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Summary

Central neurons are subject to a tonic barrage of ran-
domly occurring spontaneous inhibitory events (miP-
SCs) resulting from the action potential-independent re-
lease of y-aminobutyric acid (GABA). Do the terminals
making synapses onto somatic versus dendritic sites,
which arise from specific populations of interneurons,
differ in their ability to generate mIPSCs? We have com-
bined the techniques of whole-cell patch-clamp re-
cording and computational simulation to demonstrate
that in granule cells of the dentate gyrus, most of the
action potential-independent inhibition taking place as
mIPSCs originates from proximal sites. Indeed, removal
of the bulk (>50%) of the dendiritic tree did not change
the characteristics of mIPSCs. These resulits are consis-
tent with a functional segregation of GABAergic termi-
nals synapsing at proximal versus distal portions of cen-
tral neurons. Thus, proximal GABAergic terminals are
responsible for tonic inhibition targeted at the soma.

Introduction

On most principal cells of the cortex, inhibitory terminals
originating from distinct interneuron types specifically in-
nervate spatially segregated parts of the neuron, such as
the axon initial segment, soma, and various parts of the
dendrites. In the case of granule cells of the hippocampal
dentate gyrus, this inhibitory innervation arises from at
least five types of GABAergic neuron (Halasy and Somo-
gyi, 1993b; Han et al., 1993). These interneurons termi-
nate on, for the most part, mutually exclusive domains
along the longitudinal axis of granule cells. The high speci-
ficity of their target selection makes it possible to predict
the origin of GABAergic terminals from their location on
the surface of granule cells (Han et al., 1993; Nusser et
al.,, 1995). For example, axo-axonic or chandelier cells
exclusively innervate the axon initial segment, whereas
basket cells make contact with the somata and proximal
dendrites of granule cells. These interneurons evoke
short-tatency, fast, GABA. receptor-mediated inhibitory
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synaptic events (Buhl et al., 1994a, 1994b). The inhibitory
innervation of the dendrites is supplied by other cells clas-
sified according to the characteristic high specificity of
their axonal and dendritic domains (Han et al., 1993).
These include a type of hilar cell forming a dense axonal
plexus in the inner third of the molecular layer (the termina-
tion zone of commissural and associational pathways),
other hilar cells with axons in the outer two-thirds of the
molecular layer (the termination zone of the perforant path-
way from the entorhinal cortex), as well as a molecular
layer cell type that terminates exclusively in the distal den-
dritic region of granule cells. The dendritic trees of these
interneuron types can also occupy nonoverlapping do-
mains. For example, the hilar neuron with axons in the
outer two-thirds of the molecular layer has its dendrites
restricted to the hilus, indicating that it is devoid of direct
cortical inputs, whereas basket and axo-axonic cells have
dendrites in the termination zone of perforant path fibers.
Such a strict spatial segregation of the inputs and outputs
of these GABAergic neurons raises the possibility that dis-
tinct inhibitory inputs to granule cells may play different
functional roles (Nicoll, 1994).

Ultrastructural studies in the dentate gyrus have pro-
vided evidence for dendritic inhibition being as abundant,
or even more abundant, than somatic inhibition. The nu-
merical density of GABAergic synapses is similar in the
somatic and dendritic regions of granule cells (Halasy and
Somogyi, 1993a), which, combined with the greater vol-
ume of the dendritic layer, implies that granule cells proba-
bly receive the majority of inhibitory synapses on their
dendrites. Immunocytochemical studies have demon-
strated the presence of several of the a as well as p2/3,
v2, and & type GABA, receptor subunits in both dendritic
and somatic layers (Schoch et al., 1985; Richards et al.,
1987; Houser et al., 1988; Benke et al., 1991; Zimprich
et al., 1991; Turner et al., 1993; Gao and Fritschy, 1994;
Gutierrez et al., 1994; Nusser et al., 1995). However, to
date there has been no clear physiological demonstration
of activating distal dendritic GABAergic synapses on gran-
ule cells. These synapses may have different physiological
properties from those present on the soma. Furthermore,
synaptic events generated at differentlocations ongranule
cells may be distorted by cable filtering to different de-
grees, but as the detailed electrotonic structure of granule
cells is not yet completely understood, it is difficult to ascer-
tain what impact this will have on the effectiveness of distal
inhibitory synapses.

In addition to the action potential-dependent release of
GABA (Alger and Nicoll, 1980), inhibitory terminals are
also capable of generating random inhibitory events in the
absence of action potentials. The interevent intervals of
such events are exponentially distributed (Otis et al., 1991;
Otis and Mody, 1992; Soltesz and Mody, 1994}, and they
occur in most cells at relatively high frequencies (1-50 Hz).
Although the precise role and mechanism of transmitter
release associated with this type of tonic inhibitory synap-
tic transmission is not yet known, such inhibitory events
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Figure 1. Evidence for the Effects of Cable Filtering on mIPSCs

(A) Distribution of the 10%-90% rise times of mIPSCs. The IPSCs in
this figure were obtained by pooling 1100 events from each of three
granule cells (total number of events, 3300). The recordings were se-
lected on the basis of similar access resistances (8-10 MQ). The rise
times of miPSCs range from 0.1-10 ms. Note that the distribution is
skewed toward slower rise times, indicating that slower events are
rarer. The distribution of mIPSCs with <3 ms rise times were fitted
with four Gaussians, whereas those IPSCs with rise times 3-10 ms
were pooled and represented as a separate bar on the right (there
were too few events in this range to be reliably fitted with a single
or multiple Gaussians). The mean and SD of each distribution are
indicated.

(B) In contrast to the negative correlation present between the ampii-
tude and rise times when populations of events are studied (see [C]
and [D]), no such correlation can be found when individual mIPSCs
are examined.

(C) Averages of mIPSCs obtained by selecting events with 10%-90%
rise times within 1 SD around each of the five means shown in (A).
This resulted in five nonoverlapping populations. This figure shows
the averages of mIPSCs belonging to the five populations of events.
Note that populations of miniature events with distinct and progres-
sively slower rise times show progressively smaller amplitudes.

