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Summary

In vivo studies suggest that precise firing of neurons
is important for correct sensory representation. Princi-
pal neocortical neurons fire imprecisely when repeat-
edly activated by fixed sensory stimuli or current
depolarizations. Here we show that in contrast to pyra-
midal neurons, firing in neocortical GABAergic fast-
spiking (FS) interneurons is quite precise. FS inter-
neurons are self-innervated by powerful GABAergic
autaptic connections reliably activated after each spike,
suggesting that autapses strongly regulate FS-cell
spike timing. Indeed, blockade of autaptic transmis-
sion degraded temporal precision in multiple ways.
Under these conditions, realistic dynamic-clamp hy-
perpolarizing autapses restored precision of spike
timing, even in the presence of synaptic noise. Fur-
thermore, firing precision was increased in pyramidal
neurons by artificial GABAergic autaptic conduc-
tances, suggesting that tightly coupled synaptic feed-
back inhibition regulates spike timing in principal
cells. Thus, well-timed inhibition, whether autaptic or
synaptic, facilitates precise spike timing and promotes
synchronized cortical network oscillations relevant to
several behaviors.

Introduction

The neocortex is the final destination of sensory infor-
mation and is the site where this information is pro-
cessed and eventually integrated into several behavioral
and cognitive functions. Cortical neurons process and
transmit information by integrating their synaptic inputs
and generating discrete trains of action potentials (APs)
that can be precisely timed. Consistent spike trains in re-
sponse to repetitive identical stimuli may be important in
building a neuronal code based on spike timing (Mainen
and Sejnowski, 1995; Stevens and Zador, 1995; Grothe
and Klump, 2000; VanRullen et al., 2005). In vivo studies
suggest that principal neocortical neurons fire in re-
sponse to identical sensory stimuli with a large trial-to-
trial variability (Shadlen and Newsome, 1998; Carandini,
2004). Yet, neurons in other CNS areas such as thalamus
and retina fire faithfully in response to repeated presen-
tations of the same sensory stimulus (Reich et al., 1997;
Kara et al., 2000; Reinagel and Reid, 2002). Moreover,
neurons encode aspects of the fine temporal structure
of sensory stimuli in visual cortices (Gur et al., 1997; Bu-
racas et al.,, 1998) and invertebrate preparations (de
Ruyter Van Steveninck et al., 1997).
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In neocortical slices in vitro, identical step current in-
jection stimulations produce very jittery firing in pyrami-
dal neurons, but spike-timing precision is significantly
improved when stimuli contain synaptic-like noise, mim-
icking the continuous synaptic bombardment that pyra-
midal neurons receive during dynamic sensory inputs
(Mainen and Sejnowski, 1995).

Cortical structures such as hippocampus and neo-
cortex undergo network oscillations in the theta and
gamma frequency range during dynamic cognitive tasks
and varying sensory stimulations, and it has been pro-
posed that this oscillatory activity might be important
in binding sensory information (McBain and Fisahn,
2001; Buzsaki and Draguhn, 2004). Cortical oscillations
are believed to be generated and maintained by
GABAergic interneurons, which synchronize the firing
of large groups of pyramidal neurons (McBain and Fi-
sahn, 2001; Fricker and Miles, 2001; Freund, 2003). In
particular, due to the specific innervation pattern on py-
ramidal cell bodies (Thomson et al., 1996; Tamas et al.,
1997a; Kawaguchi and Kubota, 1998; Xiang et al.,
2002), it is believed that a specific subtype of interneu-
ron—the parvalbumin-positive, fast-spiking (FS) basket
cell—controls the synchronized output of cortical princi-
pal cells (Freund, 2003). Basket cells fire synchronously
during cortical oscillations (Tamas et al., 2000), by virtue
of their highly interconnected network formed by both
electrical and GABAergic chemical synapses (Tamas
et al., 1998; Galarreta and Hestrin, 1999; Gibson et al.,
1999; Beierlein et al., 2000). In particular, basket cells
in the hippocampus are known to fire very precisely dur-
ing theta and gamma oscillations (Penttonen et al., 1998;
Klausberger et al., 2003; Hajos et al., 2004; Somogyi and
Klausberger, 2005), suggesting that they might possess
intrinsic mechanisms that promote their spike timing
and thus precision.

We recently demonstrated that FS neocortical inter-
neurons innervate themselves, generating robust
GABAergic autaptic transmission (Bacci et al., 2003a).
Autaptic transmission is selective for FS basket cells
(Tamas et al., 1997b; Bacci et al., 2003a) and results in
a fast and reliable shunting inhibition, which is activated
every time a FS cell fires an action potential (Bacci et al.,
2003a). The tight temporal link between a spike and a
closely following large GABAergic conductance makes
autaptic transmission a very good candidate in control-
ling the timing of subsequent APs and thus eventually in
modulating spike timing during a train.

To address the role of autaptic transmission in regu-
lating the precision of spike timing, we recorded from
FS interneurons in acute brain slices of juvenile rats in
the presence of ionotropic glutamate receptor blockers.
This simplified preparation, in which autaptic transmis-
sion is kept intact but excitatory neurotransmission is
abolished, provided a convenient means to examine
the functional properties of autapses.

We found that FS interneurons are characterized by
highly precise AP timing, as compared to large pyrami-
dal cells, and that GABAergic autaptic transmission
plays a major role in improving the precision of spike
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Figure 1. Neocortical FS Interneurons Fire More Precisely than Py-
ramidal Neurons

(A) Overlapped responses to 15 identical suprathreshold DC current
injections (200 pA) in a FS interneuron. Resting membrane potential
(RMP) = —66 mV.

(B) Overlapped responses to 15 identical suprathreshold DC current
injections (250 pA) in a pyramidal neuron. RMP = —61 mV. Note pro-
gressive increase in jitter during the train in both FS and pyramidal
cell (A and B).

(C) Raster plot of the fourth spikes of the cells of (A) and (B). Each
vertical line indicates an action potential.

(D) Mean jitter of the first and fourth spikes in FS cells (black col-
umns) and in pyramidal neurons (white columns). **p < 0.01; **p <
0.001, n = 14 and 10 FS and pyramidal cells, respectively.

times in FS cells. This was true also when elevated and
variable spontaneous synaptic activity was included in
the stimulation waveform. Moreover, we found that
GABAergic feedback inhibition could act in a similar
manner to autaptic transmission to enhance spiking pre-
cision in pyramidal neurons.

