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Modulation and function of the autaptic connections of
layer V fast spiking interneurons in the rat neocortex

William M. Connelly and George Lees

Department of Pharmacology and Toxicology, School of Medical Sciences, University of Otago, PO Box 913, Dunedin, New Zealand

Neocortical fast-spiking (FS) basket cells form dense autaptic connections that provide
inhibitory GABAergic feedback after each action potential. It has been suggested that these
autaptic connections are used because synaptic communication is sensitive to neuromodulation,
unlike the voltage-sensitive potassium channels in FS cells. Here we show that layer V FS inter-
neurons form autaptic connections that are largely perisomatic, and without perturbing intra-
cellular ClI~ homeostasis, that perisomatic GABAergic currents have a reversal potential of
—78 & 4 mV. Using variance—mean analysis, we demonstrate that autaptic connections have a
mean of 14 release sites (range 4-26) with a quantal amplitude of 101 & 16 pA and a probability of
release of 0.64 (V command = —70 mV, [Ca®*], = 2 mm, [Mg?*], = 1 mm). We found that autaptic
GABA release is sensitive to GABAg and muscarinic acetylcholine receptors, but not a range of
other classical neuromodulators. Our results indicate that GABA transporters do not regulate
FS interneuron autapses, yet autaptically released GABA does not act at GABAg or extrasynaptic
GABA, receptors. This research confirms that the autaptic connections of FS cells are indeed
susceptible to modulation, though only via specific GABAergic and cholinergic mechanisms.
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Abbreviations AHP, afterhyperpolarizing potential; aIPSCs, autaptic inhibitory postsynaptic currents; FS, fast-spiking.
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Introduction

An autapse is a synapse formed between a neuron and a
branch of its own axon (Van der Loos & Glaser, 1972).
Many potential autaptic connections have been noted
using light microscopy (reviewed in Tamas et al. 1997);
however, the first autapse confirmed using electron micro-
scopy was observed in the rat visual cortex, where a single
synaptic contact was made by a stellate cell onto itself
(Peters & Proskauer, 1980). Liibke et al. (1996) found
morphological evidence of autapses on 66% of layer V
pyramidal cells in juvenile rat somatosensory cortex.
These autapses were restricted to 1—4 synaptic contacts,
and were largely made on secondary and tertiary basal
dendrites. Connections made between different layer V
pyramidal cells also form on secondary and tertiary basal
dendrites, and this led Liibke et al. (1996) to conclude that
the formation of autaptic connections follows the same
structural principles that cells adhere to when connecting
to other cells of the same type.

The apparent rarity of cells that form autapses in vivo,
and the low number of synaptic contacts made when a
cell does synapse on itself, led some to doubt whether
autapses could have any physiologically important role
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and hence were simply a wiring error (Liibke et al. 1996;
Bekkers, 2003). Indeed, in cell culture, especially when
physically confined, neurons can form dense autaptic
connections (Bekkers & Stevens, 1991; Segal, 1991; Shi &
Rayport, 1994). However, in 1997, Peter Somogyi’s group
published two papers showing morphological evidence
that interneurons in the neocortex and hippocampus form
numerous autaptic connections (Cobb et al. 1997; Tamas
etal. 1997). Cat neocortical basket cells formed on average
12 autaptic junctions (range: 3-23) very close to the
soma (12 £ 22 um) and ‘dendrite targeting interneurons’
averaged 22 autapses (range: 9-32), while double bouquet,
pyramidal and spiny stellate cells formed less than one
autapse per cell on average (Tamas et al. 1997). Indeed,
dendrite-targeting interneurons form the largest number
of synapses made by a single axon onto any cortical cell
type (Tamas et al. 1997). When whole-cell recordings are
made in the neocortex, 85% of fast spiking (FS) basket
cells have a detectable GABA ,-mediated autaptic current.
Importantly, blockade of GABA, receptors, and hence
the action of the autapse, increased the firing rate and
decreased the spike-timing accuracy of FS cells during
a train of action potentials (Bacci et al. 20034; Bacci &
Huguenard, 2006).
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The hypothesized functional consequence of inhibitory
autaptic traffic has ranged from gating dendritic calcium
spikes to enhancing spike-timing accuracy (Bekkers, 1998;
Bacci & Huguenard, 2006). If the effect is simply to enforce
a pause after spiking, one could imagine that this could
be achieved more simply, and without the variation due
to quantal fluctuations associated with synaptic trans-
mission, by a large complement of ion channels that
classically mediated the afterhyperpolarizing potential
(AHP). It has been suggested that the plasticity that
synaptic transmission affords means that the autaptic
negative feedback can be modulated either by neuro-
modulatory regulation of GABA release, alteration of the
postsynaptic GABA, receptor complement, GABA uptake,
or any other dynamic molecular property that changes
the function of GABAergic transmission (Bekkers, 2003).
Indeed, the Kv3.2 channel that mediated the AHP in FS
cells is largely insensitive to neuromodulation (Bekkers,
2003, though see Atzori et al. 2000). Nevertheless, it has not
yet been demonstrated whether native autaptic function
is regulated by neuromodulators.

In this study we profile the basic synaptic physiology of
autaptic function in rat layer V FS cells, and demonstrate
that two classical presynaptic inhibitory systems control
autaptic GABA release and thus, that autaptic transmission
does supply a modifiable AHP. We found that GABA trans-
porters do not regulate autaptic connections.

