
Cellular/Molecular

Somatic Depolarization Enhances GABA Release in
Cerebellar Interneurons via a Calcium/Protein Kinase
C Pathway
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In cortical and hippocampal neurons, tonic somatic depolarization is partially transmitted to synaptic terminals, where it enhances
transmitter release. It is not known to what extent such “analog signaling” applies to other mammalian neurons, and available evidence
concerning underlying mechanisms is fragmentary and partially controversial. In this work, we investigate the presence of analog
signaling in molecular layer interneurons of the rat cerebellum. GABA release was estimated by measuring autoreceptor currents in
single recordings, or postsynaptic currents in paired recordings of synaptically connected neurons. We find with both assays that
moderate subthreshold somatic depolarization results in enhanced GABA release. In addition, changes in the calcium concentration were
investigated in the axon compartment using the calcium-sensitive dye OGB-1 (Oregon Green BAPTA-1). After a step somatic depolariza-
tion, the axonal calcium concentration and the GABA release probability rise with a common slow time course. However, the amount of
calcium entry that is associated to one action potential is not affected. The slow increase in calcium concentration is inhibited by the P/Q
calcium channel blocker �-agatoxin-IVA. The protein kinase C inhibitor Ro 31-8220 (3-[3-[2,5-dihydro-4-(1-methyl-1H-indol-3-yl)-2,5-
dioxo-1H-pyrrol-3-yl]-1H-indol-1-yl]propyl carbamimidothioic acid ester mesylate) did not affect the calcium concentration changes
but it blocked the increase in GABA release. EGTA was a weak blocker of analog signaling, implicating a close association of protein kinase
C to the site of calcium entry. We conclude that analog signaling is prominent in cerebellar interneurons and that it is triggered by a
pathway involving activation of axonal P/Q channels, followed by calcium entry and local activation of protein kinase C.

Introduction
It is well known that the probability of neurotransmitter release at
a synapse critically depends on the past activity of the presynaptic
neuron (“short-term synaptic plasticity”). This does not only
concern past action potentials but also subthreshold potential
changes. In invertebrate preparations, it was shown long ago that
subthreshold presynaptic depolarization enhances transmitter
release (Shimahara and Tauc, 1975; Nicholls and Wallace, 1978).
A similar effect was recently demonstrated in synaptically con-
nected cortical pyramidal cells (Shu et al., 2006). Simultaneous
axonal and somatic recordings from cortical or hippocampal
neurons revealed a substantial spread of subthreshold potentials
from the soma to presynaptic terminals that reflects the passive
membrane properties of the axon cable (Alle and Geiger, 2006;
Shu et al., 2006). In these examples, the cable length constant of

the axon is on the order of 500 �m. Since the distance between the
soma and synaptic terminals of brain synapses is often much less
than this value, these results suggest that many other cases of such
“analog signaling” may exist in the mammalian brain.

The notion that subthreshold somatodendritic synaptic po-
tentials can modulate the strength of subsequent transmitter re-
lease has deep implications on the mechanisms of information
processing in the brain (Alle and Geiger, 2008). However, it is not
known whether analog signaling is specific of the few prepara-
tions studied so far or whether it is a general phenomenon. Like-
wise, the underlying mechanism remains uncertain. In the
cortex, depolarization-induced changes in the shape of presyn-
aptic action potentials was proposed to underlie at least part of
the potentiation (Shu et al., 2006). In the calyx of Held, where
direct depolarization of the presynaptic terminal increases trans-
mitter release, the effect was attributed both to an increase in
the basal Ca 2� concentration (Awatramani et al., 2005) and to
changes in Ca 2� entry resulting from an alteration of the action
potential waveform (Hori and Takahashi, 2009). However, no
change in axonal Ca 2� has been found during analog signaling in
hippocampal mossy fibers (Scott et al., 2008). In view of these
apparent discrepancies, it has been suggested that two forms of
analog signaling occur in different preparations with various ki-
netic properties and dependences on Ca 2� (Scott et al., 2008).