Results

FS Interneurons Fire More Precisely
than Pyramidal Neurons
Whole-cell current-clamp experiments were obtained in
rat neocortical slices. Neurons were visualized by infra-
red videomicroscopy, and FS interneurons were identi-
fied as round multipolar cells without an apical dendrite.
Current-clamp characterization showed typical high-
frequency firing (frequency range: 40-86 Hz, n =14) inre-
sponse to depolarizing current steps (Kawaguchi and
Kubota, 1997; Beierlein et al., 2003; Bacci et al., 2003a,
2003b). Pyramidal neurons were identified by their typi-
cal large soma size and the presence of a thick apical
dendrite oriented toward the pial surface. Pyramidal
neurons were characterized by lower firing frequency
(range: 5-18 Hz, n = 12) and much broader action poten-
tial than FS interneurons.

Under conditions of excitatory neurotransmission
blockade, FS and pyramidal neurons were depolarized

multiple times by identical near-threshold DC current in-
jections, which yielded action potential trains in the fre-
quency ranges mentioned above. Each cell type showed
a nearly constant rate of firing during repeated trains
(CV = 0.03 = 0.003 versus 0.04 = 0.004 FS versus pyra-
midal cells, n = 14 and 12, respectively; p > 0.05, inde-
pendent t test). However, FS and pyramidal neurons
showed a large difference in spike-timing precision
across different stimulation trials. We quantified spike-
timing precision as spike jitter, defined as the standard
deviation of the ordinal spike times across multiple iden-
tical stimulation trials. Jitter increased progressively
during the train in both FS and pyramidal neurons, yet
FS cells showed a very high degree of precision com-
pared to pyramidal neurons (Figures 1A-1C). For exam-
ple, spike jitter was significantly higher in pyramidal neu-
rons than FS cells at the first and fourth spike in the train
(first spike jitter: 0.27 + 0.03 versus 0.65 + 0.11 ms, n =
14 and 10 FS and pyramidal cells, respectively; p < 0.01,
independent t test; fourth spike jitter: 1.5 = 0.2 versus
8.1 = 1.1 ms, n =14 and 10 FS and pyramidal cells, re-
spectively; p < 0.001, independent t test; Figure 1D).
As discussed below, the precision of spike timing in-
creases with frequency, and thus the higher precision
of FS cells may result from their faster output rate. To
test this possibility, we examined spike timing in pyrami-
dal neurons by using strong intracellular current injec-
tions that produced maximal firing without inducing
spike inactivation. Under these conditions, pyramidal
neurons could fire sustained action potentials at fre-
quencies up to 33 Hz (mean: 30.6 = 0.8 Hz, n = 5), yet the
spike jitter (fourth spike: 2.5 = 0.4 ms) remained higher
than obtained with near-threshold firing (~40 Hz) of FS
neurons (p < 0.02, independent t test).

Autaptic Transmission in FS Interneurons

Is Robust but Transient

To test the role of autaptic transmission in regulating
spike timing in FS interneurons, we developed a dy-
namic-clamp experiment aimed at generating realistic
artificial autaptic conductances, after blocking natural
autaptic transmission pharmacologically. Several phys-
iological properties of autapses have been reported, in-
cluding latency, decay time, and magnitude (Bacci et al.,
2003a). However, their short-term dynamics are not yet
known. Hence, we characterized short-term plasticity
during repetitive activation of autapses in FS interneu-
rons. For these experiments, we used a high-chloride-
containing intracellular solution to maximize detection
of autaptic signals. We generated trains of brief depolar-
izations (0.4-1.0 ms to 0 mV from V,, = =70 mV), each
triggering an AP and an autaptic response, at different
frequencies (10, 30, 50, 60, and 100 Hz) and measured
the time-dependent depression of the autaptic inhibi-
tory synaptic currents (autlPSCs) during the train (Fig-
ures 2A and 2B). Chloride accumulation during autaptic
train was ruled out as a contributing factor to autaptic
depression because voltage-clamp experiments re-
vealed that the time course of use-dependent depres-
sion for both autaptic and synaptic inhibition was un-
affected by changes in holding potential that would
have influenced the degree of intracellular ClI™ load (data
not shown, cf. Huguenard and Alger, 1986). autlPSCs
were found to undergo moderate depression even at
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Figure 2. Depression and Recovery of Autaptic Transmission in FS
Interneurons

(A) Representative trace of autaptic depression, during 50 Hz stimu-
lation in a FS cell. Stimuli consisted of 0.5 ms voltage depolarization
to 0 mV from a holding potential of —70 mV. Shown is the average of
20 traces. The sodium currents elicited by the depolarizations have
been truncated for display purposes.

(B) Plot of mean autaptic depression at different stimulation frequen-
cies. Responses were normalized to first autlPSCs. The black lines
superimposed on the symbols are mono-exponential decays. T = de-
cay time constant (n = 8 cells).

(C) Representative traces of autaptic recovery after depression in-
duced by 600 ms long trains at 60 Hz. Overlapped traces with autap-
tic stimulations elicited following the train after 100-500 ms in 100 ms
increasing steps. For display purposes, the first two and last five re-
sponses in the 60 Hz autaptic trains are shown. Arrowheads indicate
autaptic stimulations within the trains, and arrows point to autaptic
stimulations following the trains. Autaptic stimulus artifacts have
been digitally canceled. Autaptic transmission evoked as indicated
in (A).

(D) Plot of mean autaptic recovery after depression caused by
600 ms long trains at 60 Hz. Responses were normalized to first au-
tIPSCs. Gray lines are mono-exponential fits and shown are decay
and recovery time constant (7) values.

frequencies as low as 10 Hz. This, together with their low
failure rate (Bacci et al., 2003a), indicates that FS cell au-
tapses release GABA with high release probability. For
each given frequency, normalized autlPSC peak ampli-
tudes during a train were averaged across cells (n = 8).
The resulting curves were fitted with exponential func-
tions having decay time constants of 164, 46, 31, 25,

and 7 ms at 10, 30, 50, 60, and 100 Hz, respectively (Fig-
ures 2B and 2D). Further, we determined that autlPSC
recovery rate was 681 ms (n = 8; Figures 2C and 2D).
Based on the known properties of autapses, including
those of autlPSC short-term plasticity outlined above,
we implemented dynamic-clamp autapses, which were
triggered by actual action potentials evoked in recorded
neurons.

Dynamic-clamp autapses were then introduced in
separate current-clamp experiments obtained with
physiological level of [Cl];. For these experiments, the ar-
tificial autaptic conductance had properties essentially
the same as those recorded in voltage-clamp mode,
i.e., an average peak conductance of 6 nS, a delay of 1
ms, and a decay time constant of 6.8 ms (see Figure S2A
in the Supplemental Data available online; Bacci et al.,
2003a). A use-dependent decay of the artificial autaptic
conductance was present (Figures S2B and S2C), with
similar properties of those reported in Figure 2 and
based on the approach of Fuhrmann et al. (2002b).