(D) Cumulative amplitude distributions for the five subpopulations
shown in (A) and (B). Note that though fast events (population 1, for
example) cover the whole range of amplitudes (larger events are to
the left since they represent progressively more negative peak cur-
rents), slow events (e.g., population 5) are restricted to being small.

occurring at high frequencies are likely to be sufficient to
exert a strong influence on the output of the cell. Removal
of extracellular Ca2* or addition of Ca®" channel antago-
nists do not abolish miniature inhibitory postsynaptic cur-
rents (mIPSCs; Collingridge et al., 1984; Otis et al., 1991;
Scanziani et al., 1992; Liano and Gerschenfeld, 1993),
indicating that these events are independent of Ca* entry
into the terminals. It is possible that spontaneous Ca**
release from intracellular stores of inhibitory terminals is
responsible for the generation of mIPSCs. Differences in
the Ca?*-handling mechanisms between terminals belong-
ing to distinct interneuron types may therefore result in
differences in action potential-independent GABA re-

lease. Different interneurons frequently express different
Ca?*-binding proteins (Katsumaru et al., 1988; Celio, 1990;
Gulyas et al., 1991; Kawaguchi and Kubota, 1993). Inhibi-
tory cells that synapse on the proximal parts of granule
cells, the axo-axonic and basket cells, are allimmunoreac-
tive for parvalbumin, whereas cells that terminate in the
dendritic layers are immunopositive for other Ca*-binding
proteins, such as calretinin and calbindin (Celio, 1990). In
addition, it has been reported that inhibitory terminals on
dendrites are smaller and contain mitochondria much less
frequently than somatic terminals (Miles et al., 1995), sug-
gesting that inhibitory terminals on different parts of a
given neuron may have different capacities for handling
Ca?* and thus generating spontaneous GABA release.

Inthis study, we used whole-cell patch-clamp recordings
and computational modeling to establish the site of origin
of mIPSCs. Thisissue is fundamental to our understanding
of how neuronal inhibition operates in cortical circuits. We
find that action potential-independent random mIPSCs
are restricted to GABAergic synapses situated on proximal
parts of granule cells.

Results

miPSCs Are Variable in Amplitude and Kinetics

One of the characteristic features of the amplitude and
rise time distributions of spontaneously occurring IPSCsin
all central neurons, recorded in the presence of glutamate
receptor antagonists D-2-amino-5-phosphonovaleric acid
(APV) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX),
is that they are skewed toward larger amplitudes and rise
times (Figure 1A; see Figure 2A; Edwards et al., 1990;
Doze et al., 1991; Otis and Mody, 1992). Such skewed
amplitude and rise time distributions are found even when
all action potential-dependent spontaneous IPSCs are
blocked by the Na* channel blocker tetrodotoxin (TTX;
Edwards et al., 1990; Otis et al., 1991; Cohen et al., 1992;
Otis and Mody, 1992; De Koninck and Mody, 1994). In
granule cells of the dentate gyrus, for example, the 10%-—
90% rise times of the TTX-resistant mIPSCs range from
0.1 to 10 ms (Figure 1). Since all of these mIPSCs are
blocked by the GABA, receptor antagonist bicuculline (25
pM; n = 3), they all result from the activation of GABA,
receptors. The skewed amplitude and rise time distribu-
tions may be due to electrotonic filtering of the synaptic
currents from different positions along the dendritic tree,
from the possible presence of unequal numbers of GABAa
receptors with various subunit compositions and kinetic
properties at different synapses on the same cell, or both
(De Koninck and Mody, 1994).

Clearly, synaptic currents with identical kinetics at their
site of origin would be attenuated in their amplitudes and
slowed in their rise times by varying degrees depending on
how far the synapses are located from the site of recording,
generally the soma (Rall, 1977; Spruston et al., 1993).
Most studies, however, have concluded that electrotonic
filtering does not significantly affect the measured distribu-
tion of spontaneous PSCs because they do not show a
strong negative correlation between rise time and ampli-
tude (Staley and Mody, 1991; Llano and Gerschenfeld,
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1993; Ulrich and Liischer, 1993); this is also the case for
granule cell mIPSCs (Figure 1B). However, simulations
show that as these parameters change with electrotonic
distance at drastically different rates (Spruston et al.,
1993; D. K. Smetters and S. B. Nelson, 1994, Soc. Neu-
rosci. Abstr.), there should be no simpie linear relationship
between them; therefore, the lack of a negative correlation
cannot be taken as evidence for the absence of cable
filtering (D. K. Smetters and S. B. Nelson, 1994, Soc. Neu-
rosci. Abstr.; Smetters and Nelson, 1995). Additionally,
any variability in underlying synaptic current amplitude or
kinetics will mask the true relationship between these two
parameters. Even though the relationship between these
two parameters is not linear, in the presence of cable filter-
ing, slow events should show a tendency to be smaller.
This holds true for the mIPSCs recorded in dentate gyrus
granule celis. Whereas fast events cover the whole range
of amplitudes, slow events are restricted to being very
small; similarly, the largest events tend to have very rapid
rise times (Figure 1B). We have examined this in more
detail by dividing the population of mIPSCs into nonover-
lapping subpopulations with increasingly slower rise times
(Figures 1C and 1D). We divided mIPSCs arbitrarily into
five such subpopulations by fitting four Gaussians onto
the distribution of 10%-90% rise times, whereas the fifth
population (which contained too few events to be reliably
fitted) was lumped together from events with 3—-10 ms rise
times (see legend to Figure 1 for details). Averages (Figure
1C) and cumulative amplitude distributions (Figure 1D)
for these subpopulations show that when populations of
IPSCs were studied, slower everits tended to be smaller
and larger ones faster, consistent with a role for cable
filtering in shaping these events.