To further analyze the role of Ca 2� in analog signaling, it
seems advantageous to choose a preparation that allows simulta-
neous measurements of transmitter release and of local Ca 2�
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signaling associated in the same cell. We selected for this purpose
molecular layer interneurons of the cerebellum (MLIs) (stellate
and basket cells) because these cells display well characterized
action potential-induced Ca 2� signals in presynaptic varicosities
(Llano et al., 1997; Forti et al., 2000) and because their release
properties can be assessed simultaneously with Ca 2� measure-
ments by performing either paired synaptic recordings (Kondo
and Marty, 1998) or autoreceptor current measurements (Pouzat
and Marty, 1999). We find that both postsynaptic current and
autoreceptor current amplitudes are strongly enhanced by so-
matic depolarization and that this potentiation is driven by pre-
synaptic Ca 2� entry and subsequent protein kinase C (PKC)
activation.

Materials and Methods
Slice preparation. Sprague Dawley rats aged 11–15 d (of either sex) were
used to prepare cerebellar slices following institutional guidelines. After
decapitation under deep anesthesia with isoflurane, the cerebellar vermis
was quickly removed and placed into an ice-cold (4°C) artificial CSF
(ACSF). Parasagittal 200 �m slices were cut using a vibroslicer (VT 1000S
or VT 1200S; Leica Microsystems) and then placed in an incubating
chamber at 34°C for 45– 60 min to recover from the slicing damage.
Thereafter, slices were held at room temperature before being transferred
to the recording chamber. Slices were used during a 7 h period after
decapitation.

The ACSF used for the slicing procedure and the electrophysiological
recordings was composed of the following (in mM): 130 NaCl, 2.5 KCl, 26
NaHCO3, 1.3 NaH2PO4, 10 glucose, 2 CaCl2, and 1 MgCl2; osmolarity,
300 mOsm/kg H2O; pH set to 7.4 by the continuous bubbling of a mix-
ture of 95% O2 and 5% CO2.

Electrophysiological recordings. The slice was put in the recording
chamber and continuously perfused at a rate of 1–2 ml/min with
ACSF. A 63�, 0.9 numerical aperture water-immersion objective
placed on an upright microscope (Axioskop; Zeiss) was used to iden-
tify the neurons. Cerebellar MLIs were recorded using the whole-cell
configuration of the patch-clamp technique with a double EPC-9 or
EPC-10 operational amplifier (HEKA Electronik). Within the molec-
ular layer, interneurons (either stellate or basket cells) were selected fol-
lowing morphological criteria (including soma diameters exceeding
6 �m), as well as electrophysiological criteria (presence of large-
amplitude voltage-dependent Na � currrents and of spontaneous syn-
aptic currents in whole-cell recording).

Borosilicate glass pipettes were pulled using a two-stage vertical puller
(L/M-3P-A; List Medical) and filled with an intracellular solution (IS) of
the following composition (in mM): 145 KCl, 10 GABA, 0.05 EGTA, 10
HEPES, 0.1 CaCl2, 4.6 MgCl2, 4 Na2ATP, 0.4 NaGTP, pH 7.3 with 1N
KOH and an osmolarity of 300 mOsm/kg H2O. For washout experi-
ments, GABA was replaced by 5 mM KCl. In some experiments, the EGTA
concentration was increased to 1, 10, or 30 mM while adjusting the KCl
concentration to retain iso-osmolarity (see Results). Pipette resistances
were usually between 5 and 7 M�. The holding potential was set at �60
mV. Series resistance (Rs) as well as membrane capacitance and input
resistance were continuously monitored by measuring the current tran-
sient elicited by �10 mV hyperpolarizing pulses; Rs was compensated to
50% with the Rs electronic circuit of the amplifier. Typical uncompen-
sated Rs values were 15 M�, and recordings were rejected if Rs increased
above 30 M�.

Recordings were acquired using the Pulse software (HEKA) at a sam-
pling rate of 5 kHz and filtered at 1 kHz with a Bessel filter.

