal cells also suppressed action potential generation
in GABA, s interneurons (Figure 1A). This suppression,
which we have termed SFI, shares pharmacological sen-
sitivities with GABA, g0 IPSCs (Figures 2 and 3). In addi-
tion, GABA, 50w SIPSCs can produce SFI (Figure 4), and
SL-M stimuli evoke GABA, sow-like IPSCs in interneurons
(Figure 5).

Based on the data presented here and on previous
studies, we propose that GABA, 1.ss and GABA, g IPSCs
in pyramidal cells represent the output of two distinct
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regions during exploration, arousal, and REM sleep, and
are likely to reflect synchronization mechanisms impor-
tant in information processing, plasticity, and memory
storage. The synchronization mechanisms are not fully
understood but may involve the coordinated activity of
interconnected GABAergic cells coupled bidirectionally
to pyramidal cells.

There is strong evidence that hippocampal theta is
driven primarily by phasic, extrinsic input, for example
from the medial septum and entorhinal cortex (EC)
(Stewart and Fox, 1990; Ylinen et al., 1995; Vinogradova,
1995; Toth et al., 1997; Fischer et al., 1999; Kocsis et
al.,, 1999). We propose that GABAa«ow Plays a role in
coupling the theta frequency input from EC to the CA1
network (Figure 7). Projections from EC to CA1 are excit-
atory and terminate primarily in SL-M (Steward and Sco-
ville, 1976; Witter et al., 1988). Some of these fibers
contact distal dendrites of CA1 pyramidal cells, provid-
ing a weak monosynaptic excitation (Colbert and Levy,
1992; Empson and Heinemann, 1995b; Leung et al.,
1995). This excitatory response is curtailed by a strong
polysynaptic inhibition that results from feedforward ac-
tivation of interneurons terminating on pyramidal cell
dendrites (Soltesz and Deschenes, 1993; Empson and
Heinemann, 1995a). Entorhinal cortical input to SL-M
was previously postulated to drive rhythmically the ac-
tivity of basket and chandelier cells, thereby providing
rhythmic inhibition of pyramidal cell somata at theta fre-
quency (Bragin et al., 1995). However, EC stimulation
evokes polysynaptic inhibition in pyramidal cell dendrites
(Empson and Heinemann, 1995a), which is unlikely to arise
from perforant path activation of basket and chandelier
cells. This observation, combined with the data pre-
sented in this paper, suggests that phasic perforant path
excitation instead may drive the activity of GABA4sow
interneurons, which via SFI would rhythmically inhibit
somatically projecting interneurons at theta frequency.

This postulated coupling of EC input to CAl theta
activity by GABA\ q0w iS CcOnsistent with intracellular den-
dritic and somatic recordings from pyramidal cells
showing that dendritic theta is 180° out of phase with
somatic theta (Kamondi et al., 1998). Perforant path exci-
tation of GABA, g« Cells that simultaneously produces
dendritic inhibition and SFI correctly predicts this phase
relation, as pyramidal cell dendrites will be inhibited at
the same time that the rhythmic theta frequency inhibi-
tion of pyramidal cell somata is relieved by SFI. If gamma
oscillations are simultaneously induced in the GABA, tast
circuit, for example by slow metabotropic depolariza-
tion, then this model also correctly predicts that pyrami-
dal cells will fire maximally after GABA,gow IPSCs in
pyramidal cell dendrites and SFI have decayed back to
rest, and thus during the nested theta/gamma inhibition
provided by GABA,s interneurons (Csicsvari et al.,
1999). Experiments in vivo designed to selectively sup-
press GABAaqow during theta rhythms will be able to
determine the importance of this IPSC to hippocampal
oscillations.

Our data suggest that activation of GABAgo. IN-
terneurons provides an additional, intrinsic mechanism
for theta frequency modulation of interneuron and pyra-
midal cell activity in CAL. This intrinsic resonance may
act to enhance or coordinate external phasic inputs and
may coordinate external and internal oscillatory activity

occurring at different frequencies. By analogy with the
proposal that subthreshold gamma frequency oscilla-
tions enhance a cell’s ability to fire at gamma frequency
(Llinas et al., 1991; Gutfreund et al., 1995; Penttonen
et al., 1998), theta frequency subthreshold membrane
oscillations in SL-M interneurons (Chapman and La-
caille, 1999) would also contribute to this resonance. In
this way, intrinsic membrane properties, circuit-specific
IPSC kinetics, and circuit-specific extrinsic input may
combine to define cortical circuits with diverse functions.

Experimental Procedures

Preparation of Slices

Young rats (13-39 days old) were decapitated under halothane anes-
thesia, and slices (400-500 nm) were obtained using standard tech-
niques (Banks et al., 1998). Slices were held submerged at 35°C for
1 hr before transfer to the recording chamber, which was perfused
at 3 ml/min with ACSF (composition [in mM]: NaCl 127, KH,PO, 1.21,
KCI1.87, NaHCO; 26, CaCl, 2.17, MgSO, 1.44, glucose 10) saturated
with 95% O,/5%CO.,.

