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There are two distinct inhibitory GABAergic circuits in the neostriatum. The feedforward
circuit consists of a relatively small population of GABAergic interneurons that receives
excitatory input from the neocortex and exerts monosynaptic inhibition onto striatal spiny
projection neurons. The feedback circuit comprises the numerous spiny projection neurons
and their interconnections via local axon collaterals. This network has long been assumed
to provide the majority of striatal GABAergic inhibition and to sharpen and shape striatal
output through lateral inhibition, producing increased activity in the most strongly excited
spiny cells at the expense of their less strongly excited neighbors. Recent results, mostly
from recording experiments of synaptically connected pairs of neurons, have revealed that
the two GABAergic circuits differmarkedly in terms of the total number of synapsesmade by
each, the strength of the postsynaptic response detected at the soma, the extent of
presynaptic convergence and divergence and the net effect of the activation of each circuit
on the postsynaptic activity of the spiny neuron. These data have revealed that the
feedforward inhibition is powerful and widespread, with spiking in a single interneuron
being capable of significantly delaying or even blocking the generation of spikes in a large
number of postsynaptic spiny neurons. In contrast, the postsynaptic effects of spiking in a
single presynaptic spiny neuron on postsynaptic spiny neurons are weakwhenmeasured at
the soma, and unable to significantly affect spike timing or generation. Further, reciprocity
of synaptic connections between spiny neurons is only rarely observed. These results
suggest that the bulk of the fast inhibition that has the strongest effects on spiny neuron
spike timing comes from the feedforward interneuronal systemwhereas the axon collateral
feedback system acts principally at the dendrites to control local excitability as well as the
overall level of activity of the spiny neuron.
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1. Introduction

The basal ganglia comprise the largest subcortical system in
the brain extending from the telencephalon through the
midbrain. Among the many unique features of the basal
ganglia is the fact that it is composed almost entirely (N98.8%;
see Tepper et al., 2007) of GABAergic neurons. The neostria-
tum, the largest single nucleus in the basal ganglia, not
surprisingly comprises almost entirely GABAergic neurons.
The vast majority of these, at least 95%, in species ranging
from rodent to primate (Kemp and Powell, 1971; Luk and
Sadikot, 2001; Wilson, 2004 but see also Graveland and
DiFiglia, 1985) are medium-sized spiny projection neurons
that are also the only source of output from the nucleus. The
remaining cell types comprise large aspiny cholinergic inter-
neurons, and at least 3 distinct types of GABAergic interneur-
ons (Kawaguchi, 1993; Kawaguchi et al., 1995).

These GABAergic interneurons were first characterized
electrophysiologically, morphologically and neurochemically
by Kawaguchi and colleagues (Kawaguchi, 1993; Kubota et al.,
1993; Kubota and Kawaguchi, 1994; Kawaguchi et al., 1995).
These investigators described a medium-sized GABAergic
aspiny neuron with a fast-spiking (FS) phenotype that was
immunoreactive for the calcium binding protein, parvalbumin
(PV). The second aspiny interneuron, subsequently shown to
be GABAergic (Kubota and Kawaguchi, 1994) was described
that it fired low threshold spikes and exhibited a persistent
depolarizing plateau potential in response to depolarizing
current injection that long outlasted the depolarizing stimuli
which was termed the PLTS neuron (Kawaguchi et al., 1995),
and in later papers just the LTS neuron (e.g., Kubota and
Kawaguchi, 2000). The PLTS electrophysiological phenotype
was shown to belong to a striatal interneuron previously
shown to selectively express the neuropeptides somatostatin
and NPY, and nitric oxide synthase (Emson et al., 1993). The
third medium-sized aspiny GABAergic neuron was identified
as immunoreactive for calretinin but not for any of the other
calcium binding proteins or neuropeptides found in other
striatal interneurons (Kawaguchi et al., 1995). Its electrophy-
siological phenotype was not described at the time and still
remains unknown.