Methods

Slice preparation and electrophysiology

All experiments and procedures were approved by
the University of Otago Animal Ethics Committee
and performed in accordance with their guidelines.
Male Sprague-Dawley rat pups, 14-26days old,
were anaesthetized (pentobarbital, 120 mgkg™!), rapidly
decapitated and the brains dissected out into ice-cold
modified artificial cerebrospinal fluid (aCSF) of the
following composition (mm): sucrose 248, KCl 3, MgCl, 2,
CaCl, 1, NaH,PO, 1.25, NaHCOs 26, glucose 10, that had
been saturated with 95% O, and 5% CO,. Coronal slices,
200-250 pm thick, were cut using a vibrotome (VT1000S,
Leica Microsystems, Germany) and placed in a holding
chamber at 35°C in aCSF of the following composition
(mM): NaCl 124, KCI 3, MgCl, 1, CaCl, 2, NaH,PO,
1.25, NaHCO:s; 26, glucose 10, sodium pyruvate 1, sodium
ascorbate 3, bubbled with 95% O, and 5% CO, before
being cooled to room temperature after half an hour.
Slices were incubated under these conditions for a further
30 min before recording began. Slices were placed in a
recording chamber on the stage of an IR-DIC microscope
(E600FM DIC, Nikon, Japan) and perfused with aCSF
maintained at room temperature (~22°C) unless stated
otherwise. In limited experiments (perforated patch and
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nipecotic acid experiments), aCSF was maintained at 35°C
with an ATR temperature controller (Quest Scientific,
Canada) at ~2 ml min~'. Interneurons in layer V of the
somatosensory cortex were easily identified under IR-DIC
by their lack of a large apical dendrite. Interneurons were
patched with 2-3 M2 electrodes filled with the following
solution (in mm): KCl 140, Hepes 10, phosphocreatine 10,
EGTA 4, Na,ATP 4, NaCl 2, MgCl, 1, Na,GTP 0.3 (pH
7.33-7.37). Interneurons were subsequently identified as
either regular spiking, low-threshold spiking (LTS) or FS.
In response to a depolarizing step, regular spiking inter-
neurons usually fired several action potentials in a burst
followed by action potentials showing spike-frequency
adaptation, and no rebound spiking after a hyper-
polarizing step. LTS neurons showed spike-frequency
adaptation and rebound spiking after a hyperpolarizing
step. FS neurons showed very limited spike-frequency
adaptation and no rebound spiking (Fig. 1A; Kawaguchi
& Kubota, 1993, 1996; Cauli et al. 1997). The criteria
for inclusion were a fast-spiking-type firing pattern and
the presence of a resolvable autaptic IPSC; all other cells
were discarded. During whole-cell voltage clamp, if the
series resistance increased above 15 M2 or changed by
more than 10% over the course of a recording, the
data from that cell were excluded from further analysis.
Series resistance was on average 8.7 & 0.2 M2 (n=157).
Whole-cell parameters were corrected and series resistance
was compensated 70-80% at 3 kHz. Some experiments
were performed using the gramicidin perforated patch
method (Kyrozis & Reichling, 1995). Gramicidin D
(5mgml~!) was prepared in DMSO, and mixed into
the pipette solution above to produce 10 ugml™'.
Pipettes were tip-dipped in gramicidin-free solution.
After sealing onto neurons (>1GS2) series resistance
dropped to below 100M in ~20min. For voltage
clamp studies in perforated patch mode, recordings
were only made if series resistance dropped below
40 M2 (33 £ 2.5 M, n=6). Integrity of the perforated
patch was monitored by checking that the response to
pressure-applied muscimol (10 um) was hyperpolarizing
at resting membrane potentials. Data were filtered at
5kHz and logged at 20 kHz (micro1401, CED, UK) to
Signal4 (CED, UK) software. All measurements were made
in the presence of 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX, 10 uM) and p-aminophosphonovalerate (D-AP5,
20 um). Data were not corrected for liquid junction
potentials.

Autaptic IPSCs (aIPSCs) were recorded at —70 mV
and evoked by 1 ms steps to —30 mV. aIPSCs could be
unambiguously identified in approximately 80% of FS
cells by their fixed delay, quantal jitter, and paired pulse
depression. Pharmacological studies were only initiated
in cells where aIPSCs could be evoked without any
failures, due presumably to a large number of autaptic
release sites. This only resulted in ~10% of autaptic cells
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being excluded. FS cells had a whole-cell capacitance of
28.5 £ 0.6 pE, with a maximum observed value of 50.3 pF.
In a worst case scenario with a series resistance of 15 M2
(compensated 70%) and this maximum capacitance, the
time constant for measuring membrane current is 225 us,
fast enough to clamp the cell after the evoked sodium
current, before the autaptic current peaks at a minimum
of 2.3 ms after returning the cell to —70 mV. Likewise, at
the peak of an average aIPSC (750 pA) recorded with an
average series resistance, the voltage error is 2mV. At a
worse case scenario, with maximum peak aIPSC of 6.3 nA
and 15 M the peak voltage error is 28 mV. We readily
admit this is far from ideal; however, cells with aIPSCs this
large were only used for pharmacological studies where
this poor voltage control would have little impact on
our measurement of whether or not autaptic synapses are
sensitive to a given neuromodulator.

The decay of aIPSCs could be fitted with mono-
or biexponential functions depending on the range of
time to which the event was fitted. Monoexponential
functions were fitted with the function I = Ae~*/%, where
A is the initial amplitude, and t is the decay constant.
Bi-exponential functions were fitted with the function
I = Agge 7™ + Agowe™7™ov. Bi-exponential functions
could be reduced to a single exponential function giving a
weighted decay constant (t,,) where 7, = (Apg X Ts +
Agow X Toow)/(Afast + Aglow)- Qro values were calculated
with the equation Q,, = (Rate,/Rate;)'”2~T) where
Rate, and Rate, are the rates of a reaction calculated at
temperatures T and T, respectively. Rates of decay were
calculated as the reciprocal of the decay constant.

Morphological analysis

Electrodes were filled with pipette solution containing
1-2 mg ml~! biocytin, and cells were recorded for at least
20 min. Slices were fixed in 4% paraformaldehyde in PBS
for 1-12 h, quenched in 1% H, O, for 30 min and washed
with PBS. Cells were permeabilized and non-specific
binding was blocked by incubation in 0.3% Triton-X,
1% BSA in PBS for an hour. Slices were incubated over-
night in ABC solution (Vector Laboratories) and then
thoroughly washed over the course of 24 h. Slices were
exposed to 0.7mgml~! diaminobenzidine (DAB) and
0.17 mgml™" urea hydrogen peroxide, and the reaction
was terminated with washing in PBS. Slices were mounted
in DPX, coverslipped and sealed with nail polish.

Drugs

Serotonin, noradrenaline and dopamine (Sigma) were
all weighed out at the start of the day (and kept at
—20°C), but only made into %1000 stock solution
with water after an autaptic cell was patched. The
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stock solution was diluted directly before recording
began, and both the stock and diluted solutions
were discarded if not used within 15 min. Ligands
were purchased from Ascent Scientific, UK (D-AP5,
Na,CNQX), Tocris, UK (R-baclofen, gabazine, imetit,
WIN-55212-2, zolpidem) or Sigma (5-HT, t-ACPD,
adenosine, muscarine, L-noradrenaline tartarate,
[D-Ala?, N-MePhe*,Gly-ol]-enkephalin (DAMGO),
R-nipecotic  acid,  «a-tetrahydrodeoxycorticosterone
(THDOCQ)).

Variance-mean analysis of autaptic currents

Others have discussed the theory of estimating quantal
parameters with variance—mean analysis (Clements, 2003;
Ikeda et al. 2008). However, briefly, for an average post-
synaptic current [

I = NQP,

where N is the number of release sites, Q is the amplitude
of a single quantal event, and P, is probability of release
of a quantum from a release site. Furthermore, for the
variance of the amplitude o2,

o’ = NQ’P,(1-P,)
substituting the first equation into the second

2

o’ =1Q — r

N
In order to account for the fact that quantal events are not
of the exact same size at a single release site (Bekkers &
Stevens, 1995; Chen et al. 2004) we included an adjusting
factor: the coefficient of variance of quantal amplitudes,

CV;. Therefore,

12
o> =1Q,(1+CV?) —
and
_ 1
e QwNmin

where the properties P, and Q, reflect that they are
weighted towards estimating sites with large probabilities
of release and quantal amplitudes, respectively. N, is
equal to the minimum number of release sites to explain
the observed data. A parabola can be fitted to a plot of
variance against amplitude, revealing the parameters Q,,
and Np,. Because of the difficulty of measuring CV?
in our non-isolated slice preparation, we used the value
obtained in isolated hippocampal cultures of 0.28 (Tkeda
et al. 2008). Variance—mean analysis requires that post-
synaptic receptors are not reaching saturation (if there
is multivesicular release at a single synapse). However,
application of zolpidem (100 nMm) slightly enhanced the
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amplitude of aIPSCs (11 & 4%, P = 0.04, n= 14, paired
f test), indicating that autaptic synapses are not reaching
saturation (Perrais & Ropert, 1999). Moreover, even with
saturation, variance—mean analysis only underestimates
the number of release sites, but correctly estimates the
quantal amplitude and the probability of release (Ikeda
et al. 2008).