Patch Clamp Electrophysiology

Putative pyramidal cells in stratum pyramidale and interneurons
in stratum radiatum of CA1 were visualized using a video camera
(Hamamatsu C2400) connected to an upright microscope (Zeiss
Axioskop) equipped with an infrared bandpass filter (Chroma D775/
220), a long working distance water immersion objective (Zeiss Ach-
roplan 40X, 0.75 numerical aperture), and differential interference
contrast optics (Nomarski). Whole-cell recordings were obtained
either at 35°C or at room temperature (24°C), as indicated, using an
Axopatch 1D (Axon Instruments) patch clamp amplifier. All data
were collected using pClamp software (Axon Instruments). Data
were filtered at 2-5 kHz, then sampled at 5-10 kHz (Digidata 1200)
and stored on a Pentium-based PC. Patch pipettes were fabricated
from borosilicate glass (Garner KG-33, 1.7 mm outer diameter, 1.1
mm inner diameter) using a Flaming-Brown two-stage puller (model
P-87), fire polished, and coated with Sylgard to reduce electrode
capacitance. Tight-seal whole-cell recordings were obtained using
standard techniques (Hamill et al., 1981; Edwards et al., 1989). Patch
pipettes had open-tip resistances of 2-4 MQ) when filled with the
recording solution (composition [in mM]: CsClI 140, NaCl 10, HEPES
10, EGTA 5, CaCl, 0.5, MgATP 2, QX-314 5 [pH 7.3]). Access resis-
tances were typically 10-20 MQ and were then compensated 60%-—
80%. Cells were held at —60 mV. Evoked GABA, IPSCs, sIPSCs,
and mIPSCs were isolated by bath application of 20 .M CNQX and
40 pM D,L-APV to block AMPA- and NMDA-mediated currents, and
by the inclusion of CsCl and QX-314 in the patch pipette to block
GABAg-mediated currents. Stimuli (5-80 wA) were applied to stra-
tum pyramidale to evoke GABA, s and SL-M to evoke GABA, gow-
SL-M stimuli were applied at 0.05-0.1 Hz to minimize the previously
observed rundown of GABA, ¢ OVer time (Pearce, 1993). For study-
ing SFI, responses to 20-100 stimuli were collected for each re-
cording condition.

All drugs were bath applied. CNQX, APV, baclofen, NO-711, and
QX-314 were obtained from RBI. Biocytin was obtained from Molec-
ular Probes. CGP55845A was a kind gift of Ciba-Geigy. All other
drugs and reagents were obtained from Sigma.

Single-Cell Labeling

Interneurons in stratum radiatum were labeled intracellularly by in-
cluding biocytin in the patch pipettes (0.3%). After terminating the
recording, slices were fixed overnight in 4% paraformaldehyde. The
slices were cryoprotected by passage through a series of glycerol-
sucrose steps, and 60 pm frozen sections were collected and rinsed
in 0.1 M phosphate buffered saline (PBS). The sections were incu-
bated for 20 min in 0.5% H,0, in PBS, rinsed in PBS, and incubated
overnight in the avidin-biotin-HRP complex (ABC Kit, Vector Labs).
The sections were then rinsed in PBS and the HRP reaction was
performed. Finally, the sections were mounted and counterstained
with cresyl violet, and coverslips were applied.
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Computer Simulations

Simulations were performed on a UNIX workstation (Indy R5000,
Silicon Graphics, Moutain View, CA) using the numerical simulation
package XPP (Ermentrout GB, 1990). The cellular model, which has
been described in detail before (White et al., 1998), had Hodgkin-
Huxley-type Na* and K* conductances and could fire at frequencies
from 0-300 Hz, depending on the level of bias current. A mildly
heterogeneous population of cells was generated by varying the
mean bias current from —0.650 to —0.659 pA/cm? in steps of 0.001
wA/cm?, With additive Gaussian noise of SD 1 pA/cm?, this range
of mean bias currents gave ten cells that varied in spontaneous rate
from 0.8-1.7 Hz. The mean rate of firing of the population was 1.5
Hz. Simulations were also performed using mean firing rates of 0.4
and 6 Hz, with similar results. Rates of 6-0.4 Hz would correspond to
between two and twenty GABA, 1, cells mediating the spontaneous
IPSCs observed in pyramidal cells in our experiments, as action
potential-dependent GABA, .. SIPSCs occur at rates of ~10 Hz
(e.g., Figure 1B). This number is similar to previous estimates that
each pyramidal cell receives input from approximately ten GABA, 55t
cells (Freund and Buzsaki, 1996). Synapses were modeled as multi-
exponential conductance changes with parameters based on mea-
surements at room temperature. Rising and falling time constants
were 6.8 and 109 ms, respectively, for GABA4 40w Synapses, and 112
and 283 ms for GABA; synapses. GABA, s Synapses had a rising
time constant of 1 ms; the falling phase had two equally weighted
components of decay, with time constants of 10 and 40 ms (Banks
et al., 1998). Fifty simulations were run at each value of mean bias
current and synaptic weight. We assumed that the spontaneous
activities of the basket cells contacting a pyramidal cell are not
correlated and that the cells are simultaneously inhibited by the
SL-M stimulation. Under these assumptions, the results of simula-
tions for a single GABA, .s: interneuron can be scaled by the number
of interneurons to yield the expected effect in the pyramidal cell.
Histograms were constructed using the same procedure as for phys-
iological data.