Although most of the neurons in the striatum are GABAer-
gic, most of the synapses are not, some 80% consisting of
asymmetric glutamatergic synapses originating from the
cortex and thalamus (Kemp and Powell, 1971; Ingham et al.,
1998; for recent review, see Wilson, 2007). Nevertheless,
GABAergic inhibition plays the most important role in the
modulation of striatal output. One of the clearest demonstra-
tions of this is the fact that blockade of striatal GABAA

receptors by local application of bicuculline in vivo increases
the spontaneous firing rate of striatal neuronsby a factor of 3 or
more (Nisenbaum and Berger, 1992).

There are two major potential sources of the fast GABAer-
gic inhibition in striatum: feedforward inhibition from the
GABAergic interneurons and feedback inhibition from the
axon collaterals of the spiny neurons themselves. As the
number of GABAergic synapses formed onto spiny neurons by
the spiny cell axon collaterals is significantly greater than the
number formed by the interneurons (e.g., Guzman et al., 2003;
Koós et al., 2004), all other things being equal, one would
expect the axon collateral inhibitory feedback system to be the
predominant player in the control of spiny cell activity and
spike timing, as proposed by many others in the past. Striatal
organization was most often conceived of as a lateral
inhibitory network (Groves, 1983; Wickens et al., 1991, 1995;
Beiser and Houk, 1998; Bar-Gad and Bergman, 2001). Lateral
inhibitory networks are typically considered to consist of each
output neuron making symmetric reciprocal inhibitory synap-
ses onto its neighbors. However, more recent data obtained
from recording from synaptically connected interneuron–spiny
cell and spiny cell–spiny cell pairs over the past 5 years are
inconsistent with such a model of striatal function and suggest
a significantly different type of functional organization.
2. Striatal interneurons and feedforward
inhibition

2.1. Fast-spiking interneurons

By far the best-characterized GABAergic interneurons are
those that express parvalbumin (PV). Their somata average
16–18 μm in diameter and issue aspiny dendrites that branch
modestly. There is some morphological heterogeneity, with
one subtype exhibiting a smaller soma and a relatively
restricted and varicose dendritic arborization in the region of
200–300 μm in diameter, and the other displaying a larger cell
body and a more extended non-varicose dendritic field 500–
600 μm in diameter (Kita et al., 1990; Kawaguchi, 1993; Bennett
and Bolam, 1994a,b; Kawaguchi et al., 1995; Koós and Tepper,
1999). The neuron is characterized by an extremely dense local
axonal plexus surrounding and extending beyond the den-
dritic field of the cell of origin that is heavily invested with
presynaptic boutons. An example is shown in Fig. 1.

Unbiased stereological estimates put the numbers of PV
interneuron number at about 0.7% of the total in rat
neostriatum (Luk and Sadikot, 2001; Rymar et al., 2004;
however, in our experience it is likely that there are other
types of FS interneurons that are not PV-immunopositive so
the actual proportion of FS interneurons is likely to be
significantly greater than this; Koós, Ibanez-Sandoval and



Fig. 1 – Whole cell recording and biocytin staining of a PV-immunoreactive striatal FS interneuron from a striatal slice from a
24 day old rat. A, B. The neuron is silent at rest and displays a relatively linear IV relation. Small increments in stimulus strength
from a subthreshold value (most depolarized black trace in B) yield an irregular bursting pattern of firing (red and blue traces in
B). Stronger stimuli evoke sustained firing that can exceed 200 Hz with relatively little spike frequency adaptation (A). C.
Drawing tube reconstruction of a biocytin-stained FS interneuron from a striatal slice from a 21-day old rat. Note the dense,
extensive local axon collateral arborization. Data redrawn from Koós and Tepper (1999).
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Tepper, unpublished). There is a strongmedio-lateral gradient
in the distribution of PV+ axons and terminals suggesting that
these cells may be more integral to functioning in lateral
striatum than medial striatum (Bolam and Bennett, 1995).