We altered P, by evoking a train of 10 events
at 50 Hz, inducing depression. We assumed this was
due to modulation at a presynaptic site, rather than
desensitization or changes in the chloride reversal
potential because this has been demonstrated at other
synapses (reviewed by Zucker & Regehr, 2002) and
importantly that the extent of depression was not
altered by the low affinity competitive antagonist
(1,2,5,6-Tetrahydropyridin-4-yl) methylphosphinic acid
(TPMPA) (200 uMm; control 68 4%, TPMPA 69 + 3%,
F(1.134 = 0.9, P =0.3, non-linear regression; Fig. 3A and
B; Wong et al. 2003). Variances and mean amplitudes were
calculated from at least 30 trains, evoked every 10s. We
used a train of events to alter P, rather than the standard
protocol of varying the Ca>*:Mg”* ratio (a technique also
recently used by Hull et al. (2009)) simply because it allows
a more rapid estimation of quantal parameters.

Statistics

Parameters of alPSCs (peak amplitude, decay kinetics etc.)
were all calculated from an average of five events. Neither
peak aIPSC amplitude or charge transfer associated with
the alPSC were normally distributed (P < 0.0001, n =132,
D’Agostino & Pearson omnibus test). However, trans-
formation by taking the log;, of the absolute amplitude
produced a normal distribution (P =0.7) and hence for
tests on alPSC amplitudes, peak currents and charge trans-
fers, these values were transformed before being sub-
jected to parametric statistics. It is worth noting that
all experiments investigated with paired f tests gave the
same results (significant vs. non significant) when the
raw results were tested with the non-parametric Wilcoxon
signed ranks test. A random sample of 40 times to peak,
fast and slow decay constants and paired pulse ratios were
normally distributed and therefore measurements of these
parameters were subjected to parametric statistics. Tests
on firing rates were conducted with non-parametric tests
as firing rates were unlikely to be normally distributed
because FS cells cannot sustain low firing rates. Statistical
tests were performed with Prism v4 (Graphpad, CA,
USA).

Results

We made recordings from 149 autaptic FS cells from
slices made from 53 rats. At 22°C, in 1 mm [Mg**], and
2mMm [Ca’*], autaptic inhibitory postsynaptic currents
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(aIPSCs) had a mean peak conductance of 10.7 £ 0.9 nS
(n=149) and from each cell the number of events had a
coefficient of variation of 0.374 = 0.04 (n =6, 291 events;
Fig. 1C). As previously demonstrated, a train of aIPSCs
at 50 Hz depressed with a time constant of 31 ms to a
maximal depression of 23% of baseline amplitude (n = 6;
Fig. 1D and E; Bacci & Huguenard, 2006). After an aIPSC,
a second event showed paired pulse depression, which
recovered in a manner best fitted by two exponentials with
time constants of 56 ms and 4156 ms, giving a weighted
decay constant of 2126 ms (n = 6; Fig. 1F and G).

Tamas et al. (1997) reported that in cat visual cortex,
basket cells formed autaptic contacts that primarily
targeted the soma, with approximately 70% of synaptic
contacts formed within 50 um of the soma. It is possible
that while the majority of autaptic synapses are formed
close to the soma, perisomatic synapses may have a lower
release probability or a lower postsynaptic density of
GABA, receptors and hence they may contribute a smaller
part ofthe total alPSC than expected simply by considering
synapse number. Furthermore, species differences could
exist between the rat and the cat. In order to test these
possibilities, the GABA, antagonist gabazine (10 um) was
puff applied (along with 20 um Alexa Fluor 488; Alexa
had no effect when applied by itself) from a 2-4 MQ
pipette within 5-10 um of the soma. An autaptic event
was evoked 800 ms after the puff, and an epifluorescence
image was captured. This showed that at the time of
the aIPSC, the soma was in the centre of a cloud of
antagonist approximately 50-60 um in diameter (Fig. 2A
and B; Kole et al. 2007; Kruglikov & Rudy, 2008). Within
the cloud of gabazine, we are assuming the antagonist has
reached sufficient concentrations for a sufficient time to
achieve a full blockade of all GABA4 receptors (gabazine
ICsp ~0.2-0.4 uM, and at this concentration saturates
receptors in 50 ms, Ueno et al. 1997; Jones et al. 1998; Mori
et al. 2002; McCartney et al. 2007). Perisomatic gabazine
produced an 82 =+ 6% inhibition of the aIPSC charge
transfer (control 2.95 & 0.40 pC, gabazine 0.59 =+ 0.26 pC,
wash 1.90 & 0.47 pC; Fi3) = 32.14, P=0.0006, 1-way
ANOVA; control vs. gabazine, P < 0.0001, Bonferroni post
hoc test; n=4; Fig.2C and D). Given that Tamas et al.
(1997) found that 70% of autaptic contacts were formed
within 50 um of the soma, our results match very closely.

Tamas et al. (1997) found that cat cortical basket cells
made an average of 12 autaptic junctions (range: 3-23).
Using variance—mean analysis, we investigated the quantal
parameters of autapses, evoking 10 pulses at 50 Hz to
depress the probability of release (P,) (Fig. 3C). We felt it
safe to assume that trains of activity solely depressed alPSC
amplitude via a presynaptic (P,,) mechanism for two
reasons. Firstly, the extent of depression was not altered by
the low affinity competitive antagonist TPMPA (200 pm;
control 68 = 4%, TPMPA 69 & 3%, F(;. 35 = 0.9, P = 0.3,
non-linear regression, Fig.3A and B). Secondly, the
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amplitude of the second pulse in a pair of pulses was not
correlated with the first, arguing against vesicle depletion
(n=291, Spearman’s r=0.05, P=0.4, Fig. 3A inset).
In 6 out of 7 cells, the initial P,,, was sufficiently high
for a parabola to be fitted to a plot of alPSC mean
amplitude against aI[PSC variance for each event in the
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train allowing us to calculate P, the quantal amplitude
(Qu) and the number of release sites (Ny) (Fig. 3D).
In one cell the P, was low (<0.6), so only a straight
line could be plotted, allowing only Q,, to be calculated.
We calculated that for this population of autapses, the
mean Q,, was 101 & 16 pA (range: 57-176, n=7) and the
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Figure 1. Basal synaptic physiology of autaptic connection in layer V fast-spiking basket cells