Most of the recordings were done at room temperature. However, a
series of experiments were performed at near-physiological temperature
(34 –35°C) and showed that the extent of analog signaling was similar at
that temperature and at room temperature (see Fig. 2 Ad).

Calcium imaging. For Ca 2� imaging experiments, 100 �M Oregon
Green BAPTA-1 (OGB-1) (Invitrogen) was added to the IS described
above in replacement of 50 �M EGTA. The axonal compartment of the
recorded cell was visualized after letting the dye diffuse for at least 10 min

after break-in. In some experiments, 40 �M Alexa 488 (Invitrogen) was
added to the IS to facilitate axon identification. In these conditions, the
axon could be readily identified �5 min after break-in and the Ca 2� rise
could be recorded on top of the Alexa 488 signal. Because of the insensi-
tivity of the Alexa signal to Ca 2�, relative fluorescence changes are
smaller in experiments in which Alexa was included (see Figs. 5, 7) than
in those in which Alexa was omitted (see Figs. 4, 8). The IS used for each
experiment is indicated in the figure legends.

Two different setups were used for Ca 2� imaging experiments, either
a homemade two-photon laser-scanning system [Collin at al. (2005) and
references therein] or a single-photon system. The two-photon setup was
used to first assess the axonal Ca 2� rise induced by somatic depolariza-
tions. Once the phenomenon was well characterized with this setup, we
repeated the experiments with the single-photon setup, in which we
obtained the same results. The rest of the experiments, including all
results presented in the figures, were performed in the latter setup.

In the single-photon setup, epifluorescence illumination used a blue
light-emitting diode (470/30 nm excitation) controlled with an Op-
toLED light source (Cairn Research). A dichroic 495/low-pass filter was
used to deflect the excitation light to the slice. Emitted light was collected
(525/50 nm filter) with an electron multiplying CCD camera (Andor
Ixon). Image series were acquired with Andor software at a frame rate of
10 –20 Hz. Such series were repeated with intervals of 2 min, and results
were averaged across trials. To check for possible saturation of the fluo-
rescence signals, trains of 60 action potentials were routinely given at the
end of the experiment to obtain an estimate of the maximal Ca 2�-
dependent fluorescence. Recorded signals did not exceed one-quarter of
the maximum signal, indicating that the data were little affected by dye
saturation.

Data analysis. Both electrophysiological data and calcium imaging
data were analyzed with IGOR Pro (Wavemetrics).

Autoreceptor currents and postsynaptic currents were averaged
and analyzed by measuring peak amplitude and current area (charge
in picocoulombs).

Ca 2�-imaging analysis was performed using a routine written in the
laboratory by Brandon M. Stell. Usually, two to four regions of interest
(ROIs) were chosen in the axon. Four background ROIs were taken in
various areas lacking recognizable structures, and the corresponding av-
erage fluorescence was subtracted from that of the axonal ROIs. The
fluorescence signals were analyzed as changes in background subtracted
fluorescence with respect to prestimulus values (�F/F0). In experiments
in which OGB-1 was the only fluorescent probe in the IS, �F/F0 gives an
estimate of the change of the Ca 2� concentration with respect to the
basal value. When Alexa was used in addition of OGB-1, �F/F0 could not
be directly interpreted as a percentage change in the Ca 2� concentration.
Nevertheless, the corresponding experiments could be used to compare
changes in the Ca 2� signals in test versus control conditions.

For the analysis of the kinetics of the axonal Ca 2� signal, exponential
functions were fitted to rising and decaying phases of the responses (usu-
ally averages of several trials).

Statistical results are given as means � SEM; n is the number of inde-
pendent experiments, and p indicates the result of Student’s t test com-
parisons. Differences were considered significant at p � 0.05.

Drugs. All drugs were bath applied. At the beginning of drug applica-
tion, perfusion was accelerated approximately fivefold for 30 s to fully
exchange the bath with the new solution. The perfusion speed was then
returned to normal values to allow diffusion of the drug into the slice
tissue.