The neurons exhibit a very hyperpolarized membrane
potential in vitro and do not fire spontaneously. When
stimulated with a series of increasing amplitude depolarizing
pulses, the neurons do not fire at all below a certain threshold.
Over this threshold a tiny increment in stimulus amplitude
results in a short burst of a few spikes. Further increases lead to
episodes of high frequency firing interspersed with silent
periods. Sufficiently strong stimuli evoke sustained firing at
rates N200 Hz (Kawaguchi, 1993; Kawaguchi et al., 1995; Koós
and Tepper, 1999, 2002; Bracci et al., 2002; Plotkin et al., 2005;
Tavernaet al., 2007). In theabsenceof a selective visiblemarker
for these cells (e.g., Meyer et al., 2002; Freiman et al., 2006), they
are usually targeted for recording in IR-DIC images by their
larger cell body and are subsequently identified in whole cell
recordings by this unusual firing pattern, illustrated in Fig. 1.

PV+ interneurons receive a powerful excitatory input from
cortex that differs from the cortical input to spiny cells in that
the interneurons often receive multiple serial contacts from
single corticostriatal axons within short distance (Rama-
nathan et al., 2002). This type of cortical innervation is
consistent with observations that show that relatively weak
cortical stimuli that are insufficient to elicit excitatory
responses in spiny neurons evoke large scale immediate
early gene expression in PV+ interneurons (Parthasarathy
and Graybiel, 1997) and burst firing in presumed PV+ FS
interneurons in vivo (Kita, 1993). PV+ interneurons also receive
a powerful excitatory cholinergic input, presumably from
striatal cholinergic interneurons (Chang and Kita, 1992; Kita,
1993; Koós and Tepper, 2002).

The predominant synaptic target of the FS interneuron
identified by PV immunostaining, single cell filling or electro-
physiological analysis, is the spiny projection neuron (Bennett
and Bolam, 1994a,b; Kubota and Kawaguchi, 2000). Over half of
these boutons synapse proximally often forming pericellular
baskets around spiny cell somata and making repeated
contacts along proximal dendrites (Kita et al., 1990; Kita,
1993; Bennett and Bolam, 1994).

Paired whole cell recordings of FS interneurons and spiny
cells revealed that at least 25% of the spiny cells within a
250 μmradius of a FS interneuronwere synaptically connected
to it. As most of these pairs were recorded with the
intercellular distances averaging 100 μm, the connectivity
ratio may actually be significantly higher, perhaps as high as
50%, as suggested by recent recordings in our laboratory
(Tecuapetla, Koós and Tepper, unpublished observations). FS–
spiny IPSPs were mediated predominantly or exclusively by
GABAA receptors. Reciprocal connections, i.e., innervation of
interneurons by innervated spiny cells were never observed
(Koós and Tepper, 1999; Taverna et al., 2007). As in cortex
(Galarreta and Hestrin, 1999) and hippocampus (Meyer et al.,
2002), striatal PV-immunoreactive interneurons themselves
are connected by functional gap junctions that can help
synchronize firing among active FS interneurons (Koós and
Tepper, 1999). The FS–spiny cell synaptic response was
notable in that it was quite large. Single evoked spikes in FS
interneurons produced unitary IPSPs in peri-threshold spiny



275B R A I N R E S E A R C H R E V I E W S 5 8 ( 2 0 0 8 ) 2 7 2 – 2 8 1
neurons of about 1 mV or IPSCs over 100 pA, and short bursts
of action potentials in FS interneurons led to compound IPSPs
that could summate up to 7mV or several hundred pA in spiny
neurons (Koós and Tepper, 1999; Koós et al., 2004). The IPSP is
functionally strong enough to delay or completely suppress
firing in postsynaptic spiny neurons as illustrated in Fig. 2
(Koós and Tepper, 1999, 2002).

2.2. LTS interneurons

During the course of the paired recording experiments, Koós
and Tepper (1999) encountered another interneuron type not
previously described. Although similar to a PLTS interneuron,
this neuronwas distinguished from the PLTS cell by a two-fold
higher input resistance, a shorter duration action potential
with a prominent biphasic afterhyperpolarization with a very
fast initial component and the absence of the persistent
depolarization that characterized the PLTS cell (see Fig. 3).
Similar to the FS interneurons, the LTS interneurons were also
found to be synaptically connected to spiny cells and to exert
similarly powerful inhibition capable of vetoing spiking in the
postsynaptic neuron as shown in Fig. 3B.