A, representative firing pattern of an autaptic FS cell in response to 200 pA or —100 pA current pulses. B, light
micrograph of cell shown in A, filled with biocytin and processed with HRP-DAB. Scale bar 50 um. C, histogram
showing the mean peak conductance of alPSCs recorded from 149 basket cells (cells with no autapses not
included). Inset, alPSCs recorded from a basket cell with an average sized autaptic connection show a wide spread
of amplitudes but no failures (50 events). D, a train of 10 alPSCs evoked at 50 Hz (sodium current removed digitally).
E, at 50 Hz alPSCs depression was well fitted with a single exponential with a time constant of 31 ms, and reached
a maximum depression of 23% (n = 6). F, after a single alPSC, autaptic currents depressed and recovered over
the next 5s. G, alPSCs recover from synaptic depression in a manner best fitted by two exponentials with time
constants of 56 ms and 4156 ms, giving a weighted decay constant of 2126 ms. After 5 s alPSCs had recovered

to 87% of baseline (n = 6).
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average N, was 14 (range: 4-26, n=6). The initial P,
was 0.64 +0.06 (n=6), which decayed over pulses to a
steady-state value of 0.14 £ 0.1 (Fig. 3E). Assuming one
release site per synapse (Silver et al. 2003) these data
fitted almost perfectly with the observations of Tamas
et al. (1997). These results give us another opportunity
to test whether the paired pulse depression we observed
during a train was due solely to changes at a presynaptic
locus. If receptor desensitization or a reduction in the CI~
gradient was responsible for paired pulse depression, this
would be reflected by a reduction in Q,, late in the train.
We can calculate the quantal amplitude of events late in
the train by plotting the initial slope of the variance-mean
graph (Qinitial slope)- If this is less than the quantal amplitude
given by the full, parabolic fit, this indicates that paired
pulse depression is mediated in part by a postsynaptic
mechanism (Meyer et al. 2001). However, Qiyitial siope> a5
calculated from the last five events in the train, was

A B
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not significantly less than Q, (Qinitial slope = 117 £ 19 pA,
Q. =106 £ 18 pA, P =0.5, n= 6, paired t test).

To understand the functional implication of autaptic
inhibition in FS cells the native reversal potential
of GABA-mediated currents needs to be measured
under non-invasive physiological conditions. Using the
gramicidin perforated patch technique (which does not
disturb intracellular Cl~ levels) we endeavoured to
measure the reversal potential of autaptic events and
the resting potential of FS cells at 35°C. However,
possibly because of the relatively high series resistance
(334+25MS, n=6) we were unable to evoke a
clearly distinguishable autaptic event. As autapses form
somatically, we puff applied the GABA4 agonist muscimol
to the soma (10 uM; 50ms, 1p.s.i.) from a 2-4 MQ
patch electrode. We expect this local muscimol to
activate GABA, receptors at both synaptic and autaptic
connections at the soma that we assume have an

H I - 30V
Vm — =— A00ms !*_ Fom
| -
Puff ) o
— e Eyng 4
A10s
Cc Gabazine (10uM)

50ms

Control

alPSC area (pC)
4

Ll LI Ll
Control Gabazine (10uM) Wash

Figure 2. Autaptic inhibition targets the perisomatic region

A, schematic diagram of the experiment showing the relationship between the puff of gabazine and the evoked
autaptic current. B, overlay of IR-DIC image showing a FS cell being recorded in whole-cell mode (right electrode)
and a pseudo-colour wide-field fluorescence image showing the extent of the picospritzed cloud (left electrode)
shown by puff-applying Alexa Fluor 488 (20 uM). Scale bar 25 um. C, representative autaptic current showing
~75% blockade by perisomatic application of gabazine (10 um). D, perisomatic gabazine produces an 82 & 6%
inhibition of autaptic currents, which largely reversed by the next evoked autaptic current (control 2.95 + 0.40 pC,
gabazine 0.59 £ 0.26 pC, wash 1.90 & 0.47 pC; F(; 3y = 32.14, P = 0.0006, 1-way ANOVA,; control vs. gabazine,

P < 0.0001, Bonferroni post hoc test; n = 4).
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equal reversal potential due to being exposed to the
same concentration of intra- and extracellular CI™.
The muscimol-induced current had a reversal potential
of —78+4mV (n=>5; Fig.4). In case the portion
of autaptic connections that were not somatic had a
different reversal potential due to different levels of CI~
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in distal compartments, we also puff applied muscimol
to dendrites on the pial side of the FS cell when they
could be observed at approximately 100 um from the
soma. Dendritically evoked muscimol currents had an
indistinguishable reversal potential (—77 £ 6 mV, P = 0.5,
n =73, paired ttest). When recorded at 35°C using the
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Control ) = S g
| I/ 3 -05-
| |I|II | | 2 g_ E
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a
0
o & 0.6 {
< 0.101 ﬁ
8 S 04- ]
k= £
& 0.05- Q. =202 e $
§ initial slope PA _E 0.2 E
s $28 33
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Figure 3. Paired pulse depression at autaptic synapses is presynaptic, which allows the estimation of

quantal parameters using variance-mean analysis

A, a scaled average showing that the extent of paired pulse depression is not affected by application of the rapidly
dissociating GABAA antagonist, TPMPA (200 uM). Inset, across multiple trials and cells, there is no correlation
between the amplitude of the first pulse in a train, and the second. B, group statistics showing that the extent
of depression is not affected by TPMPA (control 68 & 4%, TPMPA 69 & 3%, F(; 134y = 0.9, P = 0.3, non-linear
regression). Inset, the amplitude of events normalized to the first event in the train. C, a train of alPSCs with
the average amplitude (black) and individual traces (red), showing how amplitude and variance vary during the
train. D, an example of variance-mean analysis for the recording shown in C. The dashed line is the initial slope,
calculated over the last 5 events in the train, showing that the quantal amplitude late in the train (Qinitialsiope) iS
essentially the same as that over the whole train. £, how the probability of release varies during a train of alPSCs

(n=06).
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gramicidin perforated patch technique, FS cells had a
resting membrane potential of —74 £+ 1 mV (n = 18, range
—80to —64 mV) indicating that autaptic events are slightly
hyperpolarizing to rest.