Autaptic Transmission Enhances Spike-Timing
Precision in FS Interneurons

We then tested whether autaptic transmission in FS in-
terneurons was important in setting the spike timing
during action potential trains. In current-clamp, FS inter-
neurons received ten identical suprathreshold current
injections while maintaining constant V.. In control
conditions, FS interneurons generated highly faithful fir-
ing in response to identical DC stimulation. Indeed, ac-
tion potentials occurred with little jitter across identical
trials (Figure 3A). When autapses (and other inhibitory
synapses) were blocked by the GABA, receptor antag-
onist gabazine (10 uM), the same DC stimuli generated
less precise firing, as indicated by highly jittery re-
sponses (Figure 3B). Then, in the continued presence
of gabazine, dynamic-clamp autaptic transmission
was specifically introduced as in Figure S2. Realistic ar-
tificial autaptic transmission restored precision of spike
timing (Figure 3C), which was subsequently lost when
the dynamic clamp was switched off (Figure 3D). As in-
dicated earlier, spike jitter across different trials in-
creased linearly during the train. Jitter slope (measured
as jitter/time) over the first 10 to 15 spike latencies was
then computed. Gabazine application increased jitter
slope, an effect that was reversed by addition of dy-
namic-clamp autaptic transmission (Figure 3E). The ga-
bazine-dependent effect on spike jitter was most prom-
inent when neurons fired between 40 and 80 Hz, which is
in the gamma-frequency range. Autaptic transmission
did not show any notable effect on spike-timing pre-
cision at higher frequencies (>100 Hz; Figure S1). On
average, jitter slope was 0.019 = 0.001 versus 0.03 *=
0.004 control versus gabazine. Dynamic-clamp autaptic
transmission reversibly decreased mean jitter slope
to 0.015 *= 0.002 (Figure 3F; n = 14, RM-ANOVA with
post hoc comparisons: p < 0.02 control versus gabazine;
p < 0.001 gabazine versus dynamic-clamp autlPSCs; p <
0.001 dynamic-clamp autlPSCs ON versus dynamic-
clamp autlPSCs OFF; p > 0.1 control versus dynamic-
clamp autlPSCs ON and flat DC gabazine versus
dynamic-clamp autlPSCs OFF).
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Figure 3. Autaptic Transmission Modulates Spike-Timing Precision
in FS Interneurons

(A-D) Overlapped traces of a FS interneuron firing induced by ten
identical DC depolarizations in control conditions (A), in the pres-
ence of 10 pM gabazine (B), with gabazine but with dynamic-clamp
autapses (C), and a subsequent set of flat DC depolarizations in the
presence of gabazine and with dynamic-clamp autaptic transmis-
sion switched off. DC depolarization amplitude: 300 pA.

(E) Plot of jitter versus time for the experiment shown in (A)-(C). Data
were well fitted by linear relationships (black lines).

(F) Plot of mean jitter slope computed from linear fits such as those
shown in (E). a, control; b, in the presence of gabazine; c, in the pres-
ence of gabazine with dynamic-clamp autapses on; d, dynamic
autapses off (in the continued presence of gabazine).

Artificial Autapses Modulate Spike-Timing Precision
in Neocortical Pyramidal Neurons

To test whether precisely timed feedback inhibition
could play a general role in modulating spike timing,
we recorded from large layer V pyramidal neurons and
introduced artificial GABAergic autaptic transmission
in this cell type, which normally does not possess
GABAergic autapses and shows a low spike-timing pre-
cision. When exposed to identical DC current injections,
pyramidal neurons responded with highly jittery re-
sponses, which were not affected by gabazine (Figures
4A and 4B), indicating that ongoing spontaneous
GABAergic synaptic transmission plays a small role in
pyramidal cell precision firing during repeated trains.
When artificial GABAergic autapses were introduced
via dynamic clamp, precision in pyramidal neurons
markedly increased (Figure 4C), as had occurred in FS
cells. Mean jitter slope was 0.02 = 0.002 in control,

a. control
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Figure 4. Artificial GABAergic Autaptic Transmission Enhances
Spike-Timing Precision in Pyramidal Neurons

(A-D) Overlapped traces of a pyramidal neuron firing induced by ten
identical DC depolarizations in control conditions (A), in the pres-
ence of 10 uM gabazine (B), with gabazine but with dynamic-clamp
autapses (C), and a subsequent set of in the presence of gabazine
and with dynamic-clamp autaptic transmission switched off (D).
DC depolarization amplitude: 350 pA.

(E) Plot of jitter versus time for the experiment shown in (A)-(C). Data
were well fitted by linear relationships (black lines).

(F) Plot of mean jitter slope computed from linear fits such as those
shown in (E). a, control; b, in the presence of gabazine; c, in the pres-
ence of gabazine with dynamic clamp autapses on; d, dynamic-
clamp autapses off (in the continued presence of gabazine).

0.019 = 0.004 in gabazine, 0.01 = 0.002 with dynamic-
clamp autlPSCs, and 0.016 += 0.005 when dynamic
clamp was switched off (Figure 4F, n = 6; RM-ANOVA,
with post hoc comparisons: p > 0.4 control versus gaba-
zine; p <0.02 gabazine versus dynamic-clamp autlPSCs;
p<0.03 dynamic-clamp autlPSCs ON versus dynamic-
clamp autlPSCs OFF).

Autaptic Transmission Determines the Amount of
Spike-Frequency Adaptation in FS Interneurons
Autaptic transmission in FS interneurons is a very robust
and reliable source of feedback inhibition. Yet, during
sustained firing it tends to dissipate (cf. Figure 2), likely
due to use-dependent reduction in release probability.
We have previously shown that autaptic transmission in-
fluences changes in firing rates during sustained stimuli
(Bacci et al., 2003a). Here, we directly tested whether
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short-term dynamics of autaptic transmission during
a train could affect spike frequency of FS interneurons.
In control conditions, when spike trains were evoked
by suprathreshold DC current injection, FS interneurons
showed little or no spike-frequency adaptation, mea-
sured as the difference of instantaneous frequency be-
tween the first and the tenth spike interval in the train.
When autaptic transmission was blocked by gabazine,
firing frequency increased, especially in the first part of
the train, in agreement with our previously published ob-
servation from perforated-patch experiments (Bacci
et al., 2003a). Spike-frequency adaptation increased in
the presence of gabazine (mean difference between first
and tenth instantaneous frequency, Af=7.4 = 2.5 versus
14.4 = 4.1 Hz, control versus gabazine; p < 0.01; RM-
ANOVA with post hoc comparisons; n = 11; Figures 5A
and 5B), but when dynamic-clamp autaptic transmis-
sion was introduced, adaptation was dramatically re-
duced (Af = 1.04 = 1.8 Hz; p < 0.001; Figures 5A and
5B). Increasing dynamic-clamp autaptic strength to
10 nS resulted in a switch from adapting to accelerating
firing behavior (Af = —4.6 = 1.3 Hz; Figure 5C). To test
whether short-term plasticity of autapses (e.g., Figure 2)
was responsible for the anti-accomodating effect, we
removed use-dependent depression of dynamic-clamp
autlPSCs, which largely eliminated the effect on spike-
frequency adaptation (Af = 5.1 = 2.7; Figure 5C). Finally,
when dynamic clamp was switched off, FS interneurons
again showed prominent adapting firing behavior (Af =
14.7 = 4.7 Hz; Figures 5A-5C). These data indicate
that autaptic transmission strongly modulates spike-
frequency adaptation in FS interneurons.

