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The main source of ambient GABA responsible for tonic
inhibition in the mouse hippocampus

Joseph Glykys and Istvan Mody

Interdepartmental PhD Program for Neuroscience and Departments of Neurology and Physiology, The David Geffen School of Medicine at the University

of California, Los Angeles, CA 90095, USA

The extracellular space of the brain contains ~y-aminobutyric acid (GABA) that activates
extrasynaptic GABA, receptors mediating tonicinhibition. The source of this GABA is uncertain:
it could be overspill of vesicular release, non-vesicular leakage, reverse transport, dying cells or
glia. Using a novel approach, we simultaneously measured phasic and tonic inhibitory currents
and assessed their correlation. Enhancing or diminishing vesicular GABA release in hippocampal
neurons caused highly correlated changes in the two inhibitions. During high-frequency phasic
inhibitory bursts, tonic current was also enhanced as shown by simulating the summation of
IPSCs and by recordings in knockout mice devoid of tonic inhibitory current. When vesicular
release was reduced by blocking action potentials or the vesicular GABA transporter, phasic
and tonic currents decreased in a correlated fashion. Our results are consistent with most of
hippocampal tonic inhibitory current being mediated by GABA released from the very vesicles

responsible for activating phasic inhibition.

(Resubmitted 12 April 2007; accepted after revision 18 May 2007; first published online 24 May 2007)
Corresponding author I. Mody: UCLA School of Medicine, Department of Neurology, NRB1 Room 575D, 635 Charles
E. Young Dr. South, Los Angeles, CA 90095, USA. Email: mody@ucla.edu

GABA (y -aminobutyric acid) is found in the extracellular
space of the CNS in concentrations ranging from 0.2 to
2.5 uM (Tossman et al. 1986; Lerma et al. 1986; Ding et al.
1998; Kuntz et al. 2004). Extra- and peri-synaptic GABA,
receptors (GABAARs) are in a preferred position to be
activated by the low levels of ambient GABA, due to their
high GABA affinity in contrast to the lower affinity of
synaptic GABA,Rs (Saxena & MacDonald, 1994; Mody,
2001; Brown et al. 2002; Farrant & Nusser, 2005). The
high-affinity extrasynaptic GABA,Rs consist of specific
subunit combinations differentially expressed in various
brain regions. These include the § subunit-containing
GABA,Rs of dentate gyrus and cerebellar granule cells,
cortical and thalamic neurons (Nusser et al. 1998; Sur et al.
1999a; Pirker et al. 2000; Nusser & Mody, 2002; Stell et al.
2003; Sun et al. 2004; Jia et al. 2005; Cope et al. 2005;
Drasbek & Jensen, 2006), and the 5 subunit-containing
GABA,Rs in CA1 and CA3 pyramidal cells (PCs) (Sperk
et al. 1997; Caraiscos et al. 2004; Glykys & Mody, 2006).
The current mediated by these extrasynaptic receptors
has been termed tonic inhibition (Brickley et al. 1996;
Farrant & Nusser, 2005), which is highly sensitive to
the extracellular GABA concentration ([GABA]). It is
enhanced when ambient [GABA] is increased by blocking
GABA transporters, by adding GABA to the aCSF to mimic
that normally present in the extracellular space, or by
preventing GABA degradation (Nusser & Mody, 2002;
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Stell & Mody, 2002; Wu et al. 2003; Glykys & Mody,
2006).

Various sources have been proposed for the normal
amounts of GABA found in the extracellular space. These
include: astrocytic release (Liu et al. 2000; Kozlov et al.
2006), reversal of GABA transporter (Gaspary et al. 1998;
Richerson & Wu, 2003), non-vesicular release as well
as action potential-mediated release (Attwell et al. 1993;
Brickley et al. 1996; Zoli et al. 1999; Rossi et al. 2003;
Bright et al. 2007). The cerebellar granule cells (CGCs)
show a tonic current early in development that depends
on action potential firing (Kaneda et al. 1995; Brickley
et al. 1996). However, this source of extracellular GABA
decreases during development and in adult CGCs tonic
currents are mediated by action potential-independent
mechanisms (Wall & Usowicz, 1997; Rossi et al. 2003).
Yet, the inhibitory inputs onto CGCs are part of a unique
synaptic structure, the glial ensheathed glomerulus. Thus,
transmitter release, diffusion and overspill may be unique
to this highly specialized structure (Brickley et al. 1996;
Wall & Usowicz, 1997; Rossi & Hamann, 1998; Mitchell &
Silver, 2000).

In the rest of the brain, where less specialized GABA
synapses are the norm, it is unclear whether GABA
released by action potential-dependent mechanisms can
actually increase the level of tonic inhibitory current
and be correlated with phasic inhibitory current. It has
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been recently shown in glomerular synapses of the dorsal
lateral geniculate nucleus (dLGN) thalamic relay neurons
that tonic inhibition does depend on the global level of
inhibititory activity and vesicular release (Bright et al.
2007). In most cases a proper correlation between tonic
and phasic currents cannot be established due to the low
frequency of spontaneous inhibitory postsynaptic (phasic)
currents (sIPSCs) recorded at room temperature and
because of the methods used for the analysis of phasic and
tonic inhibitory currents. We have developed a method
to simultaneously measure both mean currents (Ieun)
over an arbitrarily chosen epoch of time. Our experiments
show highly correlated tonicand phasicinhibitory currents
in the hippocampus under both increased and reduced
vesicular GABA release. Thus, a substantial amount of
tonic inhibition in this brain region is mediated by action
potential-dependent vesicular GABA release.

Methods
Slice preparation

Adult (ages: 34-98days old) male C57/Bl6, and
Gabra5/Gabrd~'~ double knockout mice on C57/Bl6
background were obtained from our breeding colonies
maintained by the UCLA Division of Laboratory Animal
Medicine. Mice were anaesthetized with halothane and
decapitated according to a protocol approved by the UCLA
Chancellor’s Animal Research Committee. The brain was
removed and placed in ice-cold artificial cerebrospinal
fluid (aCSF) containing (mm): NaCl (126), KCl (2.5),
CaCl, (2), MgCl, (2), NaH,PO4 (1.25), NaHCO; (26) and
p-glucose (10) with pH 7.3-7.4 when bubbled with 95%
0, and 5% CO,_ Coronal brain slices, 350 um thick, were
cut with a Leica VT1000S Vibratome (Leica Microsystems,
Wetzlar, Germany) in aCSF containing 3 mm kynurenic
acid (Sigma). Slices were placed into an interface holding
chamber at room temperature that was gradually heated
up to 30 & 1°C. Slices were stored in the holding chamber
for at least 1 h before being transferred to the recording
chamber. For the concanamycin A experiments, slices
were pre-incubated for the indicated times in submerged
chambers.