Given the hypothesis that FS cells have autapses to
generate a modifiable AHP, we tested whether autaptic
traffic is modulated by a variety of classical pre-
synaptically acting neuromodulator systems. We found
that activation of GABAjg receptors and muscarinic acetyl-
choline receptors with R-baclofen (5 um) and muscarine
(10 uM) significantly reduced GABA release at autaptic
synapses to approximately 47% (control 560 % 188 pA,
R-baclofen 267 £87pA, n=11, P <0.0001, paired
Student’s t test; Fig. 5A) and 51% (control 919 4= 337 pA,
muscarine 469 + 169 pA, n=38, P <0.0001, paired
Student’s ¢ test; Fig. 5B) of baseline, respectively. Likewise,
R-baclofen significantly increased the paired-pulse ratio
of aIPSCs from 0.76 £0.04 to 1.07+0.11 (n=11,
P =0.03, paired Student’s ¢ test) as did muscarine (control
0.88 £0.04, muscarine 1.10+0.09, n=8, P=0.01,
paired Student’s ttest; Fig.5C). On the other hand,
we investigated dopamine (dopamine, 10 uM), p-opioid
(DAMGO, 1 umMm), serotonin (5-HT, 10 um), histamine
H3 (imetit, 100 nM), adenosine (adenosine, 10 um),
adreno- (noradrenaline, 10 uM), group I/II metabotropic
glutamate (t-ACPD, 10 uM) and cannabinoid CBl1
(WIN 55,212, 1 uM) receptor activation, and found them
all to be without effect (see Supplemental FigsS1 and
S2, available online only; see legends for means). These
compounds also had no effect on the paired pulse ratio of
alPSCs (Supplemental Fig. S3, see legend for means).

Neurotransmitter transporters are an acknowledged site
of synaptic plasticity (Pita-Almenar et al. 2006; Shivachar,
2007), so we investigated what role the GABA transporter
(GAT) has in regulating autaptic traffic. Therefore, we
made recordings at 35°C and applied the broad spectrum
GAT substrate/inhibitor R-nipecotic acid (100 uM) (ICso
6, 19, 51 uM for GAT1, GAT2 and GAT3, respectively;
Dhar et al 1994; Ruiz et al. 1994; Soudijn & van
Wijngaarden, 2000). This had no effect on the decay
constants of alPSCs (fast decay: control 2.2 £ 0.2 ms,
nipecotic acid 2.1 £0.1ms; n=7, P=0.3; slow decay:
control 21.5 & 2.2 ms; nipecoticacid 21.3 £ 1.4 ms; n =7,
P=0.9, paired ttest, Fig.6A and B). We noted that
while there was a significant difference in the fast
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decay constant between all aIPSCs recorded at 35°C
compared to 25 randomly selected events recorded at room
temperature (Q;o = 1.9), there was no difference in the
slow decay constant (fast decay: 22°C 4.7 + 0.2 ms, 35°C
2.0+ 0.2ms; n=25,16; P <0.0001; slow decay: 22°C
19.3 £ 1.2ms; 35°C 17.7 £+ 1.8 ms; n=25-16, P=0.5,
unpaired f test, Fig. 6C and D) (Qo = 1.1). There was a
significant decrease in the time for the autaptic current
to peak from 3.1£+0.1ms to 2.2+ 0.1 ms (n=15-16,
P <0.0001, unpaired ttest, Fig.6C inset). The small
difference in decay between room temperature and 35°C
could not be explained by higher series resistances at
35°C artificially slowing the apparent decay of aIPSCs
(room temperature 8.3 + 0.6 M2, 35°C 8.7 0.4 M,
n=25,16, P= 0.5, unpaired ¢ test). The exact biophysical
mechanisms behind the apparent two-phase decay of some
synaptic events are unclear (Jones & Westbrook, 1995).
One report has shown that both phases of decay of IPSCs
recorded in ventrobasal thalamic neurons have a Qo of
approximately 2 (Huntsman & Huguenard, 2000; though
these IPSCs are also regulated by GABA transporters, Jia
et al. 2008) while blockade of GABA transporters usually
has a larger or exclusive effect on the slow phase of IPSC
decay (Roepstorff & Lambert, 1994; Engel et al. 1998),
indicating that the slow phase of IPSC decay may be the
phase that the GABA transporter can act on.

As it appears that autaptic connections are not
controlled by GABA transporters, it seems possible that
GABA released at autaptic sites may diffuse to activate
extrasynaptic GABA receptors. As GABAj receptors are
largely expressed in perisynaptic regions and we have
already demonstrated presynaptic control of autapses
by the GABAjg receptor, we investigated whether GABA
release at autapses activates GABAp receptors (Scanziani,
2000; Kulik et al. 2003). By evoking a train of aIPSCs
GABA spillover may activate presynaptic GABAg receptors
and be partially responsible for the depression of autaptic
events as is observed at basket cell-granule cell synapses
in the hippocampus (Kraushaar & Jonas, 2000). However,
the GABAy antagonist CGP 52432 (10 uM) had no effect
on the initial amplitude or extent of the depression
(initial amplitude 836 4= 190 pA, CGP 842 + 242 pA; 10th
pulse amplitude 226 &+ 46 pA, CGP 225+ 31 pA; n=6,
F(5.114 = 0.3, P =0.8; non-linear regression, Fig. 7A and
B). We also investigated whether autaptic events had

Figure 4. GABA, receptor-mediated
chloride currents reverse at —78 mV in
FS cells

A, representative gramicidin perforated
patch recording showing the puff
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a significant postsynaptic GABAg-mediated component.
Cells were voltage clamped at —60 mV in order to increase
the driving force for K%, as postsynaptic effects of GABAj
receptors are mediated by G-protein-coupled potassium
channels. Evoking autaptic events in the presence of
GABA, receptor blockade (gabazine, 10 M), induced an
outward current in the majority of neurons (4 out of
6). However, the charge transferred during this outward
current was not affected by CGP 52432 (10 uM) (control
0.499 +0.253 fC, CGP 0.532 £ 0.172 {C, Fig. 7C and D).
GABA spillover from the synapse could also result
in phasic activation of extrasynaptic GABA, receptors.
In 8 out of 17 cells a distinct late inward component
was seen after a train of autaptic events (10 at 50 Hz)
(Fig. 8A arrow). Typically, extrasynaptic GABA4 receptors
are molecularly distinct from synaptic GABA, receptors,
and hence show different pharmacology (Farrant &
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Nusser, 2005). The GABA, receptor positive modulator
zolpidem was applied at concentrations selective for
GABA, receptors containing the «; subunit (100 nMm;
Hadingham et al. 1996; Wafford et al. 1996; Sanna et al.
2002). Zolpidem increased the amplitude of the evoked
current throughout the first 50 ms of the decay, prolonging
the time constant, and increasing the charge transfer (fast
decay: control 1.5 £ 0.3 ms, zolpidem 2.2 £ 0.3 ms; n =16,
P =0.006; slow decay: control 7.8 1.4 ms; zolpidem
14.6 +2.0ms; n=6, P=0.0008, paired ¢ test; charge
transfer: control 3.0+ 0.8 pC; zolpidem 4.6 4 0.9 pGC;
n==6, P=0.01). However, after the first 50 ms, zolpidem
had no effect on the charge transfer (control 2.2 £ 0.5 pC;
zolpidem 2.1 0.4 pC; n =6, P = 0.8, paired ¢ test; Fig. 8A
and C). This late autaptic event, which was evidently not
mediated by o -containing GABA, receptors, was indeed
mediated by GABA, receptors of some kind, as it was

