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The operation of neuronal networks crucially depends
on a fast time course of signaling in inhibitory interneurons. Synapses that excite interneurons generate
fast currents, owing to the expression of glutamate
receptors of specific subunit composition. Interneurons
generate brief action potentials in response to transient
synaptic activation and discharge repetitively at very
high frequencies during sustained stimulation. The ability to generate short-duration action potentials at high
frequencies depends on the expression of specific
voltage-gated K1 channels. Factors facilitating fast
action potential initiation following synaptic excitation
include depolarized interneuron resting potential, subthreshold conductances and active dendrites. Finally,
GABA release at interneuron output synapses is rapid
and highly synchronized, leading to a faster inhibition
in postsynaptic interneurons than in principal cells.
Thus, the expression of distinct transmitter receptors
and voltage-gated ion channels ensures that interneurons operate with high speed and temporal
precision.
Interneurons play a key role in the operation of neuronal
networks. Inhibitory cells control both the number of
active pyramidal cells and their firing frequency by
feedforward and feedback inhibition [1,2]. Interneurons
also control the timing of principal cell discharge [1 –3] and
are thought to play a pivotal role in the generation of
network oscillations [4– 6]. In neuronal networks in vivo
under a variety of behavioral conditions, interneurons
generate action potentials precisely time-locked to the
cycles of theta-, gamma- and high-frequency oscillations
[7 – 11]. This suggests that interneurons could be involved
in the generation and distribution of rhythmic activity in
neuronal networks. Many of these functions of interneurons crucially depend on the fast and temporally
precise conversion of an excitatory synaptic input into an
inhibitory synaptic output. The complete sequence of
interneuron activation, from synaptic excitation via
dendritic integration to action potential initiation and
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GABA release, can occur within 1 – 2 ms [12 – 14]. This
review examines, step by step, the molecular and cellular
basis of this remarkably fast signal flow. For the purpose of
illustration, it will focus on the hippocampus, a brain
region with a well-defined anatomical layout. Although
inhibitory cells are known to be highly diverse [15,16], this
article will concentrate on interneuron subtypes that are
well characterized, such as parvalbumin-positive basket
cells (which form perisomatic contacts) and somatostatinpositive oriens alveus interneurons (which establish
dendritic synapses on their target cells) [17,18].
Fast glutamate-mediated excitation of interneurons
The first step is the excitation of GABAergic interneurons
at glutamatergic synapses (Figure 1). As at other
excitatory synapses, glutamate preferentially activates
AMPA-type glutamate receptors. However, at excitatory
synapses on interneurons, the AMPA-receptor-mediated
excitatory postsynaptic current (EPSC) rises and decays
rapidly [14,19,20] (Figure 1c). AMPA-receptor-mediated
EPSCs at mossy fiber– basket cell synapses of the dentate
gyrus, at mossy fiber– stratum lucidum interneuron
synapses in the CA3 region, and at synapses on cerebellar
interneurons have decay time constants of , 1.5 ms at
228C and , 0.5 ms at 348C [14,19,20] (Figure 1c). These
fast kinetics depend primarily on the type of postsynaptic
neuron, because AMPA-receptor-mediated EPSCs at
mossy fiber synapses on interneurons are three times
faster than those at mossy fiber synapses on CA3
pyramidal cells [21]. In addition, the type of presynaptic
neuron might be important because AMPA-receptormediated EPSCs are significantly faster at mossy fiber
synapses than at CA3 pyramidal cell collateral synapses
on stratum lucidum interneurons (decay time constants of
, 1.5 ms versus , 2.5 ms at 228C) [20] (for characterization
of stratum lucidum interneuron morphology, see Ref. [22]).
High synchrony of quantal release, rapid clearance of
transmitter at spine-free dendrites and fast gating of
postsynaptic AMPA receptors help to generate rapid
EPSCs at principal neuron – interneuron synapses [19].
In another review of this series, Lawrence and McBain [23]
summarized how the gating properties of postsynaptic
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Figure 1. Fast AMPA-receptor-mediated excitation of hippocampal interneurons. (a) Morphological reconstruction of a reciprocally coupled granule cell (soma and dendrites, green; axon, red) and basket cell (soma and dendrites, black; axon, gray) pair in the dentate gyrus, with three putative excitatory synaptic contacts (red dots). Scale
bar, 100 mm. Abbreviations: GCL, granule cell layer; H, hilus. (b) Unitary excitatory postsynaptic potentials (EPSPs) at a pyramidal neuron–interneuron synapse in the CA3
region (paired recording). The top trace shows a presynaptic (i.e. pyramidal neuron; PN) action potential and the middle trace shows a unitary EPSP in the postsynaptic
interneuron (IN). The bottom trace shows the response of the postsynaptic interneuron to a depolarizing current pulse used to probe the membrane time constant. Recording temperature < 37 8C. (c) Unitary excitatory postsynaptic currents (EPSCs) at the granule cell– basket cell synapse (paired recording). The top trace shows presynaptic
action potential; the middle traces are individual evoked EPSCs in the postsynaptic basket cell (BC) and the bottom trace is an average EPSC. Recording temperature
< 34 8C. (d) Single-cell reverse transcription polymerase chain reaction (RT-PCR) analysis of AMPA receptor subunit expression in a dentate gyrus basket cell compared
with a CA3 pyramidal neuron; differential hybridization of gels with selective radiolabeled oligonucleotide probes specific for GluR1 to GluR4 (GluR-A to GluR-D) AMPA
receptor subunits is shown. Note low relative abundance of GluR2 (GluR-B) in the basket cell. Panels (a) and (c) reproduced, with permission, from Ref. [19]; (b) reproduced,
with permission, from Ref [12]; (d) reproduced, with permission, from Ref. [24].