Finally, one additional type of presumed GABAergic inter-
neuron was shown to elicit relatively strong inhibitory
synaptic responses in spiny neurons as shown in Fig. 4. This
neuron exhibited an unusually deep and long-lasting spike
Fig. 2 – FS–spiny synaptic responses. A. Single action potentials
depolarizing IPSPs of up to severalmV in amplitude in 25% of the
presynaptic action potentials elicited large IPSCs in spiny cells re
is very reliable, exhibiting amean failure (arrow) rate of less than 1
abolish postsynaptic spikes elicited by depolarizing pulses.
afterhyperpolarization and fired rebound spikes following the
offset of a hyperpolarizing current pulse delivered when the
cell was depolarized (Fig. 4B), characteristics different from
those of either PV+ or LTS neurons. Depolarization from rest
sometimes evoked a plateau-like potential that did not outlast
the stimulus (Fig. 4C).

Single presynaptic spikes in this third type of GABAergic
interneuron elicited IPSCs in postsynaptic spiny cells with low
variance and high failure rate, suggesting that the number of
synapses formed by the presynaptic neuron was very low,
perhaps only 1. The cell was medium sized with modestly
branching varicose dendrites and a very sparse local axonal
arborization, a characteristic also very distinct from that of the
FS or LTS interneurons, as shown in Fig. 4.

Thus there are at least 3 different types of GABAergic
interneurons that inhibit spiny cells in a feedforward manner.
At least two of these, the FS and LTS interneurons, have been
shown to exert powerful inhibitory control over spike timing
in spiny neurons. Based on the size of the FS interneuronal
axonal arborization, the density of spiny cells in the striatum
and a 25% probability of synaptic connection between FS
interneurons and surrounding spiny cells and the proportion
of FS interneurons, it was estimated that spiny neurons
receive inputs from between 4 and 27 FS interneurons, each
of which is capable of vetoing spiking in the postsynaptic
neuron (Koós and Tepper, 1999). With an estimated 135 spiny
evoked by current injection in FS interneurons elicited
spiny cells within a radius of 250μm. B. Single FS interneuron
corded with a 140 mM CsCl internal. C. The FS–spiny synapse
%. D. The FS-evoked IPSP is powerful enough to delay or even



Fig. 3 – LTS interneurons also exert strong inhibition on spike generation in spiny neurons. A. Responses of an LTS neuron to
hyper- and depolarizing current pulses. Note the burst response at the start of the pulse (arrow, top trace) seen more clearly as
riding on an LTS (arrow) evoked by lower amplitude stimuli in the bottom traces. Note relatively large slope (high input
resistance) in the IV curve in the inset. B. Short burst of 3 spikes in a presynaptic LTS cell completely abolishes the evoked spike
in a synaptically connected spiny neuron (arrow).
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cells receiving input from each FS interneuron, it is clear that a
very small number of striatal interneurons can exert very
powerful control over both the general excitability as well as
the precise spike timing in spiny neurons.
3. Spiny cell axon collaterals and feedback
inhibition

In addition to their extrastriatal projections, the spiny projec-
tion neurons give rise to a relatively dense local axon collateral
arborization that is approximately coextensive with and
usually extends beyond (sometimes far beyond) the dendritic
arborization of the parent cell (Wilson and Groves, 1980;
Kawaguchi et al., 1990). Electron microscopic analysis of
intracellularly or immunocytochemically labeled spiny cell
axons revealed that the principal targets of these local
GABAergic collaterals were, not surprisingly, other spiny
cells (Wilson and Groves, 1980; Bolam et al., 1983). Most of
these axons formed synapseswith dendrites or spine shafts in
the more distal regions of the cell, with only a small
percentage forming axosomatic contacts. Given the over-
whelming predominance of spiny cells in the neostriatum,
each giving rise to a dense local axon collateral arborization
innervating the surrounding spiny cells, the prevailing view of
neostriatal organization was one of a large lateral inhibitory
network where neurons most strongly excited by cortical/
thalamic inputs would most strongly inhibit their neighbors,
leading to disinhibition of the strongly excited cell in a
feedback loop that would result in a further increase in
activity in the most strongly excited neuron with consequent
increased inhibition exerted on its neighbors.