If cable filtering is responsible at least in part for the
varied kinetics of mIPSCs, some mIPSCs must be gener-
ated at a distance from the somatic recording site. How-
ever, because neither the underlying synaptic kinetics nor
the degree by which individual miniature events are dis-
torted by electrotonic filtering are known, the exact site
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10

Figure 2. Lack of Effect of the Removal of the
Bulk of the Dendritic Tree on mIPSCs

(A and B) Amplitude (left) and rise time distribu-
tions obtained from three control and three de-
ndrotomized granule cells (each distribution
has been obtained from 3300 mIPSCs, i.e.,
1100 from each cell; all cells were recorded
‘Nith similar access resistances of 8-10 MQ).
Note that there are no significant changes in
the distributions nor in the mean amplitudes
and mean rise times of the events. The sche-
matic drawings on the right indicate the level
atwhich dendrotomy was carried out. Note also
that slow events with rise times >3 ms (marked
by a horizontal bar in the middle panel) could
readily be seen in neurons with amputated den-
drites with a low frequency similar to that seen
in control cells.

of generation of each event cannot be predicted. Conse-
quently, from these data alone, itis not possible to estimate
the proportion of mIPSCs generated at proximal versus
distal sites.

Removal of Distal Dendrites Does Not Change the
Amplitude or Kinetics of miPSCs

One way to test whether inhibitory terminals situated dis-
tally generate spontaneous mIPSCs is to study the effects
of the removal of these inputs on mIPSC amplitude and
rise time distributions and their frequency. To achieve this,
we surgically removed a large part of the dendritic tree.
To avoid excitotoxic damage, dendrotomy was carried out
in a neuroprotective medium (Soltesz and Mody, 1995),
and mIPSCs were recorded from dendrotomized granule
cells (n = 6). Removal of the bulk (>50%) of the dendritic
tree with a cut made at the outer edge of the inner molecu-
lar layer (see Figure 2B, right) did not alter the amplitude
and rise time distributions of mIPSCs (Figure 2; Kolmo-
gorov-Smirnov test based on cumulative distributions,
p>.05), nordid it change significantly the mean amplitude,
rise time (Figure 2), or frequency (intereventintervals: con-
trol, 273 + 64 ms, n = 6; dendrotomized, 325 + 49,
n = 6) of events.

This result suggests strongly that the miPSCs we re-
corded under control conditions originated preferentially
from proximal sites. However, it does not necessarily imply
that terminals on dendrites do not generate mIPSCs. First,
it is possible that in our preparation distal inhibitory termi-
nals were not functional and could not release GABA. Sec-
ond, distal miPSCs may occur at relatively high frequen-
cies, but attenuation by electrotonic filtering may render
them undetectable at the soma.

Distal Inhibitory Terminals Are Capable of

Releasing GABA and the Events They Generate

Are Slow and Small

We obtained evidence for functional GABA synapses on
distal dendrites by minimal stimulation of single GABAer-
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Figure 3. Effects of Cable Filtering on Minimally Evoked IPSCs

(A) Schematic drawing shows the experimental arrangement. A gran-
ule cell was recorded at the level of its soma, and a stimulating elec-
trode was positioned either in the outer or the inner third of the molecu-
lar layer. A cut made parallel to the granule cell layer halfway in the
molecular layer ensured that fibers stimulated distally did not branch
onto the proximal dendritic tree.

(B) Minimally evoked IPSCs (melPSCs) from the outer molecular layer
showed slow rise times and small amplitudes (trace 1) when compared
with those evoked from the IML (trace 2) or to the fastest spontaneous
IPSCs (sIPSCs; trace 3). These fast sIPSCs with 10%—-90% rise times
<0.34 ms are the least affected by cable filtering and are likely to
originate from somatic (proximal) sites. In addition, it has been shown
that their kinetics are identical to those IPSCs that are evoked by
minimal stimulation directly in the granule cell layer. For each case,
the best fit currents (shown superimposed on the averages of IPSCs)
were obtained using a single exponential rise and a single exponential
decay function.

(C) An example of IPSCs evoked by minimal stimulation distally. Note
the presence of fast, spontaneous IPSCs. Failures have been omitted
for clarity.

HIL, hilus; GCL, granule cell layer; IML, MML, and OML, inner, middle,
and outer molecular layer, respectively.

gic fibers (Lambert and Wilson, 1993), in artificial cerebro-
spinal fluid (ACSF) containing APV and CNQX (without
TTX). First, minimal stimulation was applied in the outer
molecular layer (Figure 3A). To minimize the possibility of
fibers crossing laminar boundaries, a cut was made at
midlevel, parallel to the cell body layer. The cut ended as
close as possible to the recorded cell (Figure 3A). As
shownin Figures 3B and 3C, IPSCs could be easily evoked
from the level of the distal dendrites, demonstrating the
presence of functionally intact distal inhibitory terminals
and synapses. Next, we compared the IPSCs obtained by
minimal stimulation of single GABAergic fibers in the outer
molecular layer with those from the inner molecular layer,
as well as with the fastest of the spontaneously occurring
events (10%-90% rise times, <0.34 ms) recorded from
the same cells. Presumably, such fast events were the
least affected by cable filtering and therefore are the most
likely to originate from somatic (i.e., the most proximal)
sites. Furthermore, their Kinetics are identical to those
IPSCs evoked by minimal stimulation directly'in the cell
body layer (Edwards et al., 1990; Lambert and Wilson,
1993; Mody et al., 1994). As is shown in Figure 3B, it was
clear that the further away from the soma the IPSCs were
generated, the smaller and slower they became. Thus,
the smallest (peak amplitude, —13.0 = 1.7 pA)and slowest
(10%-90% rise time, 5.0 £ 0.7 ms; range, 3.6~6.5 ms;
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Figure 4. Detectability of mIPSCs of Varying Amplitudes and Kinetics

(A) Exampies of simulated mIPSCs of varying amplitudes (—0.5 to
—19.5 pA) and kinetics (fast [Proximal] and slow [Distal]; see text for
details) used to test the sensitivity of the detector. Simulated mIPSCs
are embedded in Gaussian noise of SD = 1.6 pA and filtered at 3
kHz.