receptors are determined by the expression of an interneuron-specific genetic program. Unlike principal neuron
AMPA receptors, which are often GluR1flip/GluR2flip
heteromers, basket cell AMPA receptors are primarily
assembled from GluR1flop subunits [23,24], with GluR1 to
GluR4 (GluR-A to GluR-D) indicating the four mammalian
AMPA receptor subunits and flip and flop denoting the two
variants of each subunit generated by alternative splicing
(Figure 1d).
In addition to AMPA receptors, glutamate released
at excitatory synapses on interneurons can coactivate
kainate receptors and NMDA receptors [25]. Both types of
receptor activate and deactivate more slowly than AMPA
receptors: kainate receptors are gated on a timescale of
tens of milliseconds [26,27], whereas NMDA receptors
operate on a timescale of hundreds of milliseconds [25].
Thus, the different types of glutamate receptor could
encode different features of afferent activity. For both
kainate receptors and NMDA receptors, the amplitude
contribution is highly variable. No kainate receptor
component was observed in stratum radiatum interneurons in CA1 of the guinea pig [28]. By contrast, a
significant kainate receptor component was found in
EPSCs of oriens alveus interneurons and stratum
http://tins.trends.com

radiatum interneurons in CA1 of the rat [26,27]. Likewise,
a small NMDA receptor contribution was observed at
mossy fiber– basket cell synapses of the dentate gyrus, at
mossy fiber– stratum lucidum interneuron synapses in
CA3, and in a subset of stratum radiatum interneurons in
CA1 [19,29 – 31]. By contrast, a large contribution was
found at pyramidal neuron – stratum lucidum interneuron
synapses in CA3 and a different subset of stratum
radiatum interneurons in CA1 [29,31]. Interestingly, the
properties of AMPA receptor and NMDA receptor components are inversely correlated in CA3 stratum lucidum
interneurons – a fast AMPA receptor component goes
hand in hand with a small NMDA receptor component
[29]. The correlation extends to the expression of receptor
subunits – when AMPA receptors lack the GluR2 (GluR-B)
subunit, NMDA receptors include the NR2B subunit. This
co-regulation could arise at the level of gene expression,
trafficking of subunit proteins to synapses, or via protein –
protein interactions in the postsynaptic density [32].
Thus, glutamate-mediated excitation of interneurons
involves an especially rapid AMPA receptor component,
which ensures fast and reliable activation of inhibitory
cells. Distinct contributions of slower kainate receptor
and NMDA receptor components might confer specific
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computational properties on different principal neuron –
interneuron connections.
Spatiotemporal signal processing in interneuron
dendrites
Synaptic integration, in addition to depending on the time
course of the postsynaptic conductance, depends on the
dendritic location of the synapse and the cable properties
of the dendrite [33,34]. In different interneuron subtypes,
electron microscopical analysis suggests that 70 – 90% of
synapses are excitatory [35]. The total population of excitatory synapses appears to be distributed uniformly over
the somatodendritic domain, with 95– 97% of synapses
terminating on dendrites [35,36]. However, subsets of
excitatory synapses originating from specific input pathways can be preferentially located on either proximal or
distal dendritic locations [19,20].
How do interneuron dendrites process excitatory synaptic events? Locally, excitatory postsynaptic potential
(EPSP) kinetics are similar to the time course of the
postsynaptic conductance, and EPSP amplitude depends
on synaptic peak conductance and dendritic impedance at
the postsynaptic site [19,37– 40]. As EPSPs propagate
from the dendrites to the soma, their amplitude is
attenuated and their time course is slowed. The EPSP
decay approaches the membrane time constant (tm) for
long propagation distances but is faster and multiexponential for intermediate propagation distances. The
degree of filtering depends not only on synapse location but
also on dendritic geometry and the specific resistance (Rm,
resistance for a given membrane area) of the dendritic
membrane. Several interneuron subtypes have a low input
resistance and a fast tm, suggesting a low Rm (because
tm ¼ RmCm, where Cm is capacitance for a given membrane area [41– 43]); this especially applies to parvalbumin-positive basket cells (tm , 10 ms). By contrast,
principal cells have much higher input resistance and
longer membrane time constant (, 30 – 70 ms), implying a
higher Rm [44]. As a consequence of fast glutamatemediated excitation and specific dendritic properties, the
EPSP arriving at the interneuron soma has a relatively
short half-duration (4 –10 ms at physiological temperature) [12,19,45– 50] (Figure 1b) compared with that in
principal neurons [51]. At some principal neuron – interneuron synapses, the decay of the somatic unitary EPSP