Aa c P <0.0001
- R-Baclof SuM e X s
R-Baclofen (5uM) =150 aclofen (SpM) E ——
. e 2 = — =
1 /-F—— = = - f_""‘_
-] ._'_,.,—'-
/ 7] =) r_,/f
5100 E 44
s 3
® 3
2 @D a4
o =3
| LI O . .
1] 100 200 300 400 Contral R-Baclofan (SuM)
Control Time (s)
| |
Ba b c
c ( ) . P <0.0001
j Muscarine (10uM) 1507 Muscarine (10uM) = " <0.000 =
- 8- €
g @
/ £ £ a
|/ a3 P 8"
Ewm =
= E
26 50+ L
o
o L]
1 2
0 r T T T ! e, T r
| 0 100 200 300 400 500 Contral Muscarine (10uM)
| Control Time I:SI
= P=0.01
Ca ,,. P=003 b 00
2 2 1.5
3] ;
2 |
1.04
z Z.. =
3 g __'___'__,__-l='
= 0.5 ] —
o a
0.0 - - : T
Contral R-Baclofen (5iM) Control Muscarine (10uM)

Figure 5. Autaptic GABA release is sensitive to GABAg and muscarinic acetylcholine receptor activation
Aa, example alPSCs before, during and after the application of R-baclofen (5 um). Ab, effect of R-baclofen on
alPSC amplitude over time (n = 11). The brackets show the 5 pre- and post-drug events over which the averages
in a were generated and the amplitudes in ¢ were recorded. Ac, R-baclofen significantly reduces the amplitude of
alPSCs (control 560 4 188 pA, R-baclofen 267 4 87 pA, n= 11, P < 0.0001, paired t test). Ba, example alPSCs
before, during and after the application of muscarine (10 um). Bb, the effect of muscarine on alPSC amplitude
over time (n = 8). Bc, muscarine significantly reduces the amplitude of alPSCs (control 919 + 337 pA, muscarine
469 + 169 pA, n =8, P < 0.0001, paired t test). Ca, R-baclofen significantly increases the paired pulse ratio of
alPSCs (control 0.76 + 0.04, R-baclofen 1.07 +0.11, n =11, P = 0.03, paired t test). Cb, muscarine significantly
enhances the paired pulse ratio of alPSCs (control 0.88 & 0.04, muscarine 1.10 £ 0.09, n =8, P =0.01, paired

t test).
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blocked by gabazine (10 um; Fig. 8 B). However, it was not
mediated by o y,8 receptors (high affinity receptors that
mediate late phasic GABAergic events and tonic GABA
currents in other parts of the cortex; Brown et al. 2002;
Wei et al. 2003) as application of the oy/6y«d-selective
positive modulator THDOC (100 nM; Stell et al. 2003)
had no effect on the charge transferred during the late
phase of the event, measured from 50 ms to 400 ms
after the aIPSC peak (control 1.4 £0.2 pC, THDOC
1.4+ 0.2 pC,n=7,P =0.2, Supplemental Fig. S4). To test
whether the late alPSC was mediated by extrasynaptic
current, we applied the low affinity GABA, antagonist
TPMPA (200 um). If the late current was mediated by
extrasynaptic GABA, receptors, one would expect the
receptors mediating it to experience a lower GABA
concentration than synaptic GABA, receptors. This
lower concentration of GABA would be less effective
at out-competing the rapidly dissociating TPMPA, so
TPMPA should be more efficacious at blocking IPSCs
mediated by low concentrations of GABA than saturating
concentrations of GABA (Szabadics et al. 2007). However,

A

Nipecotic Acid (100uM)
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Control
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TPMPA induced a similar percentage reduction in the
charge transferred during the first event in a train of
alPSCs as it did during the late autaptic event (first event
58 + 3%, late event 54 £4%, n=7, P=0.4, unpaired
t test; Fig. 8D and E). However, as the subunit composition
of the receptors mediating this late alPSC is different from
that mediating the synaptic event, and TPMPA is known
to be somewhat subunit specific (Chebib et al. 1998) this
could confound our experiment. Therefore, we applied
40 kDa dextran (5% w/v) which will increase the visco-
sity of the aCSF approximately 2.5 times and decrease
the speed of diffusion of all neurotransmitters (Min et al.
1998; Szabadics et al. 2007). However, dextran had no
effect on the charge transferred during the late autaptic
event (control 2.0 £ 0.2 pC dextran 2.1 £0.2 pC, n=9,
P =0.3, paired f test; Fig. 8F). Therefore, the late alPSC is
simply mediated by a synaptic non-o; -containing GABA
receptor, with a slower dissociation rate for GABA.

Given that the autaptically released GABA produces an
inhibitory conductance that follows action potentials for
approximately 50 ms, it is not surprising that blockade
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Figure 6. alPSCs are not controlled by GABA transporters

A, representative autaptic event before and after application of the broad-spectrum GAT inhibitor R-nipecotic
acid (100 um). B, nipecotic acid has no effect on the fast and slow decay constants of alPSCs (fast decay:
control 2.2 + 0.2 ms, nipecotic acid 2.1 £ 0.1 ms; n=7, P =0.3; slow decay: control 21.5 & 2.2 ms, nipecotic
acid21.3+1.4ms;n=7, P=0.9, paired t test). C, representative alPSCs recorded at ~22°C and 35°C showing
the subtle change in decay. Sodium current digitally removed. Autaptic events scaled and aligned to peak. Inset,
representative alPSCs showing the decrease in time to peak at ~22°C and 35°C. D, an increased temperature
significantly enhances the fast decay constant but only non-significantly enhances the slow decay constant
(fast decay: 22°C 4.7 0.2 ms, 35°C 2.0 £ 0.2 ms; n = 25,16; P < 0.0001; slow decay 22°C 19.3 £+ 1.2; 35°C

17.7 £1.8ms; n=25-16, P = 0.5, unpaired t test).
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of autaptic currents increases the firing rate of FS cells
in layer V during current injection (Bacci et al. 2003a).
However, as this autaptic inhibition is largely coincident
with the high conductance AHP in FS cells (Rudy &
McBain, 2001), its effect on membrane potential may not
be maximal when the autaptic conductance is peaking,
but rather at some point during the decay when the
membrane resistance of the cell has increased. Indeed,
one could imagine that interventions that slow the decay
of autaptic events, and render the alPSC active for a longer
period of time, such as benzodiazepines, would have a
profound effect on the firing rate of FS cells. This could
have a paradoxical effect where ‘pro-GABAergic’ drugs
like benzodiazepines could in fact decrease the activity
of FS cells and have a net disinhibitory effect in cortical
circuits. Indeed, benzodiazepines do significantly increase
the amplitude of AHP in hippocampal autaptic FS basket
cells, though the effect on firing rate was not formally
investigated (Pawelzik ef al. 2003). We investigated the
effect of zolpidem (1 um) (cf. ~200 nM peak in human
plasma during clinical dosing, reviewed in Keller et al.
1999) on neuronal firing when neurons were recorded
in gramicidin perforated patch mode at 35°C. Enough
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current was injected to produce a continuous burst of
action potentials 500 ms long (range: 80—410 pA) and then
zolpidem was applied. Subsequently, the perforated patch
electrode was withdrawn, and neurons were recorded
in whole-cell mode and the presence and amplitude of
the autaptic current was measured. In neurons without
measurable autapses, zolpidem produced no change in
firing rate, as measured by the instantaneous firing
rate of the first two spikes (2.3 & 1.2% increase, n=4),
while in autaptic cells it produced a reversible 10.8%
decrease in firing rate (control 64.9 &+ 6.6 Hz, zolpidem
58.3+7.2Hz, wash 67.0+6.7Hz;, n=10; P=0.003,
Friedman test; control vs. zolpidem P < 0.05, Dunn’s
test; Fig.9A and B). Indeed, there was a significant
correlation between autapse amplitude and decrease
in firing rate caused by zolpidem (#n= 14, Spearman’s
r=10.826, P =0.0003; Fig. 9C). In this data set, there was
one cell whose firing rate slowed markedly (but reversibly)
in response to zolpidem, and when one considers the
percentage change in firing rate, this response is just
an outlier (44.9%, mean=11.2%, oc=13%, n=10,
P =0.0499, Grubb’s test). However, even with this data
point excluded, zolpidem significantly slowed firing rate
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Figure 7. Autaptic GABA release does not recruit GABAg receptors