Whole-cell recordings

Dentate gyrus molecular layer interneurons and CAl
PCs were visually identified by IR-DIC videomicroscopy
(Olympus, Melville, NY, USA; BX51WI, 40x water
immersion objective) and recorded with an Axopatch
200A amplifier (Molecular Devices Corporation,
Sunnyvale, CA, USA). Slices were continuously perfused
(~4-5ml min~') at 32-34°C with 95% O, and 5% CO,
saturated aCSF containing kynurenic acid (3 mm) and
other drugs as indicated. Microelectrodes (3-5M€)
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contained the following internal solution (mm): CsCl
(140), MgCl, (1), Hepes (10), EGTA (0.1), NaCl (4),
MgATP (2), NaGTP (0.3) pH ~7.27, ~275 mosmol 17"
For CA1 PCs, QX-314 (5 mm) was included in the internal
solution. Whole-cell voltage-clamp recordings were
performed at —70 mV. Series resistance and whole-cell
capacitance were estimated from fast transients evoked
by a 5mV voltage command step and were compensated
to 70-80% using lag values of 7 us. Recordings were
discontinued if series resistance increased by more
than 25% through an experiment, or the compensated
resistance surpassed 25MSQ at any time during the
experiment. Drugs were perfused after obtaining a
stable control recording period of at least 1 min. Sucrose
was applied by low-pressure puffs controlled by a
Picospritzer II (General Valve Corporation, Fairfield, NJ,
USA) through a micropipette positioned close to the
soma of the recorded cell.

Data acquisition and analysis

All recordings were low-pass filtered at 3 kHz and digitized
on-line at 10 kHz using a PCI-MIO 16E-4 data acquisition
board (National Instruments, Austin, TX, USA).

Tonic current measurement. A custom-written macro
running under IGOR Pro v5.02 (Lake Oswego, OR, USA)
was used to perform the following analyses. The entire
digitized recording was loaded and seal tests were removed
from the traces. An all-point histogram was plotted for
every 10000 points and smoothed by Savitzky—Golay
algorithm to obtain the peak value. A Gaussian was fitted
to the part of the distribution not skewed by synaptic
events from a point 1 or 3 pA to the left of the peak value
(automatically determined by the macro) to the rightmost
(largest) value of the histogram distribution (Fig. 2B). The
mean of the fitted Gaussian was considered to be the
mean holding current. This process was repeated for the
entire recording. All baseline mean values thus obtained
were plotted and detrended by a linear fit obtained from
a segment of the baseline condition and extended to
the whole recording to correct for potential steady shifts
during the recordings. Usually, 20-30 s periods were used
for the control and drug conditions and a 10-15 s period
was analysed in the presence of bicuculline methiodide
(BMI). In a given neuron, we obtained the magnitude
of the tonic current by subtracting the baseline current
recorded in the presence of BML.

Phasic current determination. The baseline mean current
was subtracted bringing the mean of the Gaussian to 0 pA.
The cumulative sum of the 10 000 data points (an epoch
of 1 s) was calculated and divided by the number of points
in that segment of time. Thus, the data points belonging
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to the Gaussian distribution (baseline noise) summed to
0, while everything below (i.e. outside) the baseline noise
(generated by small and large IPSCs) summed to yield the
phasic I yean (Fig. 2C).

Detection and measurement of sIPSCs. All sIPSCs
were detected in 30-60s recording segments. Event
frequency, 10-90% rise time (RTj9_gp) and weighted
decay time constant (t,) values were measured. Detection
and analysis were performed using a custom-written
LabView-based software (EVAN).

Burst analysis. A region of interested (ROIL range,
0.8-2.2s) was selected from the recorded trace
corresponding to the duration of a given burst induced by
the sucrose puff. For each ROI, all spontaneous events were
detected and the mean phasic current was calculated. The
baseline current amplitude was determined as the value of
the point before the event was detected. All data are shown
as mean =+ standard error of the mean (s.e.M.). Statistical
significance was assessed by Student’s paired f test,
Student’s unpaired t test assuming unequal variances,
Wilcoxon matched-pairs signed-ranks test and one-way
ANOVA. The level of significance was set at P < 0.05.
Cross-correlations were normalized by the following
equation: y = RMS; - /len; - RMS,; - +/len,, where RMS
represents the root mean square and len; and len, represent
the total number of points in the segments of the phasic
and tonic currents, respectively.

Simulation of IPSCs

A custom-written macro running under IGOR Pro
v5.02 was used. The variables entered were: peak
amplitude, RT9_q, T\, and their corresponding standard
deviation, frequency, trace length (was kept constant
at 15s) and baseline current standard deviation. The
actual rise time (RT) was obtained from the RTy_oq.
Next, depending on the frequency of events to be
simulated, the peak amplitudes were generated using a
log-normal distribution of random peaks constrained by
the user-supplied values of mean peak amplitude and its
standard deviation. Rise and decay times were generated by
a Gaussian distribution around their user-supplied values
for mean and standard deviation. Next, the peak amplitude
and RT were sorted to obtain a hyperbolic relation. The
events were generated at a resolution of At = 10~* s by the
sum of two equations: (1) the rising phase of the event was
generated by: y; = [0.8 (—Amp)/RT] ¢ and (2) the decay
of the event was generated by: y, = Amp (exp(~'m)/7)
where Amp is the peak amplitude of the event to be
generated, RT is the 10-90% rise time, T is Ty, fimayx 1S
the time of the peak of the event, and ¢ is time. A random
noise based on the calculated single channel noise was
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added to decay phase of the event. The single channel noise
was calculated as 0% =i — (i*/N) where o is the variance,
i is the single channel current and N is the number of
channels obtained by dividing the peak amplitude of the
IPSC by i (2.2 pA) and multiplying the result by 1.25 to
account for an average open probability (Pype,) of 0.8. A
baseline current with a standard deviation specified by the
user corresponding to the variance observed in recorded
cells during periods with no IPSCs present, and a mean
value of 0 pA was generated at a resolution of At =10*s.
The simulated events were then summed with the base-
line current trace by adding each point of the simulated
event to the baseline starting at time points chosen from an
exponential distribution of interevent intervals generated
by the following equation: y = (1/frq) In(RND), where frq
is the event frequency supplied by the user and RND is a
random number between 0 and 1.

Single channel simulations

Currents mediated by «1835-containing GABA,Rs were
simulated by using Channel Laboratory V2.030536
(Synaptosoft, Inc., Decatur, GA, USA) based on a
published kinetic model (Haas & MacDonald, 1999)

Drugs

GABA (Sigma) at a concentration of 5 um was added to
the aCSF where indicated, and slices were pre-incubated
in this solution for ~5 min before starting the experiment.
1-[2-[[(diphenylmethylene)imino]oxy]ethyl]-1,2,5,6-
tetrahydro-3-pyridinecarboxylic  acid  hydrochloride
(NO-711), concanamycin A (Folimycin), gabazine
(SR95531) and bicuculline methiodide (BMI) were
purchased from Sigma, while tetrodotoxin (TTX) was
obtained from EMD Biosciences, Inc. (San Diego, CA,
USA).

Results

Decrease in phasic and tonic inhibitory currents
in CA1 PCs in the absence of action potentials
and presynaptic Ca?* entry

Action potential-mediated GABA release onto CGCs
early in development influences the level of tonic
inhibitory current in these neurons (Kaneda et al
1995; Brickley et al. 1996). We wanted to determine
if tonic inhibitory currents of CAl PCs, which
do not posses a specialized glomerulus, are also
regulated by action potential-mediated GABA release.
Whole-cell voltage-clamp recordings (V, =—70mV)
were performed in CAl PCs in the presence of 3 mm
kynurenic acid to block ionotropic glutamate receptors
and 7.5um NO-711 to block the GABA transporter
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GAT-1, which acts as a sink for GABA, and enhance
the extracellular level of GABA in the slice (Nusser &
Mody, 2002; Jensen et al. 2003). After recording a control
period, action potential-mediated GABA release and
Ca** entry into the terminals were blocked by perfusing
0.5 um TTX and 50 um CdCl,. Following perfusion of
TTX + CdCl, the frequency and peak amplitudes of
sIPSCs showed a gradual decrease (frequency: control,
26.6 £3.03 Hz versus TTX, 21.3 +2.88Hz, P =0.003;
peak amplitude: control, 45.1 +4.59 pA versus TTX,
37.4£3.45pA, P=0.025; n=6, paired ¢ test; Fig. 1A
and B) indicating that vesicular GABA release was
reduced. The tonic inhibitory current was also reduced (by
65% from 39.1 = 11.8 to 13.5+ 2.8 pA; n =6, P =0.031,
Wilcoxon matched-pairs signed-ranks test; Fig. 1A and C).