(as quantified by mono-exponential fit or amplitudeweighted average decay time constant) appears to be
faster than the membrane time constant [12,19] (Figure 1b).
This would be expected for a perisomatic synapse with a
short EPSP propagation distance [19].
As the length constant of a passive dendritic cable is
l ¼ (rRm/2Ri)0.5, where r is the radius and Ri is cytoplasmic
resistivity [33], a low Rm implies that interneuron
dendrites conduct voltage signals with strong attenuation.
Although this might seem inefficient, the low Rm has
several advantages for signal processing. First, the short l
limits postsynaptic interactions within the dendritic tree,
leading to functional compartmentalization. Second,
because the conduction velocity of a passive cylindrical
cable approximates to v ¼ 2l/tm for the half-amplitude
point of a propagating wave [33], the passive properties
http://tins.trends.com

imply that interneuron dendrites conduct synaptic potentials slightly faster than those of principal neurons.
Finally, the fast tm restricts temporal summation and
assists coincidence detection, because the decay time
course of the somatic EPSP is limited by tm. In granule
cell – basket cell synapses, the window for temporal
summation of EPSPs is , 5 ms [19].
Thus, the low Rm of the interneuron membrane shapes
the spatiotemporal integration of synaptic input, leading
to effective EPSP summation only for synchronous
synaptic inputs.
Tuning of resting membrane potential by
neuromodulators
As first suggested by Eccles, interneurons are more
excitable than principal cells [52]. More recent evidence
suggests that this increased excitability is partly due to the
relatively depolarized resting potential of interneurons,
which sets them in a ready-to-fire mode. Both non-invasive
cell-attached recordings [53,54] and conventional wholecell techniques [42,43,55] revealed that the resting
potential of different interneuron subtypes (e.g. basket
cells and stratum radiatum interneurons) is , 10 – 15 mV
more depolarized than that of pyramidal cells in the same
circuit under comparable conditions, whereas the voltage
thresholds for action potential initiation appear to be
comparable. Several conductances contribute to the resting potential of interneurons and presumably to the
different resting potentials of interneurons and principal
cells. These include two-pore domain ‘leak’ Kþ channels
[56 –58], hyperpolarization-activated and cyclic-nucleotide-activated channels (HCN channels, also termed Ih)
[59,60], G-protein-coupled inwardly rectifying Kþ (GIRK)
channels [57], and low-threshold Ca2þ channels [61].
Collectively, these conductances also represent the molecular basis of the low somatodendritic Rm, although the
contribution of individual channels remains to be defined. A
complete understanding of the molecular mechanisms of the
interneuron resting potential also requires consideration of
transporters, especially the electrogenic Naþ/Kþ pump [55].
Although the resting potential of interneurons is more
depolarized than that of pyramidal neurons, it is regulated
dynamically by ionotropic and metabotropic transmitter
receptors (Figure 2). Various interneuron types express
nicotinic ACh receptors [62,63] and ionotropic 5-hydroxytryptamine (5-HT) receptors [15]. Furthermore, CA1
stratum radiatum interneurons exhibit a tonic, picrotoxin-sensitive conductance mediated by extrasynaptic
GABAA receptors, which appears to be absent in pyramidal neurons [64]. Finally, interneurons in hippocampus
and neocortex also express a rich repertoire of metabotropic receptors for neurotransmitters, mainly with
excitatory actions. These include muscarinic ACh receptors [65 –67] (Figure 2a), metabotropic glutamate receptors [15,68] (Figure 2b), 5-HT receptors [15] (Figure 2c),
adrenoceptors [69] (Figure 2d), GABAB receptors [70],
opioid receptors [71], and dopamine receptors [57,72]. As a
general rule, multiple metabotropic receptors can be
coexpressed by a single interneuron [15] (Figure 2e) and
a given receptor can affect multiple molecular targets,
such as both two-pore domain channels and GIRK
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Figure 2. Diversity of expression of neurotransmitter receptors in hippocampal interneurons. (a– d) Examples of different responses of CA1 stratum radiatum interneurons
to bath application of agonists of muscarinic ACh receptors (muscarine), metabotropic glutamate receptors [(1S,3R)-aminocyclopentane-1,3-dicarboxylic acid (tACPD)],
5-hydroxytryptamine receptors (5-HT), and adrenoceptors [noradrenaline (NA)]. Different cells show large diversity in the extent and direction of the responses, which were
depolarizing (a–d, upper traces), null (b, lower trace) or hyperpolarizing (a,c,d, lower traces). (e) Responses of a single stratum radiatum interneuron to sequential application of several agonists. This cell was excited by muscarine and 5-HT, inhibited by noradrenaline and insensitive to tACPD. Reproduced, with permission, from Ref. [15].