It has been reported that MLIs have a high density of Ih channels in the
axon (Southan et al., 2000). To avoid any contribution of the Ih conductance
to the phenomenon that will be described in this work, all the experiments
aimed at characterizing the voltage dependence of the autoreceptor currents
and synaptic currents (see Figs. 1–4) were done in the presence of 10 �M

4-ethylphenylamino-1,2-dimethyl-6-methylaminopyrimidinium chloride
(ZD 7288). Subsequent experiments performed without ZD 7288 revealed a
somewhat weaker voltage dependence (compare the control plots of
Figs. 6 and 8, without ZD 7288, and those of Fig. 2, with ZD 7288), but
the difference did not reach statistical significance. Therefore, in the
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second part of the work examining Ca 2� signaling, all experiments
were done without the drug.

To assess the actions of the PKC blocker 3-[3-[2,5-dihydro-4-(1-methyl-
1H-indol-3-yl)-2,5-dioxo-1H-pyrrol-3-yl]-1H-indol-1-yl]propyl carbam-
imidothioic acid ester mesylate (Ro 31-8220) (3 �M) the slices were
incubated in the drug for 1 h before being transferred to the recording cham-
ber, where the drug was also included. Control experiments were done in
slices incubated for 1 h in Ro 31-8220 free ACSF. When using �-agatoxin-
IVA, cytochrome c (0.1 mg/ml) was added to the ACSF to prevent nonspe-
cific binding of the toxin (Forti et al., 2000). To minimize usage of both
�-agatoxin-IVA and Ro 31-8220, the drugs were dissolved in a 10 ml volume
of ACSF and recirculated.

Drugs were purchased from Sigma-Aldrich, Tocris Bioscience, and
Ascent Scientific.

Results
Autoreceptor currents as a neurotransmitter release assay
It has been shown previously that a short depolarization applied
to the soma of MLIs elicits a GABAergic current that is generated
by released GABA binding back to axonal GABAA receptors [au-
toreceptor current (Pouzat and Marty, 1999)]. Autoreceptor cur-
rents can be recorded in the soma under voltage clamp because
the axon cable provides an efficient electrical link between the
axonal and somatic compartments (Pouzat and Marty, 1999;
Mejia-Gervacio et al., 2007; Trigo et al., 2010). Reciprocally, the
same electrical link ensures that somatic depolarization is mostly
transmitted to the axon terminals, as the estimated cable length
constant is approximately twice the physical length of the axon
(Mejia-Gervacio et al., 2007; Christie and Jahr, 2008; Trigo et al.,
2010). In agreement with these estimates, it has been shown in
synaptically connected paired recordings that, after washing in
tetrodotoxin, presynaptic somatic depolarization increases the
rate of miniature synaptic currents measured in the postsynaptic
cell (Glitsch and Marty, 1999).

Based on these earlier data, monitoring the amplitude of the
autoreceptor current as a function of holding potential appears as
an attractive method to probe possible effects of somatic depo-
larization on axonal exocytosis. To perform such experiments,
however, cells must exhibit a stable autoreceptor current. In
whole-cell recording, neurotransmitter release runs down with
time, leading to a rapid decline of autoreceptor current ampli-
tudes (Pouzat and Marty, 1999; Trigo et al., 2010). One possible
mechanism for rundown is that the cytosolic GABA concentra-
tion collapses because of pipette dialysis, leading to the emptying
of synaptic vesicles (Smith and Jahr, 2002). Therefore, we com-
pared the rundown times in experiments in which the pipette
solution was complemented with 10 mM GABA, and in control
experiments in which GABA was omitted. The results show that
rundown was statistically not significant up to 25 min of whole-
cell recording with a GABA-containing pipette solution, whereas
it had already reduced the autoreceptor current amplitude by
one-half in 10 min in control recordings (Fig. 1). In GABA con-
ditions, there was an early and variable increase in autoreceptor
current amplitude, leading to a peak near 10 min of whole-cell
recording (Fig. 1C, open symbols). This increase reflects the rise
of the autoreceptor currents as Cl� diffuse into the axon (Pouzat
and Marty, 1999). A similar increase occurs in control condi-
tions, but its peak occurs at shorter times (in the first minutes of
recording) because it is curtailed by rundown, and it is not ap-
parent with the sample interval used in the plot of Figure 1. Over-
all, the results indicate that vesicle filling accounts for a large part
of rundown. In practical terms, they show that the addition of
GABA eliminates much of the rundown over a period of 30 min,

thus opening the way to a quantitative examination of autorecep-
tor currents as a function of potential.