A TTX + CdCl,

50s/2%

-
o
]

0.8+

obability

5 0.6+

Tonic current (pA)

05 10 15 20 25 ®© @

Leg Interevent interval (ms)
Figure 1. Concomitant reduction in phasic and tonic inhibitions
after blocking action potential-dependent vesicular release
A, whole-cell voltage-clamp recording from a CA1 PC (V}, = =70 mV)
in the presence of 3 mm kynurenic acid and 7.5 um NO-711.
Horizontal lines over the recording denote the time of drug perfusions.
Right panel: Gaussian fits to all-points histograms derived from the
numbered 30 s recording periods (1, control; 2, 0.5 uM TTX + 50 um
CdCly) and a 15 s recording period during the perfusion of BMI used
to determine the tonic current. The differences between the Gaussian
means marked by the dotted lines are indicated. Inset: average sIPSC
from the numbered time periods of the recording (1, 1130 events; 2,
919 events). B, cumulative probability of the log scaled interevent
intervals recorded during the two numbered time periods (same
number of events as used in the inset of A). C, the average tonic
current is significantly reduced by blocking action potentials and Ca?*
entry into the terminals (39.1 £+ 11.8 pA versus 13.5+ 2.8 pA,n=6
cells). *P = 0.031 Wilcoxon matched-pairs signed-ranks test).
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According to our data, both phasic and tonic inhibitory
currents are decreased in CA1 PCs when vesicular GABA
release is reduced by blocking action potentials and Ca®*
entry into the terminals. However, a true correlation
between the changes in the two types of inhibition can only
be accomplished if they can be measured during short time
intervals (e.g. 1 s) instead of determining their properties
during long (e.g. 60 s) recording segments as done in the
past (Nusser & Mody, 2002). We thus devised a method
allowing for the simultaneous measurement of phasic and
tonic currents during short (1s) time epochs which we
called I pean.

The Iean method allows the measurement of phasic
current per unit time

Phasic and tonic currents were determined as described in
the Methods. Briefly, an all-points histogram was plotted
every s, obtaining a distribution skewed to the side of
synaptic events (Fig. 2B). The mean of a Gaussian fit to
the non-skewed side of the distribution was considered as
the mean holding current that formed the basis for the
determination of the tonic current (Fig. 24 and B). There
was no obvious correlation between the holding current
and the magnitudes of the tonic or phasic currents. All
the points outside the Gaussian fit were considered to be
part of the phasic current (phasic I ). To test whether
the all-point histogram of the tonic current without the
phasic current can be described by an unskewed Gaussian
distribution, we simulated the activation of high-affinity
non-desensitizing GABA,Rs («18368) using an established
model (Haas & MacDonald, 1999). The openings of a
single simulated channel activated by 1 mm GABA show a
high similarity to the experimentally obtained recordings
(compare Fig.3A with Fig.5A of Haas & MacDonald,
1999). To generate a tonic current of approximately
25 pA we simulated the activation of 1250 channels by
5um GABA (V,=—-70mV, GABA reversed potential
(Egapa) = 0 mV; Fig. 3B) The all-points histogram of this
current, as well as that of this current summed with a real
current recorded without the contribution of GABA,Rs
(Fig. 3B) both showed unskewed Gaussian distributions.
Based on these realistic simulations, the deviation from
the Gaussian distribution in the I ..., method when phasic
currents are present (Fig. 2B) must be due to the presence
of phasic events.

We next investigated how well the I, method can
resolve changes in phasic currents following a predicted
decrease in the size of IPSCs by altering the holding
potential. We recorded sIPSCs in a CA1 PC at —60 mV
and then changed the holding potential to —13 mV. This
decrease in holding potential should have reduced the
average sIPSC by 78%. The averages of all sIPSCs recorded
under the two conditions yielded a gross underestimate
of the predicted change (Fig. 4A) (Stell & Mody, 2002).
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This is due to the smallest events recorded at —60 mV
being buried in the noise when recorded at —13 mV (Stell
& Mody, 2002). This can be circumvented by using the
count-matching method (Stell & Mody, 2002), i.e. by
selecting an equal number of the largest events recorded
at —60mV to the total number of events recorded at
—13mV, the decrease of the average IPSCs became a
more realistic 72% (from 53.2 pA at —60 mV to —15.1 pA
at —13mV). Using the Ie,n method during the two
recording conditions, with no need for any event detection
or count-matching, we calculated a similar decrease in the
phasic current (—3.49 +0.17 pA at —60 mV compared
with 0.54+0.05pA at —13mV), corresponding to a
84 +3% decrease that very closely matches the one
predicted from the smaller driving force (Fig. 4A).
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We next tested the accuracy of the I,,,.,, method under
conditions of selective reduction of the phasic current.
We have previously shown that low concentrations of
gabazine (200 nm) selectively reduce the phasic current
without affecting the tonic current, due to the higher
GABA affinity of the extrasynaptic receptors (Stell & Mody,
2002). Werecorded inhibitory currentsin CA1 PCsinaCSF
containing 3 mm kynurenic acid and 5 um GABA with or
without 200 nm gabazine present. This low concentration
of gabazine statistically decreased I, phasic from
—6.5£1.4 to —1.7+ 0.4 pA (P =0.02, n=>5, unpaired
t test; Fig. 4B). This corresponds to a 74% reduction, close
to the value determined by count-matching the 100 largest
sIPSCs recorded with or without gabazine present that
detected a 64% reduction (control: 89.6 &= 10.7 pA; 200 nm

@ @ @
___________________________ - —_—
W{"“"ﬂW"’T‘"“' V'T i
_|50pA
100 ms
B :
e 170.62 -144.84
IWW?D pts |1au.'z=a pls 200/30 pts
Figure 2. Simultaneous measurement of phasic
and tonic currents using the /pean method
A, whole-cell voltage-clamp recording from a CA1 PC 4 “do ot s = i
(V, = =70 mV) in the presence of 3 mm kynurenic acid ) ’ ) ) ’ ’
and 5 um GABA with three numbered periods of 1s

each consisting of 10 000 points (1 and 2 are control 220 -200
periods, 3 in the presence of 100 um BMI). Lower

panels are showing, on an expanded time scale, the

-140 -220 -200 -180 -160 -140 -180-160 -140 -120 -100
Baseline current (pA)