(B) Percentage of events successfully detected in each kinetic class
as a function of peak amplitude. More than 90% of the fast and slow
events with amplitudes over 6.5 pA are detected.

n = 6) events were evoked by minimal stimulation in the
outer molecular layer (Figure 3C; 10%-90% rise time of
the responses from the inner molecular layer, 0.79 + 0.2
ms). These results clearly show that functional GABAergic
terminals and synapses are present on distal dendrites of
granule cells. In addition, the findings also demonstrate
that the amplitude and kinetics of IPSCs originating distally
but recorded at the soma are different from those of proxi-
mal IPSCs. Such differences in IPSC amplitude and kinet-
ics are consistent with an effect of cable filtering in shaping
the synaptic responses measured at the soma.

Are Slow Distal mIPSCs Missed by

the Event Detector?

An important consideration in estimating the number of
very slow, small, presumably distal events is our ability to
detect them. Perhaps there is a large population of these
slow events, but our detector only allows us to discern
the largest ones. This may explain why the slower events
represent a progressively smaller percentage of the total
population of mIPSCs (see Figure 1A). To determine the
sensitivity of our method for detecting mIPSCs, we tested

“its ability to detect simulated events embedded in noise.

We generated events of varying amplitudes in different
kinetic classes according to equation 1 (see Experimental
Procedures), “proximal” (tr = 0.146 ms, 1o = 4.385 ms;
obtained by fitting the average of the 25% fastest mIPSCs
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Figure 5. Compartmental Simulations of miIPSCs and Prediction of
the Percentage of Distal Events That $Should Be Detectable

(A and B) Camera lucida image of the reconstructed granuie cell used
in the simulations (A) and its corresponding dendrogram (B). The cell
was filled with bioeytin in vivo during the course of another study (Solt-
esz and Deschénes, 1993). In (A), the dashed line indicates the region
in which we evoked mIPSCs in the outer molecular layer (Figure 3),
andthe arrow shows the position of the synapse used in the simulations
shown in (E}.

(C and D) Distributions of simulated mIPSC amplitude and 10%-90%
rise times with distance from the granule cell layer (R, = 40,000 Qcm?,
Ri = 100 Qem, R, = 7 MQ, g = 0.75 nS). The measured amplitude
decays rapidly over the first 50—100 um and then plateaus at approxi-
mately 10 pA. Rise times show a linear relationship with distance and
cover the same range as both the recorded minimally evoked IPSCs
and the slowest mIPSCs.

(E) Simulated miPSCs show similar kinetics to the evoked IPSCs using
input kinetics measured at the soma. Trace labeled “Simulated IPSC
at source in OML” is a simulated mIPSC measured at the soma for
an input synaptic current with the average kinetics of the fastest, most
probably somatic mIPSCs (parameters same as in [C]). In trace labeled
“Simulated IPSC at the soma,” the same input is placed onto a dendrite
250 pm (indicated by the dashed line in {A]; the position of the synapse
is indicated by an arrow) from the granule cell layer (i.e., in the middle
of the outer molecular layer, in the region where we evoked minimal
IPSCs), and the response measured at the soma. The overlying trace
is the fit to an actual evoked IPSC stimulated at a site 250 pm from
the granule cell fayer, indicating both the plausibility of the model and,
more importantly, that cable filtering alone is sufficient to generate a
very good match to the slow kinetics of both the distal minimally evoked
IPSCs and the slowest mIPSCs (also see [C] and [D]), without requiring
different distal synaptic kinetics or temporal dispersion of release.
(F) Assuming that distal mIPSCs have the same underlying distribution
of amplitudes at source as the “somatic” mIPSCs (the fastest events,
population 1 in Figure 1A), we estimated from the model that we shouid
be able to detect 60% of the distal events (see text for details). The
shaded region on the cumulative probability plot shows the proportion
of the events that would remain undetectable if generated in the distal
dendrites,

with the sum of a single exponential rise and single expo-
nential decay) and “distal” (tr = 6.242 ms, 1p = 6.422
ms; obtained by fitting the IPSCs evoked by minimal stimu-
lation of the outer molecular layer; see Figure 3C). Simu-
lated mIPSCs were embedded in Gaussian noise of SD =
1.6 pA, corresponding to the high end of the experimental
range, and filtered at 3 kHz (Figure 4A). These simulated
data files were then run through the detector, and the per-
centage of each event category that was successfully de-
tected was measured. We successfully detected >90%
of the proximal and distal events with amplitudes of at
least 6.5 pA (Figure 4B). This indicates that we should
detect almost all distal events with amplitudes > 6.5 pA
and kinetics similar to or faster than the slow minimally
evoked events. In fact, even in the exireme case of ul-
traslow simulated events (1 = 11.0 ms, 1p = 14.0 ms;
although such IPSCs were never observed experimen-
tally), we were still able to detect >90% of the events with
amplitudes >9.5pA.

Computational Modeling of the Influence of

Synaptic Location on IPSC Amplitude

and Kinetics in Granule Cells

Two important questions arise. First, what fraction of the
distally generated mIPSCs should we observe with our
measured detection threshold of 6.5 pA? Based on the
amplitudes of the minimally evoked IPSCs from the outer
molecular layer (—13.0 + 1.7 pA), which were well above
our detection threshold, we would expect that mIPSCs
originating 250 um from the granule cell fayer (i.e., the
middle of the outer molecular layer) would be easily detect-
able. However, we do not know the number of terminals
originating from an individual interneuron that synapse
onto the dendrites of a single granule cell. Therefore, it
is possible that the IPSCs evoked by minimal stimulation
from distal sites are larger than distal mIPSCs, because
the evoked IPSCs may be elicited by several terminals
belonging to the same axon. The second question is, are
cable filtering and synaptic location sufficient to explain
the amplitudes and kinetics of the distally generated
IPSCs. It could be that the undertying channel kinetics at
distal synapses (which arise from a different population
of inhibitory interneurons than the proximal ones do) are
slower at source than those seen at the soma, or that the
minimally evoked IPSCs are made up of multiple small
quanta released asynchronously, thus extending the time
course of the resulting synaptic current.