Effects of previous holding potential on autoreceptor
current amplitude
To assay the effects of somatic potential on the autoreceptor cur-
rent amplitude, we adopted the protocol illustrated in Figure
2Aa. The pipette solution was filled with a GABA-containing KCl
solution. Experiments were performed under voltage clamp, and
the somatic potential was held for periods of 10 s each at various
values ranging from �80 to �50 mV. To eliminate any bias
linked to rundown, the order of the various holding potential
periods was randomized. Short voltage pulses (1 ms long; test
potential, 10 mV) were applied at the end of the 10 s periods to
elicit an action potential in the axon. At the end of the pulse, the
somatic potential was reset to �60 mV to measure the autorecep-
tor current. As can be seen in Figure 2Ab, selecting a more depo-
larized value for the prepulse potential increased the charge
carried by the autoreceptor current. This effect was gradual in the
range comprised between �80 and �50 mV (Fig. 2Ac). It was
stable with time in the whole-cell recording mode (Fig. 2B). Fi-
nally, it had similar amplitudes at room temperature and at phys-
iological temperature (Fig. 2Ad). These results suggest that the
release of GABA from MLI axons is enhanced by subthreshold
somatic depolarization.

Figure 1. Autoreceptor current rundown can be slowed down by addition of intracellular
GABA. A, Experimental design of autoreceptor current measurements. The cell and axon are
filled with a high Cl � solution. After a short depolarizing pulse to �10 mV, the autoreceptor
current is measured under voltage clamp at �60 mV. B, Autoreceptor current measured in two
cells at 5, 15, and 30 min after break-in. The cell shown in the top sequence was dialyzed with an
intracellular solution lacking GABA, whereas that in the bottom sequence was dialyzed with an
intracellular solution containing 10 mM GABA. Note the more rapid autoreceptor current ampli-
tude decrease in the top sequence than in the bottom sequence. C, Summary results for exper-
iments as in B. Autoreceptor currents were measured as a function of time in whole-cell
recording either with (open symbols) or without (closed symbols) 10 mM GABA in the pipette
solution. Data (mean � SEM; n � 6 cells) are normalized to the amplitude registered during
the first minute of whole-cell recording.
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However, an alternative interpretation could be that somatic
depolarization changes the state of the axonal receptors such that
they become more sensitive to GABA, in which case the results
would not require a modification of GABA release. If the proba-
bility of release is modified, then the paired-pulse ratio is ex-
pected to change. We therefore modified the protocol as

illustrated in Figure 2C to include a sec-
ond pulse applied with a 150 ms interval at
�60 mV. [A comparatively long interval
was chosen because autoreceptor currents
would otherwise overlap, raising concerns
on the effect of changes in the axonal
space clamp on the transfer function of
the second measurement (Pouzat and
Marty, 1999).] It was then found that the
paired-pulse ratio was significantly de-
creased by changing the prepulse from
�80 to �50 mV (Fig. 2C). This is consis-
tent with the hypothesis that GABA re-
lease is enhanced by depolarization.