periods used to calculate tonic and phasic currents in
B. B, Gaussian fits to the all-points histograms of the
indicated periods. The peak of the Gaussian denotes
the mean tonic current while all the points outside of
the Gaussian distribution (skewed to the left)
constitute the phasic current (see Methods for details).
Insets: higher magnifications of the corresponding
graphs. C, phasic (0) and tonic (@) current
measurements (performed every second) showing their
variability over time. Holding current is indicated on
the left axis, the right axis shows the measured /mean.
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Note the larger tonic /mean compared with the phasic
Imean throughout the recording. Numbers indicate the
corresponding time periods in A and B.
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gabazine: 30 £ 3.96 pA; n = 5; Fig. 4B). The small (~10%)
difference between the two methods is probably due to
our present experimental conditions where recordings in
the absence of gabazine were compared with recordings
in gabazine in different neurons. Nevertheless, the 74%
reduction produced by gabazine as found by the I
method compares very well to the 71% reduction found
in experiments where the IPSCs were compared before
and after perfusion of gabazine in the same cells (Stell
& Mody, 2002). Therefore, the I .., method appears to
be accurate even when very small phasic events, normally
beyond the detection threshold of conventional methods,
contribute to the all-points histograms. As expected (Stell
& Mody, 2002), tonic currents determined by the I e
method were not statistically different between the two
conditions (26.2 3.9 pA in control and 23.1 2.4 pA
in 200nnm gabazine; P=0.51, n=>5, unpaired f test).
Thus, the I, method accurately detected a selective
reduction in phasic inhibition. In addition to not requiring
detection and count-matching of the events, the phasic
I, can should be sensitive to the combined effects of sSIPSCs
frequency, amplitude and decay, which do not have to be
measured separately. Small amplitude or slow rise time
events missed by traditional detection programs are not
overlooked by this new measurement method because no
threshold-crossing is set as a prerequisite for detection. The
method can also be used for sSEPSC analysis or for outward
currents (Klaassen et al. 2006).

Small changes in sIPSC frequency, amplitude and
decay are better detected by the Imean method then
by measuring them individually

The traditional analysis of sSIPSCs involves their detection
based on some threshold-crossing or template-matching

A

1333 Simulation (1 channel, 1 mM GABA)

J. Glykys and I. Mody
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algorithm and then analysing them individually for
amplitude, decay and their overall frequency. We
wanted to ascertain that our newly devised phasic I ean
measurement was as sensitive to changes in IPSCs as the
analysis of each individual variable. To control changes
in the parameters of sIPSCs, we simulated whole-cell
voltage-clamped sIPSCs and systematically changed
their frequencies, amplitudes and decay time constants.
We developed an IPSC simulator running in IgorPro
where frequency, peak amplitude, 10-90% rise time
(RT19-90), weighted decay (t,,) as well as baseline noise
standard deviation (o) could be individually modified
(see Methods for details). Analysis of a 15s period of
simulated sIPSCs, generated using frequency and event
properties recorded from several CAl1 PCs, yielded an
excellent correspondence between the properties of the
simulated and recorded sIPSCs, with no statistically
significant differences in frequency, peak amplitude,
RT}9_gp Or 7, (experiment: frequency, 26.8 £+ 2.15 Hz;
peak amplitude, 47.7 & 2.93 pA, RT1¢_q0, 0.53 £ 0.01 ms,
Ty, 636+0.17ms, n=7; simulation: frequency,
26.4 £ 2.20 Hz; peak amplitude, 46.9 £ 2.95 pA, RT9_o0,
053+0.0lms, 7, 6.424+0.19ms; n=7, P>0.05
for each parameter, unpaired f test; Fig. 5). Next, we
systematically varied individual IPSC parameters in the
simulator and compared them to the simulated control
parameters. When IPSC peak amplitude was increased by
25%, both phasic I e (control, —7.96 &£ 0.65 pA versus
+25%, —10.6+0.87pA; n=7, P=0.034 unpaired
t test) and the individual peak amplitude analysis showed
statistically significant differences (from 46.9 2.95 to
58.5 £ 4.01 pA; n =7; P = 0.040, unpaired ¢ test). Smaller
increases in peak amplitude failed to produce a statistically
significant increase in I e, However, phasic I can showed
a statistical difference when the frequency was increased

Figure 3. Tonic current without phasic current
follows a Gaussian distribution in the /nean
method

A, simulation of single channel openings of an

2 p‘ﬂ‘l a1B38 GABAA channel activated by 1 mm GABA

100 ms based on the kinetic model of Haas & MacDonald
B Simulated (1999) (compare this simulated trace with the
Total = (1250 channels, 5 uM GABA) + BMI experimental trace shown in Fig. 5A of that
P A I e N 1 e publication). B, upper panels: simulated current
50 pﬂ generated by the activation of 1250 1838 GABAA
100 ms channels by 5 um GABA (Vi, = =70 mV,
Ecasa = 0 mV) using the kinetic model as in A. The
-170.3 pA -170.1 pA -144 .8 pA current trace recorded in the presence of BMI is the
same as that shown in Fig. 2B. Total current was
100/20 pts I'I 00/20 pts 200/30 pts determined as the sum of the simulated current and

-155

the current recorded during BMI. Lower panels:
Gaussian fits to right sides of the all-points
histograms of the indicated traces. The peak of the
Gaussian denotes the mean holding current. Note
on the insets the lack of deviation from the Gaussian

T T
-220 -200 -180 -160
Baseline current (pA)

140 -220 -200 -180 -160 -140 130 180 14D -120 100

distribution (i.e. the absence of a skew) compared
with when phasic currents are present (insets on
Fig. 2B).
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by ~25% (to —10.2 £ 0.68 pA, n =7, P = 0.036, unpaired
t test) but the individual frequency analysis did not yield a
significant difference (from 26.4 £ 2.20 to 33.3 &+ 3.06 Hz,
n=7; P =10.095, unpaired f test). This was in contrast to
the analysis of individual t,, where a ~15% increase was
statistically different (from 6.42 + 0.19 to 7.36 = 0.23 ms,
n=7, P=0.009, unpaired ¢ test) yet phasic I, was
unable to resolve a statistically significant difference
(—9.45£0.80 pA, n=7, P=0.176, unpaired f test). A

A

Expected decrease

Vh=-13mV
All 454 events

Vh = -60 mvy
All 1,243 events

The main source of ambient GABA

Vi =-13 mV
All 454 events

Vh =-60 m\Vf
Largest 454 events

Control SR
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difference of ~25% in t,, was needed to statistically
significantly change phasic e (to —9.89 £ 0.53 pA,
n=7, P =0.041, unpaired ¢ test). This lack of sensitivity
for t,, was due to a higher coefficient of variance of phasic
I'nean compared with the variance of 7, (phasic I jesn CV
was 22.36% compared with the 7, CV of 8.28% for an
increase in t,, by 15%).

However, when two sIPSCs parameters increased
concomitantly, phasic Ie, showed a much higher

-60 mv

13 mv

T
[
Imean phasic (pA)

-3
L -4
= 0
50 pts Control
- -2
1 1 ] L I
-280 -240 -200

Baseline holding current (pA)

T
A
Imean phasic (pA)

50 pts

| Ll

‘8 L] ¥ 1
e -300 -260 -220
Baseline holding current (pA)

Figure 4. Accuracy of the /nean method for detecting changes in the phasic current

CA1 PC recorded in the presence of 3 mm kynurenic acid and 5 uM GABA at two separate holding potentials of
—60 and —13 mV. A, left panel: average sIPSC (of the indicated number of events) recorded at the two potentials.
The change in driving force is expected to reduce the average IPSCs at —13 mV by 78% compared with that
recorded at —60 mV. Middle panel: count-matching the number of events recorded at —13 mV with the largest
amplitude sIPSCs recorded at —60 mV gives a more accurate value of 72% reduction. Right panel: using the /mean
method gives a similar decrease (84%). B, left panel: average sIPSC recorded under control conditions in a CA1
PC and in another cell in the presence of 200 nm gabazine (SR; averages of the largest 100 events). Middle panel:
the phasic current calculated by the /mean method shows a similar reduction without the need for event detection
and count-matching. Right panel: sample all-point histograms measured over 1 s epochs recorded in two different
cells in different conditions. Note the decrease in the skewed part of the histogram corresponding to the phasic
current when the cell is exposed to gabazine (SR). In A and B, the /nean Was obtained as the average of 60 or 30