However, whereas some early electrophysiological and
pharmacological studies provided evidence in favor of such a
functional organization (e.g., Park et al., 1980; Katayama et al.,
1981), other tests of the hypothesis using intracellular record-
ingsofantidromicororthodromicactivationof spinyneuronsor
from pairs of spiny neurons shown to lie within each other's
axon collateral fields, failed to reveal the expectedmonosynap-
tic inhibition (Pennartz andKitai, 1991; Jaeger et al., 1994). Jaeger
and colleagues concluded that lateral inhibition among spiny
neuronswas “weakornon-existent”, andsuggested that the fast
GABAergic inhibition seen in striatum under a number of
conditions was likely mediated by interneurons (see Fig. 5).

Several years later spiny cell axon collateral inhibition was
first reported by Tunstall et al. (2002) of the University of Otago.
These investigators used paired sharp electrode recordings in
acute striatal slices. Under these conditions, the probability of
detecting synaptic transmission between spiny cell pairs was
approximately 10%. Connections were always unidirectional —
reciprocal innervation was not observed in this study. The
unitary IPSPs were exceedingly small, some 277 μV in am-
plitude. Although it was sometimes possible to unequivocally
identify these IPSPs in single sweeps, in most cases averages
of 200 sweeps were necessary to separate the IPSP from the
noise. In marked contrast to the very low FS–spiny synapse
failure rate, the failure rate of spiny–spiny synapses was
relatively high (N38%). Armed with the knowledge that the
collateral IPSP was so small and prone to failure, studies from
a number of different laboratories quickly replicated the



Fig. 4 – Second type of “novel” presumed striatal GABAergic
interneuron. A. Spikes evoked by depolarizing stimuli
exhibit deep, long afterhyperpolarizations. Note also the
absence of a sag in response to hyperpolarizing pulses that is
usually seen in PLTS neurons. B. Rebound spiking at the
cessation of hyperpolarizing pulses delivered from a slightly
depolarized membrane potential. C. Small depolarizing
current injection elicits a plateau potential that does not
outlast the stimulus. D. Single presynaptic spikes elicit IPSCs
with low amplitude variance suggesting a very small number
of release sites. E. Reconstruction of biocytin filled
interneuron shows varicose dendrites (dark brown) and a
very sparse axonal arborization (red).
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results of Tunstall et al. (2002) in a variety of preparations.
Subsequent studies in slices gave very similar results;
connectivity probabilities of 12–16% (counting each pair of
spiny cells as comprising 2 potential synaptic connections;
see Tunstall et al., 2002, Koos et al., 2004), small amplitude
IPSPs/IPSCs and an extremely low incidence of reciprocal
connectivity (Czubayko and Plenz, 2002; Guzman et al., 2003;
Plenz, 2003; Koós et al., 2004; Taverna et al., 2004; Venance
et al., 2004). In addition spiny cell collateral synapses revealed
a significantly greater short-term depression than that
observed in the FS–spiny cell synapse, both in acute slices
(Koós et al., 2004) and in organotypic cell cultures (Gustafson
et al., 2006). Interestingly, studies of the spiny–spiny synapse
in organotypic cell culture revealed a significantly larger
collateral IPSP perhaps because of a significantly greater
input resistance than that reported for spiny cells in most
studies in slices (Czubayko and Plenz, 2002; Gustafson et al.,
2006; Tepper et al., 2004) although there was great variability
with some synapses resembling those seen in acute slices. In
addition spiny cell pairs in slice culture exhibited a consider-
ably greater overall probability of connectivity (38%) and a
significant degree of reciprocal connectivity (nearly one third
of the connected pairs), suggesting that there is likely to be
significantly greater connectivity in slice-co-cultures than in
acute slices (Czubayko and Plenz, 2002; Gustafson et al., 2006).
Despite these differences, the overall spiny–spiny synapse
failure rate observed in slice culture remained significantly
higher than that observed for the FS–spiny synapses in slices
(Koós and Tepper, 1999; Koós et al., 2004; Gustafson et al., 2006).