Data Analysis

Data were analyzed on a Pentium-based PC using ClampFit (Axon
Instruments), Origin (MicroCal), and StatMost (DataMost). For quan-
titating SFI, peristimulus time histograms were constructed from
successive responses to SL-M stimuli by computing the number
and mean amplitude of sIPSCs occurring in 20-100 ms bins relative
to the SL-M stimulus. We defined the trough of SFI as the period
between 50 ms and 250 ms following the SL-M stimulus and com-
pared the sIPSCs in the trough of SFI with those events occurring
in the 800 ms baseline period before the stimulus.

Spontaneous events were analyzed using an automated event
detection algorithm (Banks et al., 1998). In this algorithm, two win-
dows were moved along the data, a “peak” window and a “baseline”
window. At each time point, the data within the two windows were
averaged and the baseline subtracted from the peak. This yielded
a “pseudo-differentiated” form of the data that was characterized
by large, rapid peaks at the onset of GABA.ns IPSCs and slower,
smaller peaks at the onset of GABAsqow IPSCs. Threshold-level
crossings were determined from this pseudo-differentiated data,
with threshold set as 3 X s, Where oise Was measured during
periods of no visually detectable events and was typically 2-4 pA.
Because the baseline value was constantly updated during the anal-
ysis, slow changes in baseline had no effect on the algorithm’s
accuracy. This algorithm successfully detected >99% of fast-rising
sIPSCs and mIPSCs in the absence of SL-M stimuli. The algorithm
was less successful in detecting fast sIPSCs obscured by the rising
and initial decay phases of GABA, 4. IPSCs. Because this might
cause us to overestimate the magnitude of SFI, we used simulations
to estimate the number of missed events as a function of time
relative to the onset of the GABA, g0 IPSC. GABA, .t SIPSCs were
recorded in the absence of the evoked GABA, 0w IPSC (i.e., without
SFI) and analyzed with the detection algorithm. In separate trials
we also recorded the evoked GABA, .. IPSC, which we fit with a
sum of rising and decaying exponentials (Banks et al., 1998). We
then added the fitted waveform to the traces of sIPSCs recorded
without GABA, 4y and processed the data again using the detection
algorithm with identical parameters. Since in this case there is no

circuit-mediated SFI, any discrepancies in detected events after
addition of the GABA, . Waveform will be due to problems with
the detection algorithm. This analysis was repeated for five cells
spanning the range of recording noise and amplitude of evoked
GABA, 50w Detected events were binned at 5 ms intervals, the histo-
grams with simulated GABA, 4. IPSCs were subtracted from the
raw histograms, and the result was divided by the raw histograms
to yield the fraction of missed events as a function of time relative
to the simulated stimulus. This waveform rose and decayed substan-
tially faster than either SFI or even the GABA,gow IPSC (Tise = 4.9
mS, Taecay = 20 Ms). Thus, for the first 50 ms following the onset of
GABA, 0w 28.4% of the events were missed, compared to 3.2% of
the events for 50 < t < 100 ms and 0.36% of the events for 100 <
t < 150 ms. These simulations confirmed that detection problems
were limited to the initial 50 ms following the SL-M stimulus, and
for this reason data during this period were not used in any way in
quantitating SFI. Note, however, that none of the peristimulus time
histograms were corrected for this detection error.

Evoked GABA, . IPSCs were well fit with the sum of rising and
decaying exponentials. Although GABA, .« IPSCs decayed biexpo-
nentially (Banks et al., 1998), for simplicity the decay was character-
ized using the weighted sum of these two exponential components
(Tgecayw)- SPoONtaneous GABA, 1. IPSCs were selected for averaging
based on two criteria: 10%-90% rise times of <2 ms (Banks et al.,
1998) and no other detected events within =100 ms of the peak.

The Kolmogorov-Smirnoff test with significance level of 0.05 was
used to compare cumulative amplitude distributions. Other statisti-
cal comparisons were made using paired t tests. All data are pre-
sented as mean * SEM.
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