channels [57]. The expression pattern of receptors and
targets varies substantially among interneuron subtypes
and among cells within the same subtype [15]. Thus,
neuromodulatory transmitters can change excitability and
integrative properties of specific subgroups of interneurons in the network, which can lead to the formation
of flexible interneuron assemblies.
Active conductances shape EPSPs and generate
resonance behavior
Depending on both EPSP amplitude and resting potential,
(a) CA1 stratum radiatum interneuron
(i)

(ii)

–47
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subthreshold active conductances will contribute to the
high speed, reliability and temporal precision of EPSP –
action potential coupling in interneurons (Figure 3). As in
pyramidal neurons [73,74], activation of Naþ channels
amplifies subthreshold EPSPs in several interneuron
subtypes [30,36,75]. Unlike in pyramidal neurons, however, activation of voltage-gated Kþ channels actively
terminates EPSPs. This leads to EPSPs with largely
voltage-independent time course in CA1 stratum radiatum
interneurons [30] (Figure 3a) and to EPSPs with reduced
duration at depolarized potentials in fast-spiking
(b) CA1 principal neuron

–80
3 mV
TEA and 4-AP

4 mV
20 ms

Control

40 ms

20 mV

20 mV

20 ms

40 ms

10 counts
0

50
100 150
Spike latency (ms)

0

50
100
150
Spike latency (ms)

0

50 100 150
Spike latency (ms)

Figure 3. Speed and precision of excitatory postsynaptic potential (EPSP)–action potential coupling in hippocampal interneurons. (a) Evoked EPSPs in a stratum radiatum
interneuron in the hippocampal CA1 region in control conditions (i) and in the presence of Kþ channel blockers 4-aminopyridine (4-AP, 40 mM) and tetraethylammonium
(TEA, 1 mM) (ii). (b) Evoked EPSPs in a CA1 pyramidal cell in control conditions. Upper traces represent subthreshold EPSPs (averages); lower sets of traces show suprathreshold EPSPs recorded at depolarized resting potentials. Bottom panels show corresponding spike latency histograms. Note the precise timing of action potential generation in stratum radiatum interneurons under control conditions. Reproduced, with permission, from Ref. [30].
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Figure 4. Subthreshold oscillations in the theta-frequency and gamma-frequency bands. (a,b) Intrinsic theta oscillations in lacunosum-moleculare interneurons in CA1.
Membrane potential recordings are shown (mean values indicated) (a), with corresponding power spectra (b). The peak of the spectrum occurred roughly in the thetafrequency range (4– 7 Hz). (c,d) Intrinsic gamma oscillations in fast-spiking interneurons in the striatum. Membrane potential oscillations are shown from periods in which
no action potentials were generated (c), with the corresponding power spectrum (d). The peak of the spectrum occurred in the gamma-frequency range (30 –90 Hz). Panels
(a,b) reproduced, with permission, from Ref. [77]; (c,d) reproduced, with permission, from Ref. [79].