To answer these questions, we have turned to compart-
mental modeling of a typical granule cell (Figures 5A and
5B; see Experimental Procedures for details). We esti-
mated the underlying kinetics of the GABAergic synaptic
current by selecting the 25% fastest of the mIPSCs (those
most likely to be somatic) and fitting them with equation
1. We then placed a synapse with these kinetics onto each
compartment of the granuie cell model and obtained the
amplitude and kinetics of the currents that would be re-
corded at the soma. The distribution of response parame-
ters with increasing distance from the granule cell layer
is shown in Figures 5C and 5D. Peak amplitude decreases
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very rapidly as the synapse is moved away from the soma,
and then plateaus after 50-100 pm, showing only slight
further decline. The 10%-90% rise time increases basi-
cally linearly with increasing distance from the soma.

Simulated 10%-90% rise times cover a very similar
range to those seen in mIPSCs and minimally evoked
IPSCs. This implies that cable filtering alone is sufficient
to account for the slow kinetics and small amplitudes of the
minimally evoked IPSCs from the outer molecular layer.
Furthermore, the slow, small mIPSCs could be generated
by synaptic events with the same kinetics as the putative
somatic mIPSCs but placed onto a distal site (also see
Figure 5E). Figure 5C also shows that even in the first 100
pm of the most proximal region of the dendrites (the region
that remains intact in the cut granule cells of Figure 2),
there is still a significant effect of cable filtering on both
mIPSC amplitude and rise time.

To test the validity of our granule cell model, we placed
a synaptic current with kinetics of the fastest, most likely
somatic IPSCs in the middle of the outer molecular layer
(i-e., 250 um away, indicated by the dashed line in Figure
5A; the position of the synapse is indicated by an arrow)
in the region where we evoked minimal IPSCs. As it is
shown in Figure 5E, the modeled response of this IPSC
as seen at the somatic recording site perfectly matched
the kinetics of the IPSC obtained by minimal stimulation.
The conductance of the simulated distal input was 0.745
nS, which is not considerably different from the mean con-
ductance of the putative somatic mIPSCs (0.83 nS, assum-
ing a synaptic reversal potential of 0 mV; Figure 5F) or
the fastest, putatively somatic, spontaneous IPSCs re-
corded in the cell used for minimal stimulation in Figure
3B (1.18 nS, events recorded in the absence of TTX). This
result shows that our granule cell model describes well
the cable properties of these neurons, and it also indicates
that the kinetics of distal minimally evoked IPSCs at source
are comparable to those of the presumed somatic
mIPSCs.

Percent of mIPSCs from Distal Sites That

Should Be Detectable

For each synaptic site, we have estimated the mIPSC con-
ductance at this site necessary to generate a 6.5 pA
miIPSC at the soma (the threshold mIPSC for this site).
We then calculated what the amplitude of this mIPSC
would have been if it had been placed directly onto the
soma (the threshold somatic amplitude). We assumed that
the distal synapses show the same distribution of mIPSC
peak conductances as the somatic mIPSCs. Next, we esti-
mated how many of those events we should be able to
detect by looking at where the threshold somatic amplitude
for each site fell on the distribution of somatic mIPSC peak
amplitudes (generated by selecting the fastest rising 25%
of the mIPSCs; their cumulative amplitude distribution is
shown in Figure 5F). To take into account the variance
among different dendrites, we averaged these threshold
mIPSC amplitudes from sites in 20 um bins from the soma.
Given the parameters used in Figures 5C-5E, the thresh-
old somatic amplitude for those points from 240 to 260 um
from the soma (the region stimulated to obtain minimally

evoked IPSCs) would be 38 pA (see also Figure 5C). Of
the putative somatic mIPSCs, 60% are larger than 38 pA
(Figure 5F). If these distal synaptic sites draw their mIPSC
amplitudes from a similar distribution as the somatic
events do (which is suggested by the good match between
simulated distal and slow IPSC in Figure 5E), then we
must be detecting 60% of the events generated 250 pm
away from the soma, as shown by the hatched region in
Figure 5F. Naturally, we would detect a larger fraction of
events generated more proximally than 250 pm from the
soma.

We have also explored the effects of changing the pas-
sive parameters of the model (data not shown; see Experi-
mental Procedures for details). Increasing R several-fold
only increases the percentage of distal events we should
record while at the same time slowing their kinetics even
further (Spruston et al., 1993; Jonas et al., 1993; Major
et al., 1994); this would indicate that the bulk of events we
see are generated even more proximally than postulated
here. Increasing R; to 200 or 300 Qcm, as has been sug-
gested by recent studies (Major et al., 1994), however,
does significantly increase the attenuation of distal events,
and hence lowers the fraction of those events we can de-
tect. However, increasing R; also slows event kinetics,
meaning that events closer to the soma (whose amplitudes
are less attenuated) will generate events with 3-6 ms rise
times. These two effects together indicate that we should
still see a much larger number of events with long rise
times than we do if they were being generated at dendritic
sites at the same rate as they are somatically.

Taken together, these results indicate that distal mIP-
SCs should have rise times comparable to those of the
minimally evoked IPSCs from the outer molecular layer
(3.5-6 ms) because they would be subjected to the same
amount of dendritic filtering. Since, as described above,
our detector can detect 60% of the mIPSCs originating
distally, there should be a large percentage of the total
number of mIPSCs with 10%-90% rise times slower than
3 ms. However, there were very few (3%) mIPSCs with
rise times in this range (see Figure 1A and Figure 2A).
This observation is consistent with the proximal origin of
mIPSCs, as suggested by the experiments involving re-
moval of dendrites.