Autaptic Modulation of Regularity of Firing

in FS Interneurons

In addition to the effects on spike-frequency adaptation,
autaptic transmission might modulate the regularity of
steady-state firing and thus contribute to precise FS
spike timing. To test this hypothesis, we analyzed spike
regularity in FS interneurons in control, in the presence
of gabazine, and with computer-generated autaptic re-
sponses. In control conditions, steady-state action po-
tential firing was regular, as spikes occurred precisely
and did not substantially deviate from the regular spike-
timing pattern calculated from their averaged steady-
state frequency (vertical bars in Figure 6A). When autap-
tic transmission was blocked by gabazine, interspike
intervals became more irregular, as action potentials of-
ten deviated from the theoretical regular spike timing
calculated from their average steady-state frequency
(Figures 6B and 6D). Dynamic-clamp autaptic conduc-
tance restored action potential regularity (Figure 6C).
This autaptic-mediated effect on spike regularity was
also evident as highly variable frequency-time plots in
the presence of gabazine, in contrast to control and dy-
namic-clamp autlPSCs (Figure 6E). We quantified firing
regularity within each action potential train by using
a modified coefficient of variation of interspike intervals
(CV2, see Experimental Procedures; Holt et al., 1996).
Compared to standard coefficient of variation (CV),
CV2 is less sensitive to spike-rate variations such as
those that occur during accommodating spike trains
(Figure 5) and thus represents a more accurate estimate
of the regularity of neuronal firing if the mean rate
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Figure 5. Spike-Frequency Adaptation Is Modulated by Autaptic
Transmission in FS Interneurons

(A) Representative traces relative to a FS cell firing in response of
single depolarizing DC current injection in control and in the pres-
ence of gabazine both with and without dynamic-clamp autaptic
transmission.

(B) Plot of instantaneous frequency versus time in the cell of (A) with
the same experimental manipulations. Frequency was normalized to
the steady-state frequency calculated after the tenth spike interval.
(C) Mean spike frequency adaptation measured as the instanta-
neous frequency of the tenth subtracted from the first spike interval.
The black bar indicates the presence of gabazine (n = 31). Note that
when autaptic conductance was increased to 10 nS, firing behavior
became accelerating. Removal of short-term plasticity resulted in
a decreased effect of autaptic conductances on spike-frequency
adaptation.

accelerating

changes over time (Holt et al., 1996). Higher values of
CV2 indicate decreased spike regularity. We found that
CV2 increased in the presence of gabazine (mean CV2:
0.04 = 0.004 versus 0.05 = 0.006, control versus gaba-
zine; p < 0.05, RM-ANOVA with post hoc comparisons,
n = 7) and that computer-generated autaptic trans-
mission reversibly reduced CV2 (dynamic-clamp on:
0.03 = 0.003, dynamic clamp off: 0.05 = 0.06, p < 0.01).

CV2 analysis performed on pyramidal neurons re-
vealed that this cell type also fires more regularly in the
presence of artificial GABAergic autaptic transmission
(mean CV2: 0.045 = 0.006 versus 0.033 = 0.003 control
versus dynamic clamp; p < 0.01 RM-ANOVA with post
hoc comparisons, n = 6). As with jitter, gabazine alone
did not produce a change in discharge regularity of py-
ramidal neuron firing (mean CV2 in gabazine: 0.046 =
0.005, p > 0.3).
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Figure 6. Autaptic Modulation of Spike Regu-
larity

(A-D) Representative traces of single action
potential trains elicited in a FS interneuron
by depolarizing current injections in control
conditions (A), in the presence of gabazine
(B), in the presence of gabazine but with dy-
namic-clamp autlPSCs (C), and a subsequent
DC depolarization in the presence of gaba-
zine and with dynamic-clamp autaptic trans-
mission switched off (D). DC injections =
325 pAin all cases. Vertical lines mark regular
inter-spike intervals at the steady-state fre-
quencies calculated after the third spike and
indicated next to each case. The first three
spikes in each train have been omitted for
display purposes.

(E) Plot of instantaneous firing frequency ver-
sus time for the cell of (A)-(D). Color code as
in (A)-(D): black, control; red, gabazine;
green, dynamic-clamp autlPSC; blue, dy-
namic clamp off. Note the more jagged lines
in gabazine as compared to conditions in
which autaptic transmission was present in
control and when autapses were artificially
introduced with dynamic clamp. Filled sym-
bols represent the mean instantaneous fre-
quency calculated after the fourth spike inter-
vals. Error bars are standard deviation (SD).
Color codes as in (A)~(D). Note larger SD in
the absence of either natural or dynamic-
o clamp autapses.

(F) Plot of interspike interval CV2 in FS cells
(left) and pyramidal neurons (right). a, control;
b, in the presence of gabazine; c, in the pres-
ence of gabazine with dynamic-clamp autap-
ses on; d, subsequent depolarization with
dynamic-clamp autapses off (in the presence
of gabazine). CV2 was calculated in FS inter-
neurons and pyramidal cells in each sweep
*'* and averaged across 10 to 20 sweeps each
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Role of Autaptic Hyperpolarization versus
Conductance in Regulating Spike-Timing

Precision in FS Interneurons

We have previously shown that GABAergic autaptic
transmission results in shunting inhibition when single
spikes are triggered by brief depolarizations from rest-
ing membrane potential (Bacci et al., 2003a). However,
during sustained repetitive firing, the membrane poten-
tial is on average more depolarized, increasing the driv-
ing force for GABA, receptor-mediated events. Thus,
activation of autapses during a spike train results in a se-
ries of hyperpolarizing currents which dissipate over
time (Figures S2B and S2C). In the presence of gabazine
to block natural autapses, we used dynamic clamp to
test whether autapses modulate spike-timing precision
through a voltage or a conductance effect. We injected
either action potential-triggered current-based IPSCs
or a constant GABAergic conductance. Hyperpolarizing
current-based autaptic IPSCs were found to reduce
both spike jitter and CV2 compared to DC current injec-

a4

for each condition. Note the lack of effect
of gabazine in pyramidal neurons and how
dynamic-clamp autaptic transmission changes
spike regularity in this cell type. *p < 0.05;
**p < 0.01. In all but one FS cell, CV2 was in-
creased by gabazine, while no consistent ef-
fect was seen in pyramidal neurons.