A, representative trace showing the lack of effect of the GABAg receptor antagonist CGP 52432 (10 um) on
depression of GABA release during a train of events. B, the depression shown during a train of autaptic events is
not affected by CGP 52432 (10 um) (initial amplitude 836 & 190 pA, CGP 842 + 242 pA; 10th pulse amplitude
226 + 46 pA, CGP 225+ 31 pA; n=6, F3,114) = 0.3, P=0.8; non-linear regression). C, representative alPSC
before and after the application of the GABAA antagonist gabazine (10 um) and the GABAg receptor antagonist
CGP 52432 (10 uM) (Veommand = —60 mV). Inset, the effect of gabazine and CGP 52432 on alPSC charge
transfer over time. D, effect of CGP 52432 on the residual inward current (control 0.499 + 0.253 fC, CGP

0.532 +£0.172 fC).
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(control 65.5+ 7.4 Hz, zolpidem 61.1 +7.4Hz, wash
66.3+7.5Hz; n=9; P=0.01, Friedman test; control
ys. zolpidem P < 0.05, Dunn’s test) and there was a
significant correlation between peak alPSC amplitude
and the magnitude of zolpidem-induced change in firing
(n=13, Spearman’s r = 0.788, P =0.001).
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Discussion

Others have previously demonstrated anatomically and
electrophysiologically the autaptic connections formed by
cortical FS basket cells (Tamas et al. 1997; Bacci et al.
20034a). Here we have demonstrated that, physiologically,
these autaptic connections match the anatomical reports
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Figure 8. A train of autaptic events causes a late GABAx-mediated current that is mediated by non-a4
subunit-containing GABA, receptors, yet is not extrasynaptic

A, representative trace showing the late inward current (arrow), and its lack of modulation by zolpidem (100 nwm).
B, GABA, receptor blockade with gabazine (10 um) blocked the entire autaptic event. C, averaged decay phase of
the last autaptic event normalized to the peak control amplitude (n = 6), clearly showing the late autaptic current
and its lack of sensitivity to zolpidem. D, representative train of autaptic events before and after the application of
the low affinity GABAA antagonist TPMPA (200 pm) showing the area of alPSCs used to calculate charge transfer.
E, TPMPA reduced the charge transferred during the first alPSC to the same extent as it reduced charge transfer
during the late alPSC (first event 58 + 3%, late event 54 + 4%, n =7, P = 0.4, unpaired t test). F, dextran had no
effect on the charge transferred during the late alPSC (control 2.0 £ 0.2 pC, dextran 2.1 £ 0.2 pC,n=9,P=0.3,

paired t test).
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with regard to their large number of release sites and the
perisomatic location of the majority of synapses. Our
results also show that these autaptic connections can
be dynamically regulated by specific neuromodulatory
receptors: the GABAg receptor and muscarinic acetyl-
choline receptors (presumably M, and M, receptors, as
these subtypes are responsible for regulating GABA release
at FS—pyramidal cell synapses (Kruglikov & Rudy, 2008).
It appears that the autaptic connections of FS cells are not
regulated by GABA transporters, yet autaptically released
GABA does not reach extrasynaptic GABA, or GABAp
receptors. Finally, we found that the positive GABA,
receptor modulator zolpidem slows the firing of autaptic
cells, presumably decreasing the amount of GABA they
release.

Our results on the basic synaptic physiology of autaptic
connections match closely with those previously reported
(Bacci & Huguenard, 2006). When recruited at 50 Hz,
alPSCs depressed with a time constant of 31 ms (cf.
31.2 ms) and recovered with a time constant 0of 2126 ms (cf.
681 ms). This time constant of depression also fitted well
with hippocampal basket cell-basket synapse depression
(25 ms; Bartos et al. 2001). Potentially the difference in
the rate of recovery is due to the depression being induced
by a single spike in our hands, and a train at 60 Hz by
Bacci & Huguenard (2006). It may also be due to our
recordings being performed at 22°C and those of Bacciand
Huguenard being performed at 32°C (though this would
mean recovery from depression had an exceptionally
high Qo of 3.8). However, our value fits very closely
with that recorded at basket cell-granule cell synapses
(1970 ms; Kraushaar & Jonas, 2000). In our experiments
the average autaptic event had a peak conductance of
10.7 nS, nearly twice the previously reported value of 6 nS
(Bacci & Huguenard, 2006). This is probably due to the fact
that our recordings were performed in [Ca’"], =2 mMm
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and [Mg**], =1 mM, while the experiments of Bacci
and Huguenard were performed in [Ca*"], =2 mMm and
[Mg?*], = 2 mM, increasing the probability of release in
our experiments. Our results matched exceptionally well
with the anatomical results of Tamas et al. (1997) who
reported that in cat cortical basket cells autapses had a
mean distance from the soma of 12 um with a standard
deviation of 22 um. We found that local application of
the GABA, antagonist gabazine, which was expected to
block all GABAergic synapses within 50-60 um of the
soma (expected to cover ~70% of autaptic synapses),
blocked 82% of the autaptic event. However, because
the concentration of gabazine will have been lower near
the edges of the puff-applied cloud, we stress this is
only a rough approximation of the synaptic distribution.
Tamas et al. (1997) also reported in an investigation of
seven basket cells that they made on average 12 synaptic
contacts (range 3-23). Quantal analysis of seven basket
cells found that their autaptic events could be explained
by an average of 14 release sites (range 4-26). We also
found that autaptic connections had a mean probability of
release of 0.64, compared with 0.56 for basket cell-granule
cell synapses and a mean quantal amplitude of 101 pA
(1.42 nS) compared with 0.4—1.7 nS at basket cell-granule
cell synapses (Nusser et al. 1998; Kraushaar & Jonas, 2000).