Discussion

Of all GABAergic synapses in the dentate gyrus, 75% are
located in the layer of granule cell dendrites (Halasy and
Somogyi, 1993a). These terminals originate from distinct
interneuron types, each of which innervate particular parts
of the dendritic tree (Han et al., 1993; Buhl et al., 1994a,
1994b). The anatomical segregation of the inhibitory in-
puts to granule cells suggests heterogeneity in the func-
tional roles of proximal versus distal inhibitory inputs, and
possibly differences between the proximal versus distal
inhibitory terminals themselves. In addition to the anatomi-
cal differences, including bouton size and mitochondrial
content(Miles et al., 1995), there are also pharmacological
differences between somatic and dendritic inhibitory ter-
minals. For example, in the CA3 region, somatic and den-
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dritic terminals show different degrees of regulation of
GABA release by presynaptic GABAg receptors (Lambert
and Wilson, 1993).

One powerful technique for exploring synaptic function
is the study of spontaneously generated synaptic events
(Mody et al., 1994). However, electrophysiological re-
cordings of spontaneous IPSCs do not reveal the location
of the GABAergic synapses from which they arise, making
it difficult to study the relationship between synaptic loca-
tion and function. Investigations aimed at revealing the
site of origin of spontaneous IPSCs are hampered by the
lack of knowledge of the extent to which synaptic currents
are altered by electrotonic filtering in granule cells. In addi-
tion, the 11 different GABA4 receptor subunits known to
be expressed by granule cells (Schoch et al., 1985; Rich-
ards et al., 1987; Houser et al., 1988; Zimprich etal., 1991;
Wisden et al., 1992; Turner et al., 1993; Gao and Fritschy,
1994; Nusser et al., 1995) may be distributed differentiaily
at synapses, forming receptor-channel pentamers with
distinct kinetic properties, which would further complicate
any study of the site of origin of mIPSCs. For example,
in CA1 pyramids, Pearce (1993) has shown the existence
of distinct fast somatic and slower dendritic GABAA IPSCs
and suggested that different GABA, receptors may be acti-
vated by these two classes of inhibitory inputs, as cable
filtering could not completely account for the slow decay
kinetics of the dendritic IPSCs. But, as it has been shown
to be the case for excitatory currents in pyramidal cells,
electrotonic filtering can still drastically influence synaptic
signals (Williams and Johnston, 1991; Jonas et al., 1993).

We have demonstrated that cable filtering can play a
role in shaping the kinetics and amplitudes of the different
mIPSCs observable in a single neuron. Traditionally, the
impact of cable filtering is assessed by measuring the de-
gree of correlation between the rise times and amplitudes
of individual mIPSCs. Using this procedure, no strong neg-
ative correlation can be found between mIPSC rise times
and amplitudes; this is also the case for excitatory sponta-
neous events in a variety of cell types (Staley and Mody,
1991; Stern et al., 1992; McBain and Dingledine, 1992,
1993; Ulrich and Lischer, 1993; Jonas et al., 1993). In
spite of this lack of a linear negative correlation, popula-
tions of miniature events with distinct and progressively
slower rise times do show progressively smaller ampli-
tudes (see Figure 1D), and this is true regardiess of the
precise algorithm used to sort miPSCs into subpopula-
tions. An alternative explanation of this result is that the
GABAergic synapses on granule cells vary widely in their
kinetics, and additionally, those with slow kinetics are
somehow restricted to having a smaller number of recep-
tor channels and hence a lower total conductance. How-
ever, this is unlikely, as a similar relationship between
amplitude and rise time (which can be simply derived from
the appearance of the rise time versus amplitude plot [Fig-
ure 1B], without the more complicated analysis shown
here) can be seen across awide variety of cell and synapse
types (Staley and Mody, 1991; Stern et al., 1992; McBain
and Dingledine, 1992, 1993; Ulrich and Liischer, 1993;
Llano and Gerschenfeld, 1993; Jonas et al., 1993). Then,
this result is consistent with mIPEC kinetics and ampli-

tudes being altered by cable filtering. Thus, in all like-
lihood, some mIPSCs are generated at a distance from
the soma.

Yet, these resuits do not reveal just how far from the
soma the most distal mIPSCs are being generated. We
tested this by removing the bulk of the dendritic tree. When
the amputation of dendrites is carried out in neuroprotec-
tive media (Soitesz and Mody, 1995), the neurons survive,
and the kinetics of the mIPSCs are not affected. Granule
cells are ideally suited for such investigations, since they
are tightly packed in a cell layer and, in the rat, they are
devoid of basal dendrites. A cut made at the outer edge
of the inner molecular layer removes more than half of the
total dendritic tree. Since the cut is parallel to the granule
cell layer and involves half of the dentate gyrus (the other
half normally serves as control), there is no possibility for
any granule cell on the dendrotomized side to escape am-
putation of its dendrites. Recordings from such dendro-
tomized neurons showed unequivocally that there was no
change in the amplitude and rise time distributions. The
mean amplitude, rise time, and frequency of the mIPSCs
in dendrotomized cells were also comparable to those in
controls. Thus, mIPSCs recordable at the soma must all
be generated more proximally than the outer edge of the
inner molecular layer.

Minimal stimulation in the distal dendritic layer clearly
dismissed the possibility that inhibitory synapses situated
on distal dendrites are unable to release GABA onto func-
tional receptors. In addition, we found it no more difficuit
to evoke IPSCs minimaliy in the outer molecular layer as
in the inner molecular layer, indicating that there was no
difference in the availability of proximally and distally proj-
ecting axons after slicing. This is consistent with anatomi-
cal studies showing that proximally projecting inhibitory
axons (i.e., from basket and axo-axonic cells) cover alarge
area (Han et al., 1993) and are as likely to be cut in the
slicing procedure as are the axons of interneurons in-
nervating distal dendrites. Furthermore, experiments with
minimal stimulation in the proximal and distal dendritic
layers provided direct evidence for the extent of cable fil-
tering of GABAergic IPSCs. As has been described before,
the narrow stimulus intensity threshold, the fixed latency,
and the kinetics of the minimally evoked IPSCs are all
consistent with the activation of single fibers (Edwards et
al., 1990; Lambert and Wilson, 1993). As the site of mini-
mal stimulation was moved farther out along the dendritic
axis of the cell, the amplitude and rise time of the resulting
evoked IPSCs changed in a manner consistent with the
effect of electrotonic filtering. Importantly, simulations
showed that the kinetics of the distally evoked IPSCs at
source were likely to be very similar to the kinetics of the
somatic spontaneous IPSCs (Figures 5C-5E). According
to this finding, there are no major systematic differences
between the kinetic properties of GABA4 receptors in the
outer molecular layer versus those located on the soma,
although subtle differences may occur. In addition, the
near-perfect match shown in Figure 5E between the dis-
tally evoked IPSC and the somatic recording of the distally
positioned fastest spontaneously occurring IPSCs in the
model also provided an independent check on the validity
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of the parameters used in the compartmental model, since
itis extremely unlikely to have come about only by chance.