1-s segments, respectively.
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sensitivity than the analysis of the individual parameters.
In a new set of simulations, when the peak amplitude
and frequency were increased, albeit non-significantly,
by ~15% (from 47.6 £3.13 to 55.8 +3.96pA, n=7,
P=0.131, unpaired ttest) and by ~10% (from
262+£2.14 to 293+£216Hz, n=7, P=0.326
unpaired ftest), respectively, phasic I increased
to reach statistical significance (from —8.08 £0.53 to
—10.4+0.73pA, n=7, P=0.024, unpaired f test).
Significantly different phasic Iy, values were also
obtained, for example, when the peak amplitude
was increased by ~10% and the frequency by ~15%
(phasic Ipean: from —8.08 £0.53 to —10.3 +0.77 pA,
n=7, P=0.039, unpaired ttest), or when the peak
was increased by ~15% and the 7,, by ~10% (phasic

J. Glykys and I. Mody

J Physiol 582.3

Imean: from —8.08+0.53 to —10.0+0.60pA, n=7,
P =0.031, unpaired ttest; Fig.5F and G). Notably,
in any of the simulations none of the individual
parameters were significantly different from each
other.

Inean detected even smaller differences when all
three sIPSCs parameters were increased simultaneously
by insignificant amounts. When the peak amplitude,
frequency and t,, were slightly increased by ~5% (to
50.3+3.35pA, n=7, P=0.560, unpaired f test), by
~10% (to 30.0+2.77Hz, n=7, P=0.303, unpaired
t test) and by ~5% (to 6.68 £0.20 ms, n =7, P = 0.444,
unpaired ¢ test), respectively, the phasic I e, increased
significantly (from —8.08 £0.53 to —10.2+0.78 pA,
n =7, P =0.044, unpaired ¢ test).
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Figure 5. Comparison of experimental and simulated events

A, whole-cell voltage-clamp recording from a CA1 PC (V,, = =70 mV). Left inset: higher magnification of a
1 s segment denoted by dashed lines. Right inset: single sIPSC (indicated by asterisks) overlaid from an actual
experiment and from a simulation using the parameters obtained from the actual recording. B, a simulated 15 s
trace using the parameters obtained from the recording in A. Inset: higher magnification of a 1 s segment marked
by dashed lines. C, distribution of interevent intervals (corresponding to the frequency of 27.2 Hz of the events in
A) used to generate the trace in B. D, plot of phasic /mean (P-/mean) Cumulative average (calculated every second)
showing no difference between experiment and simulation. £, peak, 10-90% rise time and t,y distributions used
to generate the trace in B, which were obtained by using in the simulation the mean and standard deviations of
the respective parameters from the recording in A. F, average simulated sIPSC showing the difference when the
peak and ty are both increased by 15% and 10%, respectively (grey line). G, when peak amplitude and t, are
compared between two sets of simulations, they do not show statistical differences (peak: P = 0.174, n =7; ty:
P =0.064, n =7, unpaired t tests). The combined effect of the simultaneous, albeit non-significant, changes in
the two parameters results in a significantly different phasic /mean (from —8.08 & 0.53to —10.0 £ 0.60 pA, n =7,

P =0.031, unpaired t test).
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Wealso studied how opposite changes in two parameters
influences phasic e A significant 25% increase in
peak amplitude (to 58.3 +3.91 pA, n =7, P = 0.040) and
a simultaneous 30% significant decrease in frequency
(to 18.71 = 1.44Hz, n=7, P=0.015) did not modify
phasic Iien (from —7.96 £0.65 to —7.03 £ 0.54 pA,
n=7, P=0.290). Thus, as sIPSC properties change in
opposite directions, the total current mediated by the
synaptic events may remain constant. These simulations
show that the I, method can reliably detect small
combined differences in IPSC parameters, and, when used
in combination with conventional event detection, can
predict when two opposing changes cancel out each other.
At some combination of the parameters the individual
events may merge to create a shifted baseline current
that may be difficult to separate from the tonic current.
However, as shown in Figs 6 and 7, in our recordings this
condition was not reached even at IPSC frequencies of
~100 Hz.

Spontaneous bursts of sIPSCs increase the tonic
inhibitory current

Some dentate gyrus interneurons show a bursting pattern
of firing (Han et al. 1993). We recorded spontaneous
bursts of IPSCs in dentate gyrus molecular layer inter-
neurons in the presence of 3mm kynurenic acid and
5 umM GABA without blocking GABA uptake with NO-711
(n =4; Fig. 6A). During the bursts, the IPSCs in the cell
shown in Fig. 6A had a frequency of 52.1 Hz which was
~6 times higher than during baseline conditions (9.1 Hz).
There was also an increase in peak amplitude, 7,, and
o pL during the burst compared with the control baseline
(burst: peak amplitude 118 &= 3.68 pA, 7, 9.09 & 0.43 ms,
oL 5.21 pA; control: peak amplitude 32.7 + 1.77 pA, 7,
6.25 4 0.27 ms, oy, 3.88 pA; Fig. 6A). Besides an increase
in phasic current there was a shift in the holding current
during the burst compared with the baseline of 16.1 pA
(Fig. 6C). This difference in holding current could be a
result of either a summation of sIPSCs due to their high
frequency or of GABA spillover from synapses to extra- and
peri-synaptic receptors. Therefore, by using the frequency
and kinetics of the sIPSCs as well as the oy recorded in
the control and burst segments we generated simulated
traces of 15s. The events were added to a baseline with
a mean current of 0 pA plus the o measured from the
recording. Next, an all point histogram of the whole 15 s
was plotted and a Gaussian was fitted to obtain the base-
line current (see Methods for details). A simulated control
period (with an event frequency of 10.4 Hz) had a holding
baseline of —1.31 pA. This increased to —2.69 pA when
a burst was simulated (events at 50.9 Hz) and to a mere
—4.46 pA when the frequency was increased 1.5 times,
an overshoot, just in case some of the sIPSCs were not
detected in the actual recording (75.7 Hz; Fig. 6B and C).
This clearly indicates that the increase in frequency and

© 2007 The Authors. Journal compilation © 2007 The Physiological Society

The main source of ambient GABA

171

altered kinetics of the sIPSCs accounts for only 2.69 pA of
the baseline shift whereas the rest of the 13.4 pA should
represent the activation of extrasynaptic receptors due to
GABA spillover.