neocortical interneurons [75]. Thus, EPSPs in interneurons trigger action potentials more precisely than
EPSPs in pyramidal cells [30] (Figure 3b). Experiments in
which EPSP waveforms were applied as voltage-clamp
commands revealed that subthreshold EPSPs activate a
biphasic sequence of inward (Naþ)–outward (Kþ) currents,
which restricts the time window for spike initiation [30,75].
Subthreshold active conductances also confer resonance characteristics on interneurons (Figure 4). Several
interneurons show oscillations during sustained current
injection or application of depolarizing agonists [76– 79],
with frequencies in the theta (4 –7 Hz; Figure 4a,b) or
gamma (30– 90 Hz; Figure 4c,d) ranges. These oscillations
are apparently generated by the interplay of voltage-gated
Naþ channels and delayed-rectifier Kþ channels [76,77].
Furthermore, interneurons show subthreshold resonant
behavior in response to sinusoidal inputs [78,80]. Finally,
the reliability and temporal precision of action potential
generation shows marked frequency dependence in
response to repetitive suprathreshold inputs; the highest
reliability and precision of spiking occurs at frequencies
similar to those of the subthreshold oscillations [78– 81].
Therefore, subthreshold oscillations and resonance behavior endow inhibitory interneurons with band-pass filter
characteristics. The filter frequencies, however, differ
markedly among interneuron types. Regularly spiking
interneurons such as lacunosum-moleculare interneurons
of the CA1 region show theta-frequency preference [76,77]
(Figure 4a,b), whereas fast-spiking interneurons in hippocampus, neocortex and striatum oscillate at gamma
frequencies [78,79] (Figure 4c,d). Thus, rhythmic input
http://tins.trends.com

can recruit specific subsets of interneurons in neuronal
networks. Although network oscillations are primarily
driven by synaptic mechanisms, they can be enhanced by
subthreshold oscillations and resonance phenomena, as
described in the article by Whittington and Traub in this
series [11].
Molecular determinants of the fast-spiking phenotype
Mountcastle et al. [82] first described neocortical neurons
with ‘thin spikes’ in extracellular recordings. McCormick
et al. [83] identified cortical cells with brief action
potentials as GABAergic neurons and showed that these
could fire repetitively without accommodation at frequencies . 200 Hz. However, subsequent analysis of different
interneuron subtypes indicated that many, but not all,
interneurons show this fast-spiking phenotype (Figure 5).
Basket cells, hilar interneurons with axons co-aligned
with the commissural – associational pathway (HICAP)
cells in the dentate gyrus, and bistratified cells in CA1 and
CA3 can all fire spikes at high frequency during sustained
current injection (200– 500 Hz at physiological temperature) [17,42,43] (Figure 5a). Oriens alveus interneurons
were also categorized as ‘fast spiking’, although their
maximal action potential frequency is closer to 100 Hz
under similar experimental conditions [84 – 90]. Finally,
other interneuron types, such as stratum radiatum and
lacunosum-moleculare interneurons in the CA1 region,
even show regular spiking with substantial accommodation [91], comparable to principal neurons. Thus, the
action potential phenotype of interneurons is a spectrum,
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Figure 5. Kv3 channels – a major determinant of fast spiking. (a) Action potentials evoked by a 1 s depolarizing current pulse in a dentate gyrus basket cell. (b) Functional
properties of Kv3-like delayed-rectifier Kþ channels. Upper graph: traces of Kþ current evoked by test pulses of stepwise increasing amplitude in a nucleated patch from a
basket cell soma (inset). Lower graph: plot of conductance ratio (G/Gmax) against membrane potential. The Kv3 component was isolated by pharmacological subtraction.
(c) Kþ current in a basket cell nucleated patch during a high-frequency train of action potentials. An experimentally recorded action potential pattern was applied as a voltage-clamp command, and the resulting Kþ current was measured in the absence (top trace) and in the presence (bottom trace) of 4-aminopyridine (4-AP, 0.2 mM). (d)
Single-cell reverse transcription polymerase chain reaction (RT-PCR) analysis of Kv3 subunit expression in dentate gyrus basket cells and CA1 pyramidal neurons. Ethidium
bromide-stained gels of the RT-PCR products amplified with primers specific for Kv3.2 transcripts. Left lanes show material from basket cells (BCs); right lanes show that
from pyramidal cells (PCs). Reproduced, with permission, from Ref [87], q (1998) the Society for Neuroscience.