Using the gramicidin perforated patch technique we
showed that somatic GABA, currents in FS interneurons
have a reversal potential of —78 mV, and are hyper-
polarizing relative to the resting membrane potential. This
finding contrasts strongly with the report that GABAergic
events in dentate gyrus basket cells have a reversal potential
of —52mV, and are shunting relative to rest (Vida et al.
2006). We can offer no explanation as to the reason
for this difference; however, it highlights the fact that
hippocampal and neocortical basket cells are physio-
logically different. It is also worth considering how the
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Figure 9. GABA, receptor positive modulators slow the firing of autaptic FS cells

A, representative recording of an autaptic FS cell before, during and after the application of zolpidem (1 um). B,
zolpidem reversibly slows the firing rate of autaptic FS cells (instantaneous firing rate of first doublet of spikes,
control 64.9 & 6.6 Hz, zolpidem 58.3 &+ 7.2 Hz, wash 67.0 & 6.7 Hz, n = 10; P = 0.003, Friedman test; control
vs. zolpidem P < 0.05, Dunn’s test). C, the firing rate of FS cells with larger autapses is reduced more by zolpidem

(n =14, Spearman’s r = 0.826, P = 0.0003).
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reversal potential of GABA, currents compares with the
AHP FSinterneurons experience. During perforated patch
recording, in response to rheobase current injection,
FS cells experienced AHPs that during their maximum
brought the membrane potentialto —72 = 1 mV (n = 27),
and so autaptic events are hyperpolarizing throughout the
whole AHP.

It has been suggested that basket cells have autaptic
connections as well as voltage-gated and potassium
channels to provide an AHP because synaptic release of
GABA is readily modifiable through neuromodulation
unlike the potassium channels that mediated the AHP
in FS cells (Bekkers, 1998, 2003). We have demonstrated
that autaptic GABA release from basket cells is modified
by GABAp and muscarinic acetylcholine receptors,
but not by adenosine, dopamine, 5-HT, histamine,
noradrenaline, metabotropic glutamate, cannabinoid or
pu-opioid receptors. Interestingly, this is just a subset of
the neurotransmitter systems which modify layer V basket
cell-pyramidal cell synapses (GABAg, muscarinic acetyl-
choline, adenosine and serotonin; Kruglikov & Rudy,
2008). Our results also indicate that autaptic connections
do not appear to be controlled by GABA transporters.
Reports indicate that perisomatic input to the pyramidal
cells is regulated by GAT-1 (Gonzalez-Burgos et al. 2009)
which probably reflects input from basket cells (Kruglikov
& Rudy, 2008), though we are not aware of any reports that
show whether or not GABAergic synapses onto basket cells
are subject to GABA transport.

We found that a train of autaptic events produced a
late GABA-mediated current that was not sensitive to
zolpidem or THDOC indicating that it was not mediated
by GABA, receptors containing either a; or § sub-
units. However, the late current was not due to GABA
activating extrasynaptic receptors, because dextran, which
should slow the diffusion of GABA from the synaptic
cleft, had no effect. Furthermore, TPMPA, which would
be expected to block postsynaptic currents mediated by
receptors that were far from saturation to a higher degree
than currents mediated by nearly saturated receptors,
had an equal effect on the early and late aIPSC. Even
with the lack of transport-mediated GABA clearance,
autaptically released GABA does not recruit pre- or post-
synaptic GABAy receptors. This may seem unexpected,
as GABAj activation by exogenous agonists has effects
on the resting membrane potential (data not shown)
and neurotransmitter release from FS cells. However, we
suggest that it is likely that a specific subset of interneurons
are responsible for recruiting GABAg-mediated signalling,
namely neurogliaform cells (Olah et al. 2007, 2009).

We also demonstrated that the positive GABA
modulator zolpidem slows the firing of autaptic FS cells
on average 10%. We hypothesized that zolpidem may slow
firing rates of autaptic FS cells to such a degree that it
could have an anti-GABAergic effect in total. However,
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this anti-GABAergic effect seems unlikely, as in our
experiments 100 nM zolpidem increases charge transfer at
autaptic synapses by ~100% (200 nM enhances synapses
on FS cells by 117%, Bacci et al. 2003b) and causes a 70%
increase in the amplitude of FS basket cell-pyramidal cell
IPSPs, Thomson et al. 2000). Furthermore, because we
measured the frequency of cell firing by analysing the
inter-event interval of the first two action potentials in
a train, and paired pulse depression will decrease the
amount of autaptically released GABA over the length
of the train, this 10% reduction in firing is the maximum
possible effect of zolpidem. Thus, the small decrease in
firing rate would be outweighed by the large increase in
GABAergic function.

While this study clearly shows that autaptic connections
give dynamic negative feedback to layer V FS cells, it
also shows that while autapses are governed by the same
anatomical principles as FS—FS synapses, they are not
governed by all the same functional properties. It has
been demonstrated that they are formed largely in the
perisomatic region in the same manner as FS autapses
(Tamas et al. 1997) and that FS—FS synapses depress in
the same fashion as FS autapses (Galarreta & Hestrin,
2002). However, it has been shown that FS—FS synapses
are modulated by dopamine D1 receptors, while autaptic
connections are not (Towers & Hestrin, 2008). This makes
it clear that autaptic synapses are regulated differentially
to FS—FS connections, a fact that further suggests that the
autaptic connections of FS cells are not a developmental
accident.

Finally, one might ask what is the physiological
advantage of reducing the amplitude of autaptic events?
Given the importance of autaptic traffic in regulating the
spike-timing accuracy of an individual basket cell (Bacci &
Huguenard, 2006), how would the nervous system benefit
from reducing autaptic GABA release? Furthermore, since
FS-FS synapses are likely to be regulated by GABAg
and potentially by muscarinic acetylcholine receptors and
these synapses are of prime importance in regulating
the firing synchrony of populations of FS cells and the
generation of gamma oscillations in cortical networks,
activation of these receptors seems even more deleterious
to network function (Tamas et al. 2000; Traub et al.
2001; Bartos et al. 2007). However, we do not expect
this will be the case, at least for muscarinic receptors.
While activation of presynaptic inhibitory receptors does
reduce the basal level of GABA release, it is likely that
during a train of activity, presynaptic inhibitory receptors
actually increase the steady-state level of GABA release,
thus activation of these receptors actually favours autaptic
and FS-FS transmission during high frequency activity
(Brenowitz et al. 1998). Indeed, muscarinic acetylcholine
receptor activation can instigate oscillations in isolated
hippocampal slices, though this is suspected to be mainly
due to its depolarizing effect on the network (Fisahn
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et al. 2002). It would be interesting to know what
effect muscarinic receptor activation has on oscillations
evoked by another source of depolarization. As activation
of GABAy receptors in the hippocampus by exogenous
agonists degrades gamma oscillations (Brown et al. 2007),
we suggest that activation of GABAg receptors (probably
via the activity of neurogliaform cells) will gate gamma
oscillations in the neocortex, while muscarinic receptor
activation favours it.
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