A Spontaneous IPSC burst
»
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Figure 6. Increased tonic inhibitory current during spontaneous
bursts of sIPSCs

A, whole-cell voltage-clamp recording from a molecular layer
interneuron in the presence of 3 mm kynurenic acid and 5 um GABA
(V, = =70 mV) showing a spontaneous burst of sIPSCs (®). Lower
panel shows expanded 5 s segments from the burst (@, 52 Hz) and
control (0, 9 Hz) conditions. The dashed line indicates the baseline
current in the control condition. B, simulated traces using the recorded
parameters (frequency, peak amplitude, 10-90% rise time, t,, and
baseline noise) from the experimental condition. The dashed line
indicates a baseline current of 0 pA. C, left panel: Gaussian fits to
all-points histograms of the simulated traces using the parameters
obtained from the experimental condition at 1-times and 1.5-times
the maximum experimentally obtained event frequency during the
burst. Shifts in baseline currents are as follows during the respective
sIPSC frequencies: 10.4 Hz (—1.31 pA), 50.9 Hz (—2.69 pA) and at
75.7 Hz (—4.46 pA). Right panel: the difference in the tonic current
measured in the experiment between the control condition and the
spontaneous burst. GABA spillover must account for 13.4 pA of the
increase in tonic current (16.1 pA — 2.69 pA).
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Increased tonic inhibitory current during induced
bursts of sIPSCs

We next wanted to confirm the results of our simulations
by inducing sIPSCs burst in a recorded cell. This was done

A WT  Sucrose 300mM

|ZUD pts

68 Hz

19 Hz

J. Glykys and I. Mody
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in CA1 PCs recorded in whole-cell voltage-clamp in the
presence of 3 mm kynurenic acid and 5 um GABA. After
a stable baseline recording was obtained, a short puff of
sucrose (300 mm) was applied by a picospritzer to the soma
of the recorded cell (Mody et al. 1994) (Fig. 7A) to induce

L] T
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m,,‘ '((‘ﬁ(fwﬁﬁ“%“n ryrTT =22

100 ms
B Simulation

O - I
I ~
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=] .

50 pA
500 ms
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=]

-20
Baseline current (pA)
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Baseline current (pA)

3.7 pA
i Figure 7. Tonic inhibition increases during induced
i sIPSCs bursts

A, left panel: whole-cell voltage-clamp recording from a

21 CA1 PC in the presence of 3 mm kynurenic acid and
Hz 5 um GABA (Vi = —70 mV) where sucrose (300 mwm,
66 black line) was applied by low pressure from a pipette
Hz positioned close to the soma to induce a burst of IPSCs
102 (®@). Lower panel shows expanded 5 s segments from
Hz the burst (@, 68 Hz) and control (0, 19 Hz) conditions.

The dotted line indicates the baseline current in the
control condition. Right panel: Gaussian fits to the
all-points histograms (dashed lines) of the two traces on
the left indicating the shift in baseline current produced
by application of sucrose (s.p. of the Gaussian fits:
control 4.54 pA; burst 15.1 pA). B, left panel: simulated
traces using the experimentally recorded sIPSC
parameters. The dotted line indicates a baseline current
of 0 pA. Right panel: Gaussian fits to all-points
histograms of the simulated traces using the parameters
obtained from the experimental condition at 1-times
and 1.5-times the maximum experimentally obtained
event frequency during the burst. The shifts in baseline
current at the indicated frequencies are as follows:

21 Hz (—=1.06 pA), 66 Hz (—2.93 pA) and at 102 Hz
(—4.77 pA). GABA spillover should account for 20.1 pA
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C, same as A but recorded from a Gabra5/Gabrd=/~
double knockout mouse CA1 PC (Vy, = —70 mV) that
lacks tonic inhibition altogether. Note the absence of a
% tonic inhibitory current during the induced sIPSC burst
(s.0. of the Gaussian fits: control 5.26 pA; burst

6.14 pA). D, linear regression between the
burst-induced change in tonic and phasic currents
indicating a high degree of correlation during a
condition of increased vesicular GABA release (n = 14).
Line represents the linear fit while dashed lines
represent 95% confidence intervals. E, histogram plots
of phasic and tonic current measured during induced
bursts in wild type (WT) and in Gabra5/Gabrd =/~
double knockout mice that lack tonic currents. (n = 14;

Change in phasic (pA) Phasic

Tonic *P < 0.001, unpaired t test).
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a burst of sIPSCs (control: frequency 20.5+ 0.62 Hz,
peak amplitude 38.4 + 1.67 pA, RTp_9¢ 0.61 £ 0.02 ms,
Ty, 6.54 +0.27 ms; burst: frequency 58.1 &+ 3.36 Hz, peak
amplitude 42.9 & 1.80 pA, RTy_g9 0.51 & 0.02 ms, 7, not
determined due to the high number of overlapping events;
n =>5 bursts periods with their adjacent control period).
The bursts induced a 24.3 4= 1.48 pA increase in holding
current and an increase from 6.95 £ 0.65 to 17.3 + 0.8 pA
in phasic current (see Methods under Burst analysis;
n = 14). To determine if this increase in holding current
was a consequence of the summation of high frequency
of events or of GABA spillover, we simulated one of the
bursts (Fig. 7B). There was a —1.06 pA shift in baseline
when the events were simulated at a control frequency
(21 Hz) while at 65.6 Hz (burst event frequency) this
shift increased to —2.93 pA, and to —4.77 pA when the
frequency of events was increased 1.5 times (102.4 Hz;
Fig. 7C). However, when the change in holding current was
determined in the actual CA1 PC, the baseline shifted by
23 pA (Fig. 7A, right) indicating that 20.1 pA of the base-
line shift was due to activation of extrasynaptic receptors
following GABA spillover. In addition, the changes in
phasic and tonic currents produced by the enhanced
vesicular release triggered by the sucrose puffs were highly
correlated (r = 0.86, P < 0.0001; n = 14, Fig. 7D).

The GABAALR o5 subunit is mainly distributed
extrasynapticallyin CA1and CA3 PCs of the hippocampus
(Sur et al. 1999b; Pirker et al. 2000; Brunig er al.
2002; Serwanski et al. 2006). Mice lacking the GABA,R
o5 subunit (Gabra5~/~) show a residual amount of tonic
current in CA1 PCs mediated by an up-regulation of
the GABA4R § subunit without change of phasic current
(Glykys & Mody, 2006). Recently, we generated Gabra5/
Gabrd~/~ double mutant mice which lack altogether tonic
inhibitory current in CA1 PCs (1.47 & 0.68 pA, n=06).
These mice can be used to determine if summation of
high-frequency sIPSCs or the activation of extrasynaptic
receptors is responsible for the change in baseline current
during the bursts. We repeated the experiment in slices
obtained from these mice where brief sucrose puffs
were applied to CA1 PCs which increased the sIPSCs
frequency and kinetics (control: frequency 25.4 = 1.29 Hz,
peak amplitude 41.9 £ 2.06 pA, RTp_99 0.49 £ 0.02 ms,
T, 5.46 £0.15ms; burst: frequency 61 &£ 2.66 Hz, peak
amplitude 53.3 +2.36 pA, RTy_go 0.47 £0.03 pA, T,
4.64 +0.11; n=6). As expected, in a neuron where there
is no tonic current, the shift in baseline current during
the sucrose puff only increased by 3.93 £ 0.89 pA while
phasic current reached 19.5+ 0.91 pA during the burst
(n = 14; Fig. 7C and E). Notably, there were no statistical
differences between wildtype and Gabra5/Gabrd =/~ phasic
currents in either burst or control conditions (P > 0.05,
unpaired ¢ test, Fig. 7E). These results strongly support the
idea that excessive GABA released from vesicles triggered
by the sucrose puffs spills over onto extrasynaptic receptors
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during sIPSC bursts and causes the increase in the baseline
current during the bursts, i.e. tonic current. As expected,
this increase is highly correlated with the increase in phasic
current during the burst (Fig. 7D).