tion (Figure 7B versus Figure 8A), thus improving preci-
sion of spike timing (Figure 7B). By contrast, precision
was decreased significantly by a constant GABAergic
conductance (Figure 7C). On average, jitter slope was
0.025 + 0.0045 with simple DC versus 0.020 + 0.003
with hyperpolarizing currents (p < 0.005 DC versus cur-
rent-based IPSPs; n = 5). Constant GABAergic conduc-
tance increased jitter slope to 0.043 = 0.01 (p < 0.05,
both for DC versus constant conductance and current-
based IPSPs versus constant conductance compari-
sons; n = 5), which returned to 0.023 = 0.007 when dy-
namic-clamp autaptic events were disabled (p > 0.8,
DC series 1 versus 2 comparison; n = 5). CV2 showed
a similar trend (CV2 = 0.045 = 0.005 versus 0.037 =
0.004 p <0.005 DC versus current-based autaptic IPSPs;
0.044 + 0.008 versus 0.06 = 0.009, p < 0.02, DC versus
constant conductance). These data indicate that the au-
taptic effect on FS cell spike timing is due to the hyper-
polarizing component of GABAergic autaptic transmis-
sion rather than to its shunting mechanism. Moreover,
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Figure 7. Autaptic Transmission Increases
Spike-Timing Precision through Inter-Spike
Hyperpolarizations

(A-C) Overlapped traces of a FS cell firing in-
duced by ten identical DC depolarizations in

L

\

control conditions (A) and with current-based
autaptic IPSPs (B) or with a tonic GABAergic
conductance (C) introduced by dynamic
clamp. All traces are in the presence of gaba-
zine (10 uM) and pL-APV and DNQX (100 and
20 uM, respectively). Note that firing preci-
sion is increased by hyperpolarizing autaptic
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currents but not by a constant GABAergic
conductance.

(D) Summary plot of jitter slope (left) and CV2
(right). I(aut), autaptic hyperpolarizing current;
const. g, tonic GABAergic conductance. *p <
0.05; **p < 0.01, paired t test, compared to
DC.
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these results suggest that in FS cells a tonic GABAergic
conductance can negatively influence precision of spike
timing, thus decreasing faithful firing.

Role of Synaptic Noise in Spike-Timing Precision

in FS Interneurons

Neocortical FS interneurons are impinged upon by
a myriad of synaptic contacts, both glutamatergic and
GABAergic. Indeed, synaptic activity is known to influ-
ence spike timing in several brain areas, including the
neocortex (Mainen and Sejnowski, 1995; Hasenstaub
et al., 2005), thalamus (Blitz and Regehr, 2003, 2005),
and cerebellum (Carter and Regehr, 2002). We tested
whether autapses would influence spike-timing preci-
sion under conditions of dynamic-clamp spontaneous
synaptic activities in the presence of ionotropic synaptic
blockers (APV, DNQX, and gabazine). We generated four
protocols of spontaneous synaptic activity with varying
amplitudes and/or frequencies (see Experimental Pro-
cedures). The first protocol was designed to mimic
sEPSCs and sIPSCs as typically recorded in our cortical
slice preparation (frequency = 20 and 5 Hz for sEPSCs
and sIPSCs, respectively, with a mean peak conduc-
tances of 0.25 = 0.25 and 0.75 % 0.75 nS, respectively
see Figure S3 for sEPSCs and Bacci et al., 2003b, for

const. g -

sIPSCs). We increased noise in other protocols by line-
arly scaling frequency and/or amplitude of both sEPSCs
and sIPSCs.

In all of our studies of spike-timing precision and reg-
ularity, it was critical to define a fixed reference point
from which precision was calculated, i.e., the onset of
the DC current depolarization. To better simulate sto-
chastic spontaneous synaptic activity unlinked to the
DC step, we presented FS interneurons with ten shuffled
trials for each synaptic protocol. Within each block of
ten trials sPSCs were re-randomized (Figure S4D), re-
sulting in sweeps with different spontaneous synaptic
events. The precision of spike timing decreased as
sPSC amplitude and/or frequency was increased (Fig-
ure 8C, Table S1). Dynamic-clamp autapses reduced
spike jitter and CV2 under all noise conditions (see ex-
ample traces in Figures 8A and 8B, Table S1) indicating
that autaptic transmission robustly improves spike-
timing precision and regularity even in the presence of
high synaptic noise.

Discussion

In the nervous system, information is encoded by the
generation of sequences of all-or-none identical action
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50 mV
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Figure 8. Autaptic Modulation of Spike-Tim-
ing Precision in the Presence of Ongoing
Spontaneous Synaptic Activity

(A-B) Overlapped traces showing FS inter-
neuron firing induced by ten identical DC de-
polarizations in control conditions (A) and
with computer-generated autaptic conduc-
tances (B). All traces are in the presence of
dynamic-clamp spontaneous synaptic activ-
ity (both sEPSCs and sIPSCs) and with gaba-
zine (10 pM), DL-APV, and DNQX (100 and 20
uM, respectively) in the extracellular medium.
These example traces refer to protocol 3 (see
Experimental Procedures), i.e., high fre-
quency and low amplitude sPSCs, with volt-
age responses in upper traces, and current
injections below. Note the improvement in

50 ms
spike-timing precision produced by autaptic
C 0.08 - Xk 0.20 transmission, even in the presence of high-
’ Il autiPSCs OFF kil ’ frequency synaptic noise.

3 autlPSCs ON (C) Summary plot of jitter slope (left) and CV2
0.06 4 ** - 0.15 (right) in the absence (autlPSCs OFF, black
2 % * columns) and in the presence (autlPSCs ON,
% |—| *k Q white bars) of dynamic-clamp autapses with

0.04 * - 010 >
5] ’—‘ . ’—| l—l (&} ongoing dynamic-clamp synaptic sEPSCs
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= |—| and sIPSCs. sPSC freq L (low): 20 and 5 Hz,
0.02 ~ - 0.05 SEPSCs and sIPSCs, respectively. sPSC
freq. H (high): 200 and 50 Hz sEPSCs and
0.00 0.00 sIPSCs, respectively. sPSC ampl. L (low):
sscies 1+ L. on. T T %Y sEPSCs, 0.25 nS mean amplitude; sIPSCs,
sPSC ampl: L H L H L H L H 0.5 nS mean amplitude. sPSC ampl. H

potentials. The details of the temporal pattern of such
spike activity would be irrelevant if the neuronal code
was based on mean firing rates. In contrast, patterns
of precisely timed action potentials in responses to
identical stimulations suggest that neurons might actu-
ally rely on a code based on spike timing, which can
be used to carry information (Mainen and Sejnowski,
1995; de Ruyter Van Steveninck et al., 1997; Grothe
and Klump, 2000). This issue is still matter of debate,
and it is likely that these two different views on the neu-
ronal code might be appropriate in different contexts of
sensory representation and information processing
(Fairhall et al., 2001).