Effect of presynaptic holding potential
in paired recordings
To test whether somatic depolarization
also affects synaptic currents, we per-
formed paired recordings between syn-
aptically connected MLIs (Kondo and
Marty, 1998). As before, the presynaptic
pipette solution contained GABA to
maintain rundown at a minimum. The
presynaptic potential was held for at least
10 s either at �80 mV or at �50 mV, and
pairs of voltage steps to �10 mV (30 –50
ms interpulse interval) were applied pre-
synaptically, while maintaining the post-
synaptic potential at �60 mV (Fig. 3A).
Unlike autoreceptor currents, synaptic
currents fluctuated widely from trial to
trial, as reported previously (Fig. 3B)
(Kondo and Marty, 1998; Pouzat and
Marty, 1999). Because synaptic currents
can be either excitatory or inhibitory un-
der physiological conditions (Chavas and
Marty, 2003), the standard acronym
“IPSC” would be misleading, and we call
them “GABAergic postsynaptic currents”
hereafter (abbreviated GPSCs). Averaging
revealed a significant increase of the GPSC
amplitude when depolarizing the holding
potential (from 397 � 59 pA at �80 mV
to 563 � 38 pA at �50 mV in the example
shown; p � 0.05) (Fig. 3B). Likewise, a
group data analysis performed on mean
amplitudes across experiments revealed a
large and statistically significant ampli-
tude increase (Fig. 3C, left panel). Two ad-
ditional sets of results indicated that the
release probability was enhanced by pre-
synaptic depolarization. First, the paired-
pulse ratio (measured as the ratio between
the peak amplitude of the second GPSC
and that of the first) was decreased, indi-
cating that the change was taking place

presynaptically (Fig. 3C, middle panel). Second, the failure rate
was reduced, again in agreement with a presynaptic locus (Fig.
3C, right panel). Together, the results indicate that subthreshold
somatic depolarization increases the amplitudes both of postsyn-
aptic currents and of autoreceptor currents, reflecting an in-
creased release probability of GABA. Quantitatively, the extent of

Figure 2. Autoreceptor current as a function of prepulse potential. A, Selecting a depolarized prepulse potential increases the autore-
ceptorcurrent. Aa,Schematicoftheexperimentaldesign. Ab,Examplesof individualtraces(ingrayandpink)andaveragetraces(blackand
red; averages of 6 individual traces) for prepulse potential values of�80 mV (gray and black) and�50 mV (pink and red). Ac, Normalized
variation of the autoreceptor current integral as a function of prepulse potential (means�SEM from 27 experiments) can be fitted with a
straight line (black). Ad, Summary data comparing the autoreceptor current integral ratio (for prepulse potentials of�80 and�50 mV) at
room temperature and at near-physiological temperature. B, Plot of the normalized response (�50 mV/�80 mV ratio) as a function of
time in whole-cell recording, demonstrating the stability of this parameter in whole-cell recording conditions. Means � SEM from six
experiments are shown. (Several symbols are larger than the corresponding error bars.) C, Alteration of the paired-pulse ratio as a function
of prepulse potential. Ca, Cb, Modification of the experimental protocol to examine the effect of prepulse potential on the paired-pulse
ratio.Notethat, intheexampleshown,thepaired-pulseratio is	1foraprepulsepotentialof�80mV(Ca)(averageof6traces)andis�1
for a prepulse potential of �50 mV (Cb) (average of 6 traces). Cc, Summary data for 17 experiments as in Ca and Cb.
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the voltage dependence appears similar,
with an enhancement of autoreceptor
current charge by 1.76-fold between �80
and �50 mV, and a corresponding en-
hancement of synaptic current amplitude
by 1.48-fold.

Association of axonal calcium increase
with depolarization-induced
GABA release
Various mechanisms have been pro-
posed to account for depolarization-
induced enhancement of transmitter
release. At the calyx of Held, the basal
Ca 2� concentration increases in the pre-
synaptic terminals in response to sub-
threshold depolarization, reflecting the
partial activation of voltage-dependent
Ca 2� channels, and this change in basal
Ca 2� is proposed to be responsible for the
increase in release probability (Awatra-
mani et al., 2005). A similar mechanism
applies to cortical neurons (Yu et al.,
2010). In hippocampal mossy fiber termi-
nals, however, neither the basal Ca 2� con-
centration nor the spike-evoked axonal
Ca 2� transients were found to change on
somatic depolarization (Scott et al., 2008).
Thus, the mechanisms of analog signaling
may differ among preparations.