with parvalbumin-positive basket cells representing the
functional extreme.
Action potentials of fast-spiking interneurons are
succeeded by a fast, large-amplitude afterhyperpolarization (AHP) [83,92]. This might seem counter-intuitive, as a
large AHP would be expected to delay the onset of the next
spike and thus reduce the firing frequency [93]. How
should an AHP accelerate action potential initiation? The
kinetics of the AHP appear to be optimal for a maximal
recovery of Naþ channels from inactivation and a minimal
delay in the onset of the action potential initiation [90,94].
A shorter AHP, by contrast, would not permit sufficient
recovery of Naþ channels from inactivation, leading to
longer refractory periods.
Which channels underlie the fast-spiking phenotype?
Although the properties of both Naþ channels [94] and
voltage-gated Kþ channels [85– 87,89] differ between
interneurons and principal cells, the characteristic action
potential pattern of interneurons is largely shaped by the
Kþ channels. Kþ currents in basket cells of the dentate
gyrus and oriens alveus interneurons include fast delayedrectifier, slow delayed-rectifier, inactivating A-type and
Ca2þ-activated Kþ currents [85 – 87,89]. The fast delayed
rectifier forms a large part of the macroscopic Kþ current
for both types of interneuron (Figure 5b). It contributes
, 60% of responses to rectangular stimuli, and .90% of
responses to action-potential-like voltage-clamp commands [87] (Figure 5c). Immunocytochemical and singlecell reverse transcription polymerase chain reaction
(RT-PCR) analysis revealed that the channels mediating
http://tins.trends.com

the fast delayed rectifier Kþ current are assembled from
Kv3 subunits, particularly Kv3.1 and Kv3.2 [87,89,95– 99]
(Figure 5d). Thus, the characteristic action potential
phenotype results from an interneuron-specific genetic
program. How do Kv3 channels facilitate fast spiking?
Dynamic-clamp experiments in which artificial Kþ conductances were added to real neurons [90,100] revealed
that the gating properties of Kv3 channels, in particular
fast deactivation, high activation threshold and lack of
inactivation, are crucial for fast spiking. By contrast, a low
activation threshold leads to adaptation, and an inactivation process leads to action potential broadening; these
are hallmarks of action potential phenotypes of principal
cells [90]. As both density and gating properties of Kv3
channels are regulated by gene expression and phosphorylation [89,97,101], differential tuning of Kv3 channels could contribute to the differences in firing properties
between interneuron types.
Thus, many interneurons discharge brief action potentials at high frequencies without accommodation during
long-lasting stimulation. Kv3 channels appear to be necessary for the fast-spiking phenotype, and their gating properties favor high-frequency action potential generation.
Active dendritic propagation of action potentials
In pyramidal neurons, EPSPs propagate from the dendrite
to the soma and the axon initial segment, the primary site
of integration and action potential initiation [102]. By
contrast, interneurons can use a different signaling
strategy (Figure 6). First, in some interneuron subtypes
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the axon emerges from a principal dendrite rather than
the soma. Dendritic origin of the axon, first described in
GABAergic neurons of the substantia nigra [103], has been
reported for oriens alveus interneurons in the hippocampal CA1 region [36] (Figure 6a) and somatostatin-positive
bipolar interneurons in the neocortex [104]. Second, the
dendrites of some interneuron subtypes have active
properties, supporting action potential backpropagation
and dendritic action potential initiation [36] (Figure 6b – d).
Both the dendritic emergence of the axon and the active
properties of interneuron dendrites can speed up EPSP–
action potential conversion.
Active properties of interneuron dendrites were first
postulated on theoretical grounds [105] and more recently
have been demonstrated directly using dendritic recordings. These experiments revealed that the dendrites of
oriens alveus interneurons in the CA1 region of the
hippocampus express a high density of voltage-gated Naþ
and Kþ channels; the estimated Naþ conductance density