Here, we show that neocortical layer V FS interneu-
rons fire very precisely when exposed to the same iden-
tical near-threshold DC current depolarizations, even in
the presence of synaptic noise, in contrast to pyramidal
neurons, which responded to similar stimuli with very jit-
tery responses. This result could be at least partially due
to differences in the firing rate of the two cell types, as
spike-timing precision increases as a function of fre-
quency in both cell types. Our analysis focused on sus-
tained firing frequencies that are typical for both cell
types reported in vivo during persistent activity (e.g.,
Hasenstaub et al., 2005). The imprecise firing of pyrami-
dal neurons is in agreement with previously published
in vitro data (Mainen and Sejnowski, 1995) and is also
consistent with responses obtained in vivo from princi-
pal neurons in response to identical sensory stimuli
(Shadlen and Newsome, 1998; Carandini, 2004).

The large difference in spike-timing precision be-
tween FS and pyramidal neurons might be due to differ-

(high): sEPSCs, 0.75 nS mean amplitude;
sIPSCs, 1.5 nS mean amplitude *p < 0.05;
**p < 0.01, paired t test.

ential expression of specific ion channels (Schreiber
et al., 2004), which might increase membrane potential
noise between spikes in pyramidal cells and promote tri-
al-to-trial variability of spike-timing precision (Carandini,
2004). On the other hand, the absence of synaptic-like
noise in brain slices has been suggested to be a source
of spike jitter (Mainen and Sejnowski, 1995), suggesting
that constant synaptic bombardment on pyramidal neu-
rons plays a role in spike-timing modulation.

One possible mechanism regulating the high spike-
timing precision in FS interneurons might be the robust
and reliable GABAergic autaptic transmission that is
specific to this interneuronal subtype (Bacci et al.,
2003a). After each spike, a large autaptic response is
generated, which transiently decreases the likelihood
of another spike (Bacci et al., 2003a) and can thus be in-
strumental in regulating the timing or occurrence of ac-
tion potentials during a train. Indeed, in FS interneurons,
pharmacological blockade of GABAergic autaptic trans-
mission dramatically degraded precision of spike tim-
ing. Gabazine will block both autaptic transmission
and ongoing spontaneous synaptic inhibition, a prom-
inent feature in FS cells (Bacci et al., 2003b). Moreover,
gabazine might block a tonic GABAergic membrane
conductance (Stell and Mody, 2002; Semyanov et al.,
2004; Farrant and Nusser, 2005) and might therefore in-
fluence spike timing in FS interneurons independently of
GABAergic autapses. Under our experimental condi-
tions, tonic and mean spontaneous inhibition contribute
to <3% of total membrane conductance (Bacci et al.,
2003a). Furthermore, when gabazine was applied to py-
ramidal neurons, no change in spike jitter was detected.
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All together, these results suggest that ongoing synaptic
GABAergic inhibition (i.e., non-autaptic) plays a small
role in shaping the firing patterns of cortical neurons
in vitro.

To confirm the role of autaptic transmission on spike-
timing precision in FS interneurons, we simulated spike-
triggered autaptic conductances using dynamic clamp,
in the presence of gabazine. Dynamic-clamp conduc-
tances injected in FS cell bodies through the patch
pipette will resemble real autaptic transmission, as sug-
gested by the anatomical localization of autapses
mostly around the soma and the proximally dendrites
in FS interneurons (Tamas et al., 1997b). Computer-
generated autapses were designed to closely approxi-
mate the properties of FS autapses, including those of
short-term depression, reflecting the typical high re-
lease probability of this neocortical cell type (Xiang
et al., 2002; Bacci et al., 2003a).

Precise spike timing was almost completely recov-
ered in FS cells by artificial but realistic dynamic-clamp
autaptic transmission, indicating that autapses play
a key role in setting spike timing in FS interneurons
and contribute to their highly precise firing. The robust
effect of dynamic-clamp-mediated functional autapses
in pharmacologically isolated FS interneurons provides
direct evidence for a role of GABAergic self-innervation
in setting spike timing during sustained firing. This
strengthens our conclusion regarding the role of autap-
ses on spike timing based on pharmacological blockade
with gabazine alone, which has the previously men-
tioned non-autaptic effects.

In control conditions, FS cell spike-timing precision
tended to improve with increasing firing frequency
(Figure S1). This result rules out the possibility that the
decrease of precision in gabazine depended on the fre-
quency change associated with GABA, receptor block-
ade. In fact, autaptic blockade consistently decreased
faithful spike timing despite the tendency of FS cells to
improve spike-timing precision at higher frequencies.
The dependence of autaptic transmission on spike
timing in FS cells was pronounced across a range of fir-
ing frequencies, matching the gamma frequency (40-
80 Hz). Neither gabazine application nor artificial autap-
tic conductances affected the high precision obtained at
firing frequencies greater than 90-100 Hz (Figure S1).
These data indicate that in FS cells autaptic regulation
of spike timing is more prominent within the frequency
range that these interneurons usually fire during cortical
network oscillations (Whittington et al., 1995; Fisahn
et al., 1998; Swadlow et al., 1998). It is thus likely that
intrinsic mechanisms are responsible for the low spike
jitter across trials at higher frequencies.

Interestingly, artificial application of GABAergic au-
taptic transmission resulted in a marked increase of
spike-timing precision and regularity also in pyramidal
neurons. This experiment was important to prove that
autaptic inhibition self-triggered by action potential fir-
ing is in principle important to powerfully modulate neu-
ronal spike timing. However, even if pyramidal neurons
are not self-innervated by inhibitory autapses, they do
receive GABAergic feedback inhibition from locally pro-
jecting interneurons. It has been shown that FS inter-
neurons can fire action potentials less than 2 ms later
than spikes generated by presynaptically connected py-

ramidal neurons (Galarreta and Hestrin, 2001). It is there-
fore tempting to speculate that this “spike transmis-
sion” can generate powerful and well-timed feedback
inhibition onto the same pyramidal cells, resulting in
modulating their firing pattern and precision. The results
of dynamic-clamp autapses on pyramidal neurons
shown here might thus be considered as a more general
effect of feedback inhibition on neuronal spike timing.
Similar to feedback inhibition, it has been shown that
soma-targeting feedforward inhibition both in hippo-
campal pyramidal neurons (Pouille and Scanziani,
2001) and layer IV neocortical RS neurons (Gabernet
et al., 2005) is crucial in narrowing the temporal integra-
tion window of excitation, precisely locking the timing of
a postsynaptic spike to its presynaptic excitation
source.