A decrease in phasic current is correlated
with a decrease in tonic current

The use of I .. allowed us to calculate the phasic and tonic
currentin any desired epoch (e.g. 1 s) of the traces recorded
in the presence of TTX and CdCl, (Fig. 1) to determine
if a correlation exists between the two currents (Fig. 8A).
The phasic I e, decreased from —9.56 £ 1.68 pA in the
control condition to —5.31 £ 0.72 pA in the presence of
TTX and CdCl, (P=0.032, n=6, paired f test). The
cross-correlation between phasic and tonic inhibitory
current showed a positive peak at t =0s (0.40 £ 0.11,
n=6; Fig.8B) indicating that at this time resolution
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Figure 8. Correlation between phasic and tonic inhibitory
currents following blockade of action potential-dependent
GABA release

A, whole-cell voltage-clamp recording from the same CA1 PC depicted
in Fig. 1A showing phasic and tonic /mean Simultaneously measured
every second. The current in the presence of BMI was subtracted to
yield a mean of 0 pA. Lines above the recordings indicate when TTX
(5 uM) + CdCl (50 um) and BMI (100 um) were applied. B,
normalized cross-correlation of phasic and tonic currents from the
recording in A showing a positive correlation at 0 s. All neurons
analysed (n = 6) showed a mean positive cross-correlation at 0 s of
0.40 £ 0.11. C, linear regression displaying 292 continuous seconds
from the neuron depicted in A showing that phasic and tonic currents
are correlated. Line represents the linear fit while dashed lines
represent 95% confidence intervals
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(1s) the two currents are correlated to each other with
no phase lag. In reality, the change in phasic current
is expected to precede that in the tonic current due to
the time required for diffusion of GABA to extrasynaptic
sites. In all recorded neurons the two types of inhibition
had a positive covariance (21.5+10.9, n=6) and a
significant linear regression (P < 0.0001; n = 5; Fig. 8C for
an example). These results indicate that a large fraction
of the tonic inhibitory current is mediated by action
potential-dependent GABA release. It should be noted,
however, that as mIPSCs are frequent, vesicular GABA
release is still present in the absence of action potentials
which may be responsible for the tonic current persisting
in the presence of TTX + CdCl,.

Thus far, we have shown that phasic and tonic inhibitory
currents are both reduced when Ca’>" entry into the
terminals and action potentials are blocked. Although this
treatment reduces, but does not abolish, vesicular GABA
release, it provides only an indirect proof for the vesicular
origin of the source of GABA responsible for the two
types of inhibition. Therefore, we wanted to examine the
direct effect of reducing vesicular GABA content on the
phasic and tonic inhibitory currents. Concanamycin A
(folimycin) blocks the vacuolar-type ATPase, thus
reducing the neurotransmitter concentration in vesicles
(Drose & Altendorf, 1997; Harrison & Jahr, 2003).
We used concanamycin A to reduce vesicular GABA
content. CA1 PCs were incubated in either DMSO or

Control 3.8 uM Concanamycin A

BMI
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concanamycin A (100nMm or 3.8 um) for>1h and
recorded in the presence of 3 mm kynurenic acid and
7.5 uMm NO-711. When compared with control conditions,
100 nM concanamycin A decreases both phasic and
tonic currents (control: phasic Ije,n 4.28 £0.55pA,
tonic 33.5+4.34pA, n=06; 100nM concanamycin A:
phasic I iean 3.63 +0.27 pA, tonic 21.2 £+ 6.58 pA, n=>5;
Fig. 9A and D). In the presence of 3.8 uM concanamycin
A the frequency and amplitudes of sIPSCs were
reduced to 6.7 & 1.14 Hz, and 18.7 & 1.44 pA, respectively
(from 22.8 +2.27Hz and 32 £ 1.28 pA under control
conditions), as expected after reduction of vesicular filling.
This produced a corresponding decrease in phasic I yean
(0.59+£0.11 pA) and a correlated decrease in the tonic
current (14.5 +2.95 pA, n = 6; Fig. 9A and D). One-way
ANOVA for all three groups showed significance for both
phasic (P < 0.0001) and tonic currents (P = 0.029) while
Dunnett’s post hoc test showed a significant difference
between the control condition and 3.8 M concanamycin
A (phasic I'esn P <0.0001, tonic P=0.018; Fig.9C).
A linear regression between phasic and tonic currents
using the values obtained in all recorded neurons (control
and concanamycin A) showed a significant correlation
(r=0.493, P =0.044; Fig.9D) with a large positive
covariance (11.6) of the two types of inhibition. These
results are consistent with both the phasic and tonic
currents being strongly dependent on the amount of GABA
contained in the vesicles.

BMI

Figure 9. Correlated decrease in tonic and phasic
inhibitions following a reduction in vesicular
GABA content

A, whole-cell voltage-clamp recording from a CA1 PC
in the presence of 3 mm kynurenic acid and 5 um
GABA (V}, = =70 mV) showing a 44.3 pA tonic
current. Lower panel: 5 s expanded segment of the
trace shown above (phasic /mean = —4.21 pA) B, same
as A but in a CA1 PC recorded in a slice pre-incubated
in 3.8 um concanamycin A for 1 h. The tonic current is
14.55 pA. Lower panel: 5 s expanded segment of the
trace shown above (phasic /mean = —0.50 pA). C, bar
graphs of tonic (left) and phasic (right) currents
recorded under three different conditions: control (m),
100 nm (@) and 3.8 uM concanamycin A (4).

*P < 0.05 (one-way ANOVA, Dunnett’s post hoc test).
D, linear regression between the normalized phasic
and tonic currents. Symbols correspond to the

Control ® experimental conditions in C; open symbols are

"N tonic (pA)

& ',&e. “ g%ﬁ ”h’:"". individual experiments, filled symbols are
A : =t L ‘ mean = s.e.M. Continuous line represents the linear fit
0.5 1.0 1.5 to the data points while the dashed lines represent the

95% confidence intervals (r = 0.493, P = 0.044).
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Discussion

A novel approach to measuring inhibition (Ijeun)
enabled us to simultaneously determine phasic and
tonic inhibitory currents during short epochs in mouse
hippocampal neurons. Using a variety of experimental
approaches to decrease or increase the amount of
GABA released from synaptic vesicles, we have shown
a strong positive correlation between the two types of
inhibitions. We conclude that vesicular GABA release
is responsible for most of the tonic inhibitory current
seen in hippocampal neurons under our recording
conditions.

The I ean method computes a global inhibitory current
over a chosen time period and can account for the
combined effects of changes in frequency and in various
properties of the recorded synaptic currents. Previous
methods calculated the overall synaptic currents over
various time periods (charge) based on measuring the area
of the average detected event and multiplying it by the
mean frequency of the events over the period of interest.
This method fails at high event frequencies when events
overlap or at small event amplitudes when events cannot be
detected. In contrast, the I ., method does not rely on the
use of detected events. It is highly sensitive to small changes
in frequency and event properties even when each of these
properties does not change significantly in the detected
events. Moreover, as the I .., reflects the compound effect
of all alterations in event properties, changes in opposite
directions may cancel each other, producing no net change
in the global current. Calculating I .., can be automated
without the need for sophisticated detection algorithms.
In our study, the major advantage of the I, method
was to simultaneously measure tonic and phasic inhibitory
currents during short epochs thus allowing us for the first
time to quantify correlations between the two types of
inhibition.