(a)

was , 110 pS mm22 [36] (Figure 6b), approximately threefold larger than in principal neuron dendrites [102].
Furthermore, dendritic recordings showed that action
potentials in both oriens alveus interneurons in hippocampus and somatostatin-positive interneurons in neocortex can be initiated at multiple sites and propagate over
the somatodendritic domain with constant amplitude and
time course [36,104] (Figure 6c). Ca2þ-imaging experiments confirmed the active properties of interneuron
dendrites [104,106]; action-potential-induced dendritic
Ca2þ transients showed large amplitudes for distances of
up to 400 mm from the soma in somatostatin-positive
neocortical interneurons [104] (Figure 6d). Thus, voltagegated Naþ channels apparently dominate the functional
properties of dendrites of these interneurons, supporting
the active dendritic propagation of action potentials. By
contrast, action-potential-induced Ca2þ transients declined
as a function of distance from the soma in parvalbuminand calretinin-positive neocortical interneurons [106],
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Figure 6. Active dendrites in somatostatin-positive interneuron subtypes. (a) Morphological reconstruction of an oriens alveus interneuron in the hippocampal CA1 region
(soma and dendrites, black; axon, red). Abbreviations: str. l.-m., stratum lacunosum-moleculare; str. ori., stratum oriens; str. pyr., stratum pyramidale; str. rad., stratum
radiatum. (b) Naþ (solid symbols and continuous lines) and Kþ (open symbols and broken lines) current densities, calculated from maximal inward or outward current at
2 10 mV and plotted against distance from the soma; positive values indicate the axon-bearing dendrite. Naþ and Kþ current traces are shown as insets. (c) Swapping of
action potential initiation between dendrite and soma. Simultaneous current-clamp recordings from dendrite (red traces) and soma (black traces) in an oriens alveus interneuron. Action potential initiation was close to the dendritic recording site with a long pulse of low intensity (upper traces), but was shifted towards the somatic recording
site with a brief pulse of high intensity (lower traces). Numbers in (b) and (c) indicate dendritic recording distances. (d) Active dendrites in neocortical bitufted neurons.
Dependence on distance from the soma of the peak amplitude of intracellular Ca2þ concentration ([Ca2þ]I) transients evoked by four action potentials at 80 Hz. Data were
normalized to the amplitude of the dendritic [Ca2þ]i transient closest to the soma. Reconstruction of bitufted neuron and examples of [Ca2þ]i transients are shown as insets.
Panels (a– c) reproduced, with permission from, Ref. [36]; (d) reproduced, with permission, from Ref. [104].
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indicating that voltage-gated Kþ channels could actively
inhibit the dendritic propagation of action potentials in
these interneurons.
In addition to acceleration of EPSP – action potential
conversion, active conductances in interneuron dendrites
could serve several other functions. They might reduce
location-dependent variability in action potential initiation in response to different spatial patterns of synaptic
inputs [107] and facilitate retrograde propagation of action
potentials from the soma into the dendrites [36,104].
Backpropagated action potentials potentially contribute to
the induction of plasticity at glutamatergic synapses on
interneurons [108,109] and could trigger the release of
GABA and other retrograde messengers from interneuron
dendrites [110].
Synchronous GABA release at interneuron output
synapses
Once initiated, interneuron action potentials propagate
along the axon and trigger GABA release from inhibitory
terminals (Figure 7). The reliability of impulse conduction
in morphologically complex interneuron axons is
unknown. However, both the high release probability at
the basket cell – granule cell synapse in the dentate gyrus
[111] and the reliability of action-potential-evoked Ca2þ