The IPSP/C amplitude differences between the feedforward
and feedback circuits could be due to postsynaptic factors,
differences in release probability and/or differences in the
number of release sites. These parameters can be estimated by
mean-variance analysis (Clements and Silver, 2000) and
nonstationary PSC fluctuation analysis (Scheuss et al., 2002)
from IPSCs resulting from trains of presynaptic spikes. These
methods have a significant advantage over several others in
that they are technically simple, make fewer assumptions
about the synaptic connection and perform better when the
mean quantal content is small with respect to the noise, a
feature of the spiny cell collateral synaptic response that was
known from the original studies (Tunstall et al., 2002). In a
study designed to directly compare feedforward and feedback
inhibition in striatum, voltage clamp recordings of FS–spiny
and spiny–spiny pairs with good voltage control were obtained
from striatal slices under identical conditions (Koós et al.,
2004), and the mean-variance and nonstationary PSC fluctua-
tion analyses were applied. These analyses revealed that the
two synapses were similar in quantal size and initial release
probability, but differed in terms of peak synaptic current (51
vs. 269 pA) and number of release sites (2.9 vs. 6.7), whichwere
both larger for FS–spiny synapses than for spiny–spiny
synapses.

The larger amplitude of the FS–spiny IPSC was accounted
for by two factors, the first of which is synaptic location.
Electron microscopic data indicate that FS–spiny synapses are
predominantly made proximally, on the soma and proximal
dendrites of the spiny cell, an electrotonically favored location
(Kita et al., 1990; Kita, 1993; Bennett and Bolam, 1994). In
contrast, 88% of spiny cell collateral synapses are made in the
more distal spiny regions of the dendrites (Wilson and Groves,
1980). Simulations have revealed that synapse location is a
significant factor in somatic IPSP amplitude in spiny neurons
as shown in Fig. 6 (Wilson, 2007).

Consistent with these anatomical findings, spiny–spiny
IPSCs recorded in whole cell mode with and without blocking
potassium channels with intracellular cesium differed in
amplitude by a factor of about 3 (18 vs. 51 pA), as did the
estimated synaptic conductance (0.27 vs. 0.75 nS). The
remainder of the difference in amplitude (and in the overall
failure rate) was due to the greater number of release sites at



Fig. 5 – Feedback inhibition between spiny neurons. A. Synaptically connected pair of spiny neurons (arrows) in a striatal slice
from an adult rat stainedwith biocytin after whole cell recording. B. Sp–Sp IPSCs recorded in perforated patch configuration in a
slice from a 13 day old rat. Top. Presynaptic spikes were triggered at the arrows while holding the postsynaptic cell at the
membrane potentials indicated on the right of the traces. Middle. Plot of the current required to hold themembrane at different
potentials between −80 and −30 mV. Bottom. Slope of the VI plot from the data at the top shows that the conductance change
due to the collateral synapse is only 118 pS. The amplitude goes to zero at the reversal potential of −76 mV. C. Response to a
train of presynaptic spikes at 40 Hz shows frequent failures. D. Comparison of whole cell recordings of IPSCs in two different
spiny cells, one elicited by single spikes in an FS interneuron (left) and another in a spiny cell (right). Note the difference in the
voltage calibration and the approximately 6-fold difference in maximum IPSC amplitude. The internal contained 140mM CsCl.
Redrawn from Koós et al. (2004). Copyright 2004 by the Society for Neuroscience.
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FS–spiny vs. spiny–spiny synapses (Kóos et al., 2004). Qualita-
tively similar differences in the strength of feedforward and
feedback inhibition have been reported by others (Guzman
et al., 2003; Gustafson et al., 2006; Tecuapetla et al., 2005) and
are apparent when reported amplitudes of FS–spiny and
spiny–spiny synaptic responses are compared under equiva-
lent conditions (Tepper et al., 2004).