Tonic inhibition is mediated by various extrasynaptic
receptors expressed in different areas of the brain
(Semyanov et al. 2004; Farrant & Nusser, 2005).
These receptors are especially well-suited to sense low
concentrations of GABA due to their specific subunit
composition with high affinity for GABA which includes
either § or the «5 subunits (Saxena & MacDonald,
1994; Burgard et al. 1996; Fisher & MacDonald, 1997).
The potential sources of extracellular GABA responsible
for the activation of neuronal peri- and extra-synaptic
receptors have received great attention because drugs
modulating interstitial GABA levels, especially those
that block GABA transporters, are of great therapeutic
potential (Eckstein-Ludwig et al. 1999; Dalby, 2003;
Perucca, 2005). Several sources of extracellular GABA have
been proposed, including the reversal of GABA trans-
porters (Richerson & Wu, 2003), non-vesicular and action
potential-independent leakage mechanisms (Attwell et al.
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1993; Wall & Usowicz, 1997; Rossi et al. 2003), action
potential-dependent mechanisms (Kaneda et al. 1995;
Brickley et al. 1996; Bright et al. 2007) as well as release
from astrocytes (Liu et al. 2000; Kozlov et al. 2006).

In the present study, we have shown that tonic
and phasic inhibitory currents are correlated under
conditions of both enhanced and decreased vesicular
GABA release. However, not every condition resulted in
a perfect ‘one-to-one’ correlation between phasic and
tonic inhibitory currents. For example, when vesicular
GABA content was reduced, and thus the GABA released
from the vesicles was diminished, phasic current was
affected more than tonic current. This is consistent with
the different affinities for GABA of the receptors that
mediate the two types of inhibition. It was previously
shown that low concentrations of gabazine (200 nm)
significantly reduce phasic current without altering tonic
inhibitory current, demonstrating that the GABA4R
assemblies mediating tonic current have a higher affinity
for GABA (Stell & Mody, 2002) as shown in expression
systems (Saxena & MacDonald, 1994; Brown et al. 2002).
Therefore, in the presence of low extracellular GABA levels
after reduced vesicular filling, tonic inhibitory current
would still be present, while the lower affinity GABA,Rs
responsible for phasic inhibition in the recorded cell
would not be active. As vesicles from synapses onto
neighbouring cells also release GABA, albeit at reduced
levels, the ambient GABA levels may not be depleted
by the same amount as the reduction of phasic current
recorded in a single neuron. This also means that in
pathological processes where synaptic vesicle filling might
be impaired, tonic inhibitory current would become the
predominant force in maintaining inhibitory control.
Conversely, the high affinity of the GABA receptors
responsible for generating the tonic conductance may
also be responsible for the deviation from linearity of the
correlation between the phasic and tonic currents shown
in Fig.8C. As phasic inhibition continues to increase,
the levels of GABA may reach a concentration that can
no longer enhance the tonic conductance. This property
might impose a natural limitation on the size of the
tonic conductance that can be generated under a given
condition.

The correlation between tonic and phasic current was
also evident during enhancement of vesicular GABA
release. During bursts of sIPSCs (spontaneously occurring
or induced by enhancing vesicular GABA release by
applying sucrose puffs) there was a simultaneous and
highly correlated increase in tonic current. We have
shown that the increased steady current during the
bursts is due to spillover of GABA onto nearby peri-
and extra-synaptic receptors producing tonic inhibitory
current. This idea was unequivocally confirmed by
recordings from Gabra5/Gabrd~/~ mice in CA1 PCs that
are devoid of any tonic current.
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Our results are in contrast to studies in adult CGCs,
where the magnitude of tonic inhibitory current was not
dependent on action potential-mediated GABA release
(Wall & Usowicz, 1997; Rossi et al. 2003), but are in
accordance with recordings from CGCs early on during
development where tonic and phasic inhibitions are
both action potential dependent (Kaneda et al 1995;
Brickley et al. 1996) and in thalamic relay neurons of
the dorsal lateral geniculate nucleus (Bright et al. 2007).
It has to be noted, however, that CGCs have specialized
inhibitory/excitatory synapses which are ensheathed by an
astrocytic glomerulus (Eccles et al. 1967; Jakab & Hamori,
1988) most probably preventing long distance diffusion
of GABA. Most inhibitory synapses in the CNS are
devoid of such specialized synaptic structure thus allowing
the free diffusion of GABA to neighbouring cells. This
more frequent synaptic arrangement allows diffusional
transmission by vesicular GABA through spillover from
the synaptic cleft to nearby extra- and peri-synaptic
receptors before being transported back into neurons and
astrocytes (Sykova, 2004).

Our results do not completely rule out the contribution
of astrocytes, reversed GABA transporters or action
potential-independent mechanisms to the maintenance of
ambient GABA levels, particularly during specific physio-
logical or pathological conditions (Attwell et al. 1993;
Liu et al. 2000; Richerson & Wu, 2003; Rossi et al. 2003;
Wu et al. 2003; Sykova, 2004). For example, in lactating
animals there is a retraction of astrocytic processes in
hypothalamic magnocellular neurons which results in
an enhanced diffusion of glutamate needed for synaptic
cross-talk (Piet et al. 2004). Reversal of the GABA trans-
porter has been demonstrated in the presence of high
extracellular K as well as in association with a decrease
in extracellular Nat concentration, which resemble
conditions of high-frequency neuronal firing (Gaspary
et al. 1998). Nevertheless, our results under conditions
designed to restore ambient GABA concentrations to
mimic those expected in vivo, demonstrate that the main
component of tonic inhibitory currents in hippocampal
neurons is mediated by spillover subsequent to the release
of GABA-containing vesicles. Until vesicular release can be
entirely abolished in our slices, it will be difficult to assign
a numerical value to just how large this main component
is.

The GABA concentration released into the synaptic
cleft can reach the millimolar range (Nusser et al.
2001; Mozrzymas et al. 2003). In the absence of a
barrier but depending on several diffusional parameters
(Sykova, 2004) and the number of vesicles released,
GABA molecules will freely diffuse over some distance
resulting in a sufficient concentration to activate the
high-affinity GABAsRs responsible for tonic current.
An activity-dependent GABA spillover from presynaptic
terminals will be most effective on adjacent extra- and
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peri-synaptic receptors. Further away from the releasing
boutons, GABA transporters could decrease the GABA
concentration in a distance- and region-specific manner
(Engel et al. 1998). Other factors affecting the diffusion
of GABA in the extracellular space may also play a role as
it is seen with glutamate diffusion (Rusakov & Kullmann,
1998; Sykova, 2004). In contrast to a glia-dependent GABA
release or uptake that may influence a basal tone of
inhibition in a wider area, synaptic GABA spillover should
have more direct and local influence on the postsynaptic
neuron’s firing and integrative properties (Mitchell &
Silver, 2003; Chadderton et al. 2004). Thus interneurons
can influence other neurons not just by intersynaptic
diffusion (Scimemi et al. 2004) but also by activating
extrasynaptic receptors on neighbouring cells that do
not receive synapses from the given interneuron. In this
manner, burst of sIPSCs mediated by specific classes of
interneurons like fast spiking cells onto PCs (Somogyi &
Klausberger, 2005) could readily influence the amount
of tonic inhibition of their postsynaptic target cells as
well as that of nearby but not synaptically connected
neurons.

The close involvement of tonic inhibition in various
physiological (e.g. ovarian cycle (Maguire et al. 2005))
and pathological (e.g. ethanol action (Wei et al. 2004;
Glykys et al. 2007), epilepsy (Houser & Esclapez, 2003;
Peng et al. 2004)) events in the brain makes it critical to
understand the origin of the transmitter activating this
type of inhibition. Based on our study, the main source
for tonic inhibition under physiological conditions is the
GABA contained in the same vesicles that are responsible
for generating phasic inhibition.
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