How do GABAergic autapses modulate spike-timing
precision? Two possible mechanisms might underlie
this phenomenon: after the first AP, the timing of subse-
quent spikes could be modulated by a change in the
membrane time constant due to activation of inter-spike
autaptic conductances (conductance effect); alterna-
tively, properly timed hyperpolarizing autaptic events
might increase firing probability, possibly through a re-
duction of sodium channel inactivation (voltage effect;
Mainen and Sejnowski, 1995). We have previously shown
that autaptic inhibitory responses decrease firing prob-
ability from resting membrane potential through the ac-
tivation of a conductance-mediated electrical shunt
(Bacci et al., 2003a). However, during a sustained spike
train, the inter-spike membrane potential is relatively
depolarized, thus making autaptic transmission hyper-
polarizing. We found that dynamic-clamp-generated
current-based autaptic hyperpolarizations increase
spike-timing precision to a similar extent as autaptic
conductances. Moreover, when a constant GABAergic
conductance was introduced, FS cell firing became
less faithful, even less precise than that elicited by DC
stimulations in the presence of gabazine. These data in-
dicate that the autaptic-dependent increase in precision
of spike times can be attributed to a voltage rather than
a conductance effect. Moreover, they suggest that the
presence of a tonic GABAergic conductance can disrupt
spike-timing accuracy.

To better isolate the effect of autapses in modulating
spike-timing precision in FS interneurons, we pharmaco-
logically eliminated both excitatory and inhibitory synap-
tic transmission. However, FS interneurons are the target
of many synaptic contacts, and they show high-fre-
quency synaptic activity both in vitro and in vivo (Pare
etal., 1998; Hasenstaub et al., 2005). Moreover, synaptic
noise has been considered to be important in spike-tim-
ing modulation in several brain areas (Mainen and Sej-
nowski, 1995; Carter and Regehr, 2002; Blitz and Regehr,
2003, 2005; Hasenstaub et al., 2005). We introduced real-
istic synaptic noise in FS interneurons in the form of on-
going spontaneous synaptic activity, and we measured
whether autaptic modulation of spike-timing precision
was resistant to synaptic noise. We found that precision
of spike times was degraded within repetitive trains in
the presence of randomized synaptic activity, and the
degree of degradation depended on the size and fre-
quency of sPSCs. This effect of synaptic noise contrasts
with previously published results showing high precision
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of spike times with noisy, but nonrandomized stimuli
(Mainen and Sejnowski, 1995; Blitz and Regehr, 2003,
2005). Despite this noise-induced increase in spike vari-
ability, GABAergic unitary autaptic transmission robustly
improved spike timing in FS interneurons, indicating that
these self-inhibitory structures play a crucial role in con-
trolling spike timing even during intense synaptic bom-
bardment.

GABAergic autaptic transmission undergoes promi-
nent short-term depression during sustained firing,
thus representing a strong and plastic contribution to
FS cell spike-frequency adaptation. In addition, autaptic
transmission plays a role in setting spike regularity, as
gabazine application increased spike interval variability
in the later portion of the train, an effect completely re-
covered by addition of computer-generated realistic dy-
namic-clamp autaptic conductances. Interestingly, a re-
cent report indicates that, in the thalamus, time-locked
feedforward inhibition is crucial in setting the spike tim-
ing of relay neurons, likely by decreasing the capability
of thalamic neurons to fire bursts or doublets (Blitz
and Regehr, 2005). Similarly, autaptic transmission dur-
ing a train would then modulate spike-timing precision in
two stages: strong autaptic transmission would prevent
spike-frequency adaptation in the early phase, and the
weaker residual autaptic transmission would lock the
steady-state firing to the most predictable firing pattern
for any given frequency. Thus, dynamic modulation of
the inter-spike intervals by autapses contributes to the
nonadapting and highly precise firing typical of FS inter-
neurons.

The switch of firing properties from adapting to non-
adapting and even accelerating when autaptic conduc-
tance was artificially increased indicates that different
amount of self-innervation might be responsible for dif-
ferent degrees of adaptation in FS cells. Variability of the
amount of self-innervation from cell to cell might indeed
explain the fact that the averaged effect of gabazine on
spike-frequency adaptation was less pronounced than
in the presence of unvarying artificial autaptic conduc-
tances. We have previously shown that ~20% of FS
cells show little functional autaptic transmission (Bacci
et al., 2003a), yet all FS cells display a relatively non-
adapting firing pattern. This suggests the existence of
a homeostatic process whereby FS neurons regulate
their excitability as required to maintain their output
capacity (cf. Bucher et al., 2005).

Notably, our results show that the amount of GABAer-
gic self-innervation should therefore be taken into con-
sideration when spike-frequency adaptation is used to
functionally classify different basket cell subtypes
(Gupta et al., 2000). Interestingly, among other physio-
logical functions, spike-frequency adaptation is be-
lieved to affect cortical network synchrony (Fuhrmann
et al., 2002a).

Autapse-dependent high precision of firing of FS in-
terneurons is a unique feature of this GABAergic cell
subtype. The precise and thus predictable timing of their
action potential activity might represent a means for FS
cells to encode information when synchronizing with
other FS cells in the generation of oscillations, which en-
train cortical networks, due to powerful perisomatic inhi-
bition, during several sensory and cognitive tasks (Buz-
saki and Draguhn, 2004).