To study the effects of somatic depo-
larization on the axonal Ca 2� concen-
tration, we performed a new series of
experiments while including the high-
affinity Ca 2�-sensitive dye OGB-1 in the
recording solution, and we imaged the re-
corded neuron either with a homemade
two-photon microscope or with an imag-
ing system based on a fast and sensitive
CCD camera (see Materials and Meth-
ods). Dendrites were filled with dye
within a few minutes. They were readily
recognizable as they were straight and
short, radiating from the soma. The axon
extended over a much longer distance
(Fig. 4A) and filled more slowly. Useful
axonal measurements could start 
20
min after establishment of whole-cell re-
cording. As before, voltage steps of various amplitudes and
durations were applied to the soma under voltage clamp to mea-
sure the autoreceptor current as a function of the previous so-
matic potential. In agreement with previous studies (Glitsch et al.,
1999; Christie and Jahr, 2008), we found that changes in the somatic
potential influenced the basal Ca2� concentration in axonal sites.
Measurements with two-photon imaging indicated that this
amounted to a 1.52 � 0.11-fold change for 20 mV (n � 3; �70 to
�50 mV steps), and measurements with the CCD camera indi-
cated a 1.31 � 0.12-fold change for 20 mV (n � 4; �60 to �40
mV steps; all data taken at a distance of 
50 �m from the soma).

The amplitude of the axonal response decreased as a function
of distance from the soma (Fig. 4A). In the example shown, the
data could be fitted with an exponential yielding a length constant
of 71 �m (Fig. 4Ba). The average length constant was 92 � 26 �m

(n � 4; data for �60 to �40 mV somatic depolarization). In view
of previous results in other preparations as well as in MLIs, the
simplest explanation for this decrement involves voltage-
dependent Ca 2� entry after the passive spread of depolarization
along the axon cable. The alternative view that the source of the
Ca 2� was in the soma, and that the Ca 2� was flowing into the
axon by diffusion, is highly unlikely for two reasons. First, as
reported previously for action potential-driven signals (Llano et
al., 1997), the maximum Ca 2� increase was smaller in the soma
than in the proximal axon (see example in Fig. 4Ba). Second, in
response to a step depolarization of the soma, the axonal concen-
tration followed an exponential function of time with a time
constant (1.1 s in the example shown) that did not display any
significant relationship to the distance from the soma (Fig. 4Bb).
By contrast, a diffusion process would display a sigmoid time

Figure 3. Presynaptic depolarization increases postsynaptic current in paired recordings. A, Paired recordings of synaptically
connected MLIs were alternatively submitted to the two illustrated voltage protocols. In one protocol, the presynaptic MLI was held
at �80 mV and pairs of pulses to �10 mV were applied. In the other protocol, the presynaptic holding potential was depolarized
to�50 mV. In both protocols, the postsynaptic cell was held at�60 mV. B, Presynaptic and postsynaptic traces obtained from one
paired recording. Both single sweep data (gray traces) and average data (black traces) are shown. On the postsynaptic side, there
is a substantial increase in the average response to the first stimulus and a small increase in the response to the second stimulus, so
that the paired-pulse ratio is decreased. Inset, Superimposed traces of presynaptic voltage-dependent currents show a decreased
outward current when setting Vh at �50 mV (gray trace) compared with that obtained with Vh at �80 mV (black trace),
presumably because of increased inactivation of K � channels. C, Summary data for a total of 15 experiments as in B (left, �80
mV/�50 mV ratio; center, paired-pulse ratio; right, failure rate). Statistical tests: one-sample t test versus 1 (left); paired t test
(center and right). Error bars indicate SEM.
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course with a steeply increasing delay at increasing distances from
the source. Therefore, the source of the depolarization-induced
Ca 2� rise is axonal. Near rest, the axon length constant is approx-
imately twice the value of the physical cable [500 and 250 �m,
respectively (Mejia-Gervacio et al., 2007)], predicting a voltage
decrement of only 39% from the soma to the tip of the axon. At
more depolarized values, however, the axon length constant is
likely to decrease because of the gradual activation of voltage-

dependent channels of the axon mem-
brane, and this explains that the length
constant that is derived from the Ca 2� re-
sponses to somatic depolarization to �40
mV is shorter (92 �m). Thus, for larger
somatic depolarizations, analog signaling
will increasingly target proximal synapses
rather than distant synapses. Note that the
density of axon collaterals is larger in the
proximal part of the axon than in the dis-
tal part, as illustrated in Figure 4, so that
many synaptic sites will remain signifi-
cantly affected by the somatic influence.