signals in axons of cerebellar interneurons [112] suggest
that conduction failures are rare. Kainate increases axonal
excitability of stratum radiatum interneurons in CA1 [28],
suggesting that kainate receptors regulate impulse conduction via depolarization of the axon. The shape of
presynaptic action potentials that trigger Ca2þ inflow and
transmitter release at inhibitory terminals has not been
measured directly [113]. However, the highly synchronized
GABA release at the basket cell – granule cell synapse in
the dentate gyrus (half-duration of the time course of
quantal release is , 300 ms at 348C; Figure 7b,c) suggests
that they might even be shorter than somatic spikes [111].
In addition to forming inhibitory synapses on principal
neurons, interneurons also form synaptic contacts onto
each other [114 – 119]. After all previous considerations, it
might not come as a surprise that the synaptic communication among interneurons is particularly optimized for
speed. In comparison with interneuron – principal neuron
synapses, two major differences of interneuron –interneuron synapses are apparent. First, mutual synaptic
inhibition between hippocampal and neocortical interneurons is mediated by both electrical and chemical
synapses [114 – 119]. Because electrical coupling is mediated by perisomatic gap junctions [120], the time course of
the electrical postsynaptic currents is fast, following the
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Figure 7. Fast signaling at GABAergic interneuron output synapses. (a) Morphological reconstruction of a reciprocally coupled granule cell (i.e. principal neuron; soma and
dendrites, green; axon, red) and basket cell (soma and dendrites, black; axon, blue) pair (the same neurons as shown in Figure 1). Two putative inhibitory synaptic contacts
(blue dots) are shown. (b) Recording of unitary inhibitory postsynaptic currents (IPSCs) at the basket cell (BC)–granule cell (PN) synapse at different Ca2þ and Mg2þ concentrations (2 mM Ca2þ; 1 mM Mg2þ and 0.5 mM Ca2þ; 2.5 mM Mg2þ). (c) Time course of quantal release at the basket cell –granule cell synapse. First latency distribution (filled
bars) and time course of quantal release (open bars), calculated from first latencies in 0.5 mM Ca2þ and 2.5 mM Mg2þ. (d) Synchrony of GABA release is independent of the
nature of the postsynaptic target cell, whereas the IPSC decay time constant is target-cell-dependent. Sequential triple recording from a presynaptic and a postsynaptic basket cell (left traces, first pair) and the same presynaptic basket cell and a postsynaptic granule cell (right traces, second pair). Presynaptic action potentials (top), single unitary IPSCs (center) and average IPSC (bottom) are depicted. Note the difference in decay time course. Also note the fast current component due to gap-junction coupling in
the basket cell –basket cell connection. Panel (a) reproduced, with permission, from Ref [19]; (b) and (c) reproduced, with permission, from Ref [111], q (2000) the Society
for Neuroscience; (d) reproduced, with permission, from Ref [114], q (2001) the Society for Neuroscience.
http://tins.trends.com

38

Review

TRENDS in Neurosciences Vol.27 No.1 January 2004

time course of the presynaptic action potential. Second, the
time course of the GABA-mediated inhibitory postsynaptic
currents (IPSCs) in hippocampal interneurons and neocortical fast-spiking interneurons is markedly faster than
the kinetics of IPSCs in principal neurons of the same
circuit [6,114,117] (Figure 7d). Thus, if two interneurons
are coupled via both electrical and chemical synapses, an
action potential in the presynaptic interneuron triggers a
biphasic sequence of excitatory (inward) – inhibitory (outward) currents in the postsynaptic cell, promoting precise,
synchronous action potential initiation.
Both electrical and chemical synaptic signaling
between interneurons are crucial for network activity.
Electrical coupling can selectively regulate the coherence
of high-frequency network oscillations, whereas the time
course of the chemical GABAA-receptor-mediated component can control both coherence and frequency [6].
Furthermore, both electrical coupling between interneurons and disynaptic feedforward inhibition (i.e. principal neurons excite an interneuron, which inhibits
another interneuron) will promote synchrony detection
in interneuron networks [75], amplifying the fast signaling processes present at the level of a single cell. The early
excitatory electrical component will boost synchronous
EPSPs, whereas the later inhibitory postsynaptic potential (IPSP) will suppress asynchronous events. Thus,
interneurons in the network can ultimately detect synchronous excitatory activity with , 1 ms precision [75].
Concluding remarks
In both hippocampal and neocortical microcircuits, GABAergic interneurons differ radically from glutamatergic
principal cells. Some of the properties of interneurons are
reminiscent of neurons in the auditory pathway, where
temporal precision is crucial for sound localization.
Remarkable similarities between interneurons and auditory neurons include the expression of special AMPA
receptors mediating fast synaptic excitation, the rapid
membrane time constant, and the expression of Kv3
channels [121,122]. Together with other interneuronspecific mechanisms, these properties ensure that inhibitory interneurons operate with high speed, reliability and
precision. This is likely to be necessary for the generation
of precise signals for temporal coding of information in the
brain and for the control over spike-timing-dependent
plasticity at glutamatergic synapses [123 – 125].
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