Experimental Procedures

In Vitro Slice Preparation and Electrophysiology

Sprague Dawley rats aged P16-P21 were anesthetized with pento-
barbital (50 mg/kg), decapitated, and the brains were removed and
immersed in “cutting” solution (4°C) containing 234 mM sucrose,
11 mM glucose, 24 mM NaHCOg, 2.5 mM KCl, 1.25 mM NaH,PO,,
10 mM MgSO,, and 0.5 mM CaCl,, gassed with 95% O, and 5%
CO,. Coronal slices (300 um) were cut with a vibratome from a block
of brain containing sensorimotor cortex. Slices were then incubated
in oxygenated artificial cerebrospinal fluid (ACSF) containing
126 mM NaCl, 26 mM NaHCO3, 2.5 mM KCI, 1.25 mM NaH,PO,,
2 mM MgSO,, 2 mM CaCl,, and 10 mM glucose; pH 7.4), initially at
32°C for 1 hr, and subsequently at room temperature, before being
transferred to the recording chamber. Recordings were obtained
at 32°C from layer V interneurons visually identified using infrared
video microscopy. Firing behavior in current-clamp together with
the absence of a large emerging apical dendrite was used to distin-
guish interneurons from pyramidal neurons. Intracellular labeling
with biocytin was used to confirm the interneuronal morphology in
some cells (data not shown, but see Bacci et al., 2003a, 2003b).
For all current-clamp experiments, whole-cell patch-clamp elec-
trodes (tip resistance = 2-3 MOhm) were filled with an intracellular
solution containing 130 mM Kgluconate, 10 mM KCI, 2 mM NacCl,
10 mM HEPES, and 10 mM EGTA; pH = 7.3 corrected with KOH;
290 mOsm. The estimated Ec, was approximately —60 mV based
on the Nernst equation, without correction for gluconate-generated
liquid junction-potential. For voltage-clamp experiments, the pipette
solution contained 70 mM Kgluconate, 70 mM KCI, 2 mM NaCl,
10 mM HEPES, and 10 mM EGTA; pH = 7.3 corrected with KOH;
290 mOsm. The estimated Eg was approximately —16 mV based
on the Nernst equation. Under these recording conditions, activation
of GABA, receptors resulted in easily detectable inward currents at
a holding potential (V,,) of =70 mV. Drugs were delivered with a local
perfusion system composed of multiple fine tubes ending in a com-
mon outlet tube, positioned in proximity (~250 uM) to the recorded
neuron. All the experiments were performed including 20 uM 6,
7-dinitroquinoxaline-2,3,dione (DNQX) and 100 M DL-2-amino-5-
posphonovaleric acid (DL-APV) in the bath and local perfusate. Sig-
nals were amplified, using a Multiclamp 700A patch-clamp amplifier
(Axon Instruments, USA), sampled at 20 KHz, filtered at 10 KHz, and
stored on a computer. Data were analyzed using PClamp (Axon In-
struments, USA) and Origin (Microcal Inc., USA) software. Locally
written software (J.R.H.) was used for spike analysis. FS cells were
discarded if they did not show the presence of functional autaptic
transmission.

To estimate spike regularity, we used the method described by
Holt and collaborators (Holt et al., 1996). Assuming that spikes in
a train occur at times t; (0 < i < N), then the inter-spike interval
(ISI) is defined as:

Ati=t—ti_q.

We calculated the interspike interval CV2 using the following equa-
tion:

CV2=(2|At,q — At])/(Ati,q +AL).

The variability of action potential discharge during a train is better
estimated by CV2 rather than the standard method of coefficient of
variation (CV = o,4/<At>), as CV2 compares adjacent intervals and is
then independent of variations in average firing rates (Holt et al.,
1996). Increased CV2 reflects an increased interval-to-interval vari-
ability and thus a decreased regularity of spike firing.

Unless otherwise noted, results are presented as means = SEM.
Data were statistically compared using the Student’s t test, and dif-
ferences were considered different if p < 0.05.

Autaptic and Synaptic Dynamic clamp

We used a real-time variant of the Linux operating system to imple-
ment the dynamic clamp, an approach similar to that used by other
groups (Butera et al., 2001; Dorval et al., 2001). We used the Real
Time Application Interface RTAI (www.aero.polimi.it/ ~rtai/), which
provides for an event- and/or time-driven analog and digital inter-
face with a biological system. This real-time system was coupled
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with the open source COMEDI project (www.comedi.org), which
provides a set of drivers for data acquisition boards, and the power
of open source compilers (e.g., gcc), and allows for rapid develop-
ment of dynamic-clamp applications. We ran the dynamic clamp
on a separate computer from our experimental data acquisition
computer so that dynamic-clamp output (i.e., individual conduc-
tances and currents) could be recorded and verified. To maintain ac-
curate dynamic clamp, bridge balance was monitored and com-
pensated periodically throughout the experiment. The autaptic
conductance was triggered by actual spikes evoked either in FS
interneurons or pyramidal cells. The biophysical properties of the
autaptic conductance were derived after analyzing single autaptic
responses obtained from >80 FS interneurons, and they were similar
to those already reported (Bacci et al., 2003a). Single dynamic-
clamp autapses had a peak conductance of 6 nS, a decay time con-
stant of 6.8 ms, a chloride reversal potential of —65 mV with a delay
of 1 ms following each spike. Total autaptic conductance was incre-
mented after each spike according to resource availability (see
below). During spike trains, dynamic-clamp autapses depressed,
following the decrease of available neurotransmitter resources,
based on the equation derived by Fuhrmann and collaborators
(Fuhrmann et al., 2002b):

dR/dt=(1—R)/7ec — Use XRX8(t —tsp),

where R is the neurotransmitter resource, i.e., the available neuro-
transmitter at the presynaptic terminal, Usg is the fraction of the
available neurotransmitter pool to be utilized, 7, is the autaptic de-
pression recovery time constant, and ts, the time at which a presyn-
aptic action potential occurs. The values of Usg (30%) and T,ec
(100 ms) were estimated based on the experiments in Figure 2 and
were assumed to be time and voltage independent. Current-based
IPSCs were calculated using a fixed driving force of 10 mV.

Synaptic dynamic clamp was generated according to sIPSC and
sEPSC properties recorded in FS interneurons in cortical slices
(see below, Figure S3, and Bacci et al., 2003b). sPSCs with random
normally distributed amplitudes were generated according to a
Poisson process, and amplitudes and times were re-shuffled before
each sweep. Each stimulation protocol consisted of ten sweeps
containing stochastically different synaptic activity. We generated
four protocols: with sPSC low frequency and amplitude, with
sPSC high amplitude and low frequency, with sPSC high frequency
and low amplitude, and with sPSC high frequency and amplitude. Al-
though sPSCs were re-shuffled before each sweep within a protocol
series, identical stimulus protocol series were repeated in the pres-
ence and in the absence of autaptic conductance. Dynamic-clamp-
generated sPSCs started 150 ms before and ended 200 ms after 600
ms long DC steps used to initiate repetitive firing. sSEPSCs had a de-
cay time constant (t) of 1.58 ms, a reversal potential of 0 mV, a peak
conductance of 0.25 = 0.25 nS (mean = SD) for the low-amplitude
protocols, and 0.75 = 0.75 nS for the high-amplitude protocols.
sEPSC frequency was 20 and 200 Hz for the low- and high-frequency
protocols, respectively. sIPSCs had a decay time constant (1) of
6.8 ms, a reversal potential of —65 mV, an averaged conductance
of 0.5 = 0.4 nS for the low-amplitude protocols, and 1.5 = 1.2 nS
for the high-amplitude protocols. sIPSC frequency was 5 and
50 Hz for the low- and high-frequency protocols, respectively.

Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/49/1/119/DC1/.
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