Since the model proved to be a realistic representation
of granule cells, we could use it to estimate the percentage
of the distal mIPSCs that we should detect if they occurred
with the same amplitude distribution as the putative so-
matic mIPSCs (see below; Figure 5D). We concluded that
more than 60% of these spontaneous dendritic events
should be detectable in our system. However, the popula-
tion of events with >3 ms rise times (i.e., those potentially
originating in the outer molecular layer) comprised only
a very small fraction of the total population of mIPSCs,
approximately 3%. In fact, as shown by the experiments
involving the amputation of dendrites, even this small pop-
ulation of slow mIPSCs were generated at sites closer than
the middle molecular layer.

The simulations also showed that even those mIPSCs
generated close to the soma would have their amplitudes
drastically attenuated by cable filtering (Figure 5C), and
the rise times of events generated within the inner molecu-
lar layer could be slowed to as long as 3 ms (Figure 5D).
Although this paper does not address whether the effects
of cable filtering or those of different GABA receptor sub-
unit assemblies with distinct kinetics are the more im-
portant factors underlying the generation of nonuniform
miPSCs in a single cell, it is interesting to note that the
considerable effects of cable filtering acting on IPSCs gen-
erated within the first 100 um from the cell body can, in
principle, explain a large part of the mIPSC variability
in both control and dendrotomized cells. The presence in
both control and dendrotomized neurons of a small per-
centage of very slow (>3 ms) events, together with the
absence of such events generated within 150 pm of the
soma in the simulations (Figure 5), may suggest the exis-
tence of a small number of proximal synapses with distinct
GABA. receptor subunit composition and kinetics.

The apparent lack of major differences between the so-
matic versus distal dendritic GABAa receptors allowed us
to make assumptions about the possible distributions of

distal IPSC amplitudes from the distribution of somatic -

event amplitudes, as we did when we estimated the per-
centage of distal mIPSCs (Figure 5F). We cannot rule out
the possibility that, at distal inhibitory terminals, the num-
ber of functional GABA, receptors per synapse may be
lower, and thus the distal events may be of significantly
smaller amplitude at source. However, the immunostain-
ing for GABAa receptor subunits studied so far appears
to be homogeneous in the dendritic layer (Schoch et al.,
1985; Richards et al., 1987; Houser et al., 1988; Zimprich
et al., 1991; Turner et al., 1993; Gao and Fritschy, 1994,
Nusser et al., 1995). But even if the percentage of distal
mIPSCs that we could see was lower than the 60% esti-
mated here because of amplitude differences at source,
we should observe many more than 3% of the total number
of events with >3 msrise times. Therefore, distal terminals
cannot substantially contribute to the generation of miP-
SCs. We conclude that the frequent and random mIPSCs
typically recorded are predominantly generated at proxi-
mal synapses. If there was an undetectable population of

very small distal mIPSCs, given their electrotonic invisibil-
ity at the soma, these events would be expected to have
a limited impact on the output of the cell.

At present, we can only speculate why only proximal
inhibitory terminals are capable of releasing GABA inde-
pendently of action potentials. After all, the dendritic syn-
apses appeared fully functional in our preparation, since
minimal stimulation could evoke IPSCs from the outer mo-
lecular layer. It seems likely that the anatomical differ-
ences between somatic versus dendritic terminals (Miles
et al., 1995) may underlie some functional difference be-
tween them. For example, local application of sucrose in
the granule cell layer results in a large increase in the
frequency of mIPSCs with a very short latency (1-3 s),
whereas sucrose application in the outer molecular layer
in the same cell causes only a small and rather delayed
(>10 s) increase (see, for example, Figure 5 in Mody et
al., 1994). Although the precise mechanism of action of
hyperosmotic solutions on transmitter release has not yet
been determined, the failure of sucrose to increase GABA
release from distal terminals may also be associated with
the smaller size or other anatomical differences between
dendritic and somatic GABAergic terminals.

Functional Implications for Cortical Inhibition

Our findings reveal that the tonic, action potential-inde-
pendent GABA release takes place preferentially, or per-
haps exclusively, at sites close to the action potential initia-
tion site in granule cells. Based on our data, the random
tonic inhibition is primarily a result of miniature events
generated by the neurons with proximal termination
zones, most likely basket and axo-axonic cells. A func-
tional division of labor may thus exist between subclasses
of inhibitory cells that innervate proximal versus distal re-
gions of principal neurons, corresponding to the differer-
ent roles that have been previously suggested for somatic
and dendritic inhibition (Vu and Krasne, 1992; Bush and
Sejnowski, 1994; Koch et al., 1982, 1983). The restricted
nature of tonic, action potential-independent GABAergic
inhibition is likely to play an important role in regulating
the input-output relations of central neurons.

Experimental Procedures

Preparation of Slices

The preparation of slices was done as previously described (Otis and
Mody, 1992; Staley et al., 1992). In brief, adult (60~120 days old; 250~
350 g) male Wistar rats were decapitated under pentobarbital sodium
anesthesia (75 mg/kg intraperitoneal) and the brains removed. The
brain was cooled in 4°C ACSF composed of 126 mM NaCl, 2.5 mM
KCl, 26 mM NaHCO;, 2 mM CaCl., 2 MgCl., 1.25 mM NaH,PQO,, and
10 mM glucose. Horizontal whole-brain slices (400 pm thick; Staley
and Mody, 1991) were prepared using a vibratome tissue sectioner
(Lancer Series 1000). The brain slices were sagitally bisected into
two hemispheric components and submerged in a temporary storage

chamber.