It is important to emphasize that the spiny–spiny synapse
only appears weak compared to the FS–spiny synapse at the
level of the soma. At the dendritic site of origin, the spiny–
spiny IPSP is likely to be about as powerful as that of the FS–
spiny IPSP at the cell body (Fig. 6C; Tepper et al., 2004; Wilson,
2007). Thus, although individual presynaptic spiny neurons
are not very effective at affecting action potential generation
in their postsynaptic spiny cell targets, a single spiny–spiny
synapse can exert powerful effects on local dendritic proces-
sing. This could include strong influences on spike back-
propagation, dendritic calcium entry and other events that
could play a significant role in long-term corticostriatal and/or
thalamostriatal plasticity (Kerr and Plenz, 2002, 2004; Plenz,
2003; Carter and Sabatini, 2004).

Nevertheless, recent findings that emphasize the sparse
distribution of both the excitatory cortical input (Kincaid et al.,
1998) and the recurrent collateral innervation, the very low
incidence of symmetric and reciprocal connections and the
small amplitude of individual feedback IPSPs at spiny cell
somata (Tunstall et al., 2002; Koós et al., 2004; Taverna et al.,
2004) make the original formulation of a lateral inhibitory
network or even a modification based on lateral inhibition
among functionally related groups of spiny cells untenable
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(Wilson, 2007). However in a recent description of a biologi-
cally realistic simulation of a striatal network of 2500 spiny
neurons in the up state (represented by 3000 synaptic inputs/s)
using reasonable assumptions of connectivity (0.2) and
synaptic conductance (0.6 nS) based on mean data from
several different laboratories, the operation of the axon
collateral network was suggested to play a significant role in
setting the overall level of activity of the network as well as
amplifying the difference between weakly and strongly
excited neurons (Wickens et al., 2007). Thus, while the type
of strong lateral inhibitory dynamic originally proposed for the
striatal axon collateral network is no longer valid, there may
nonetheless be a significant effect of the feedback system on
the overall level of activity.
4. Summary

In conclusion, there are twomain types of GABAergic circuitry
in the striatum, a feedforward inhibitory circuit mediated by
several different types of GABAergic interneurons synapsing
Fig. 6 – Computer simulation of the effects of distance of an inhib
of a spiny neuron using parameters from in vitro recordings. Em
spiny neuron. B. IPSP recorded at soma for synapses located at va
the indicated distances. D. Comparison of the amplitude of a typ
dendritic site of origin (lower). Reprinted from Wilson (2007) with
on spiny cells and an inhibitory feedback circuit mediated by
the axon collaterals of the spiny neurons synapsing on other
spiny neurons. There are far more inhibitory synapses in the
feedback circuit than in the feedforward circuit, but each of
the synapses is far less effective at controlling spiking in the
neuron due to the much smaller amplitude of the synaptic
response seen at the level of the cell body. The lower
amplitude of the axon collateral IPSP/Cs is due to the combina-
tion of their distal synaptic location and lower number of
release sites per cell compared to the GABAergic interneurons.
Thus, the older view in which the main organizational prin-
ciple of striatal function was seen as a classical lateral inhibi-
tory network that acts to select and sharpen spiny cell output
at the level of single spikes has given way to a more current
view in which the feedforward interneuronal inhibitory cir-
cuitry functions to regulate the precision of spiny cell spike
timing, whereas the feedback system functions more at the
level of the dendrites to regulate local processes that could
influence corticostriatal and/or thalamostriatal synaptic plas-
ticity as well as overall levels of network activity.
itory synaptic input from the amplitude recorded at the soma
=−50 mV (up state) and reversal potential=−76 mV. A. Model
rying distances. C. Peak IPSP at soma for synapses located at
ical Sp–Sp IPSP if viewed from the soma (upper) and at the
permission.
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