For the experiments involving the amputation of dendrites (Soltesz
and Mody, 1995), the slices were preincubated at 32°C submerged
in a temporary storage chamber in neuroprotective media containing
25 uM APV (Cambridge Research Biochemicals) and 10 uM CNQX
(Tocrls Neuramin). Following preincubation, a cut was made parallel
to the granule cell layer at the level of the outer edge of the inner third
of the molecular layer on one of the two sides (i.e., blades) of the
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dentate gyrus (Soltesz and Mody, 1995). The distal part of the cut
dendritic layer was removed. Both cut and uncut (control) slices were
then transferred to a storage chamber, where they were kept in ACSF
at 32°C for at least 90 min before recording.

Electrophysiology

Electrodes and Solutions

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. The intracellular solution was made up in high perfor-
mance liquid chromatography grade water (Omnisolve, EM Science,
Gibbstown, NJ) and was composed of 135 mM CsCl, 2 mM MgCl,,
and 10 mM HEPES; the solution was buffered with CsOH to pH 7.2
and filtered through a 0.2 pm pore size filter (Nalgene). No exogenous
Ca* buffers were used. Final osmolarity for all solutions ranged be-
tween 260~280 mOsm. All salts were obtained from Fluka.
Recordings

Whole-cell recordings were obtained blind (Blanton et al., 1989; Staley
et al., 1992) with an Axopatch-200A amplifier (Axon Instruments) digi-
tized at 88 kHz (Neuracorder, NeuroData) before being stored in PCM
form on videotape. The ACSF contained 25 uM APV, 10 uM CNQX,
and to record mIPSCs, 1 uM TTX (Calbiochem) was also added. Ac-
cess resistances were <15 MQ. Minimal stimulation was carried out
as described previously (Edwards et al., 1990; Lambert and Wilson,
1993). In brief, patch pipettes filled with the extracellular medium were
used to stimulate single fibers. The stimulating electrode was posi-
tioned at various distances from the grarule cell layer (see Figure 3)
and at least 300 um away from the recorded cell. Low intensity stimuli
elicited no response, but upon gradual increase in intensity, IPSCs
were evoked in an all-or-none fashion. When the stimulus intensity
was raised above threshold, the percentage of failures decreased but
in most cases did not alter the kinetics of the responses. Such narrow
threshold of stimuli indicates that the minimally evoked IPSCs probably
resuit from the activation of single inhibitory fibers (Edwards et al.,
1990; Lambert and Wilson, 1993). Statistical analyses (t test or F test)
were performed using SPSS for Windows with a level of significance
of p<.05. Data are presented as mean = SEM (n = number of cells).
Analysis

Off-line, the recordings were filtered DC to 1-3 kHz (8-pole Bessel)
before digitization at 20 kHz by computer (Data Translation DT 2821
A/D board in an Intel 486/66 MHz computer). The digitization and
analysis were done using the Strathclyde Electrophysiology software
(courtesy of J. Dempster). Detection of individual mIPSCs was done
using a software trigger supplied by Dr. Dempster as part of the Strath-
clyde Electrophysiology software package. This detector is basically
an amplitude-threshold based detector. A least squares Simplex—
based algorithm was used to fit the ensemble average with the sum
of two (one rising and one decaying) exponentials:

) = —A x e~ ™ + A x e~ )

where I(t) is the mIPSC as a function of time (), A is a constant, and
Ta and 1o are the rise and decay time constants, respectively.

Simulations

Compartmental simulations were performed using a reconstructed
dentate gyrus granule cell filled with biocytin in vivo during the course
of another study (Soltesz and Deschénes, 1993), from an animal of
similar age and size to those used in the current study. The cell was
reconstructed in three dimensions using a Eutectics NTS reconstruc-
tion system from 80 um sections (100 x objective, 1.3 nA); 10% shrink-
age was assumed in the simulations presented here. Total dendritic
extent in the Z direction was under 400 um, so it was assumed that
the complete cell would have been present in a coronal slice, and
no additional cropping of the cell was performed. Simulations were
performed using NEURON (courtesy M. Hines). The reconstructed
cell was divided into compartments of less than 20 pm in length, and
the presence of spines was corrected for by altering the values of R,
and C,, (Holmes, 1989). Spine densities and areas were taken from
Desmond and Levy (1985) and were consistent with spine counts taken
directly from the cell used here. We used several sets of passive cellu-

lar parameters chosen to be consistent with recent computational stud-
ies and the range of input resistances measured here (these inciuded
R = 40,000 Qcm?, R, = 100 Qcm, C, = 1 pF/cm? [Spruston and
Johnston, 1992); R, = 50,000 Qcm?, R = 200 Qcm, Cr, = 1 pF/lem?
[Spruston et al., 1993]; R» = 50,000 Qcm? R; = 300 Qcm, C, =
0.7 uF/cm? [Major et al., 1994]). Synaptic inputs were simuiated as a
difference of two exponentials according to equation 1. Kinetics for
all synapses were taken from the fit to the average of the largest,
fastest mIPSCs (those most likely to be purely somatic; ts = 0.146
ms, 1o = 4.583 ms). The simulated cell was voitage clamped at —60
mV; in simulations shown here, an explicit series resistance of 7 MQ
(the average of the experimental values) was included. Electrode ca-
pacitance was not explicitly modeled. There is an additional potential
source of error, owing to the fact that the Cl~-loaded granule cell den-
drites may not rest at —60 mV, and therefore there may be a slight
decrease in steady-state voltage and hence synaptic driving force with
distance from the electrode. This was estimated to cause less than a
10% reduction in driving force, so it was considered negligible. The
X, Y, and Z coordinates of each dendritic point were preserved in
the simulation. These were used to calculate the distance of each
simulated dendritic site from the midpoint of the cell body layer, taken
as the centroid of the soma (the soma of this cell was in the middie
of the cell body layer of the upper blade of the dentate gyrus).
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