At the end of a depolarizing pulse, the
Ca 2� concentration returned to basal val-
ues with a time constant that was longer
than that observed during the rise (Fig.
4Ca, 2.98 and 1.08 s in the example
shown). Likewise, time constants for
Ca 2� concentration rises were shorter for
larger depolarizing pulses. Average values
for on and off time constants are plotted
in Figure 4Cb as a function of membrane
potential. These results indicate that the
kinetics of the Ca 2� signal accelerates with
somatic depolarization. They can be under-
stood by a simple one-compartment model
in which Ca2� entry increases with depolar-
ization, and Ca2� exit rate is proportional to
the difference between the instantaneous
Ca2� concentration and the equilibrium
point for this concentration (Neher and Au-
gustine, 1992).

Simultaneous measurements of axonal
Ca 2� rise and of autoreceptor currents
Like the increase in the basal Ca 2� con-
centration, the depolarization-induced
facilitation of GABA release was not in-
stantaneous. To compare the kinetics of
the axonal Ca 2� concentration and of
GABA release in the same axon, the pro-
tocol illustrated in Figure 5A was devel-
oped. Ca 2� imaging was performed on a
proximal section of the axon [approxi-
mate distance from the soma, 50 �m (Fig.
5Aa)]. Subthreshold depolarizations
(from �60 to �40 mV) were applied to
the soma with durations up to 10 s, and a
short suprathreshold pulse was given at
the end of the depolarizing prepulse to
elicit a single action potential and record
the associated autoreceptor current (Fig.
5Ab,c). The Ca 2� concentration at the
prepulse potential and the autoreceptor

current amplitude measured in response to the pulse potential
grew with a similar time course (Fig. 5Ab,c). Average normal-
ized data from such experiments were fitted with single-
exponential functions of prepulse duration, and the time
constants of the axonal Ca 2� increase and autoreceptor current
data were identical within experimental error (Fig. 5B). Measure-
ments of the time constant of the return of the release probability
to its resting level after a long depolarizing prepulse gave likewise

Figure 4. Axonal Ca 2� concentration changes in response to somatic depolarization. A, Left, Axonal Ca 2� concentration
changes in three different axonal sites of a stellate cell in response to a step somatic depolarization from�60 to �40 mV. Note the
gradual attenuation of the axonal response as a function of distance from the soma. Right, Morphological reconstruction of the
somatodendritic (blue) and axonal (black) domains of the cell. Ba, Amplitude of the relative axonal Ca 2� concentration changes
as a function of distance from the soma. The point at 0 distance corresponds to somatic measurements, which had a very weak
response (�F/F0 of 0.0016). Axonal data have not been analyzed for points close to the soma because of the contamination of the
fluorescence signal by somatic signal (flare). The amplitude versus distance relationship has been fitted with an exponential having
a length constant of 71 �m (red curve). Bb, Onset kinetics of the Ca 2� concentration changes was approximated with monoex-
ponential curves. The time constant of these curves was close to 1 s and was independent of the location along the axon. Numbers
1–3 indicate ROIs identified in A. The red line is a linear fit to the data points. Ca, Example of on and off relaxations in response to
a depolarizing step from �60 to �40 mV. Red and blue lines, Exponential fits to the data (time constants: �40 mV, 1.08 s; �60
mV, 2.98 s). Cb, Average time constants of such relaxations (data collected in the presence of tetrodotoxin). The IS used for the
experiments shown in this figure did not contain Alexa (see Materials and Methods). Error bars indicate SEM.
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a slow value (at �60 mV, 2.4 � 1.7 s; n �
6), which was not statistically different
from the corresponding time constant of
the fluorescence signal (Fig. 4Cb). These
results resemble those obtained previ-
ously at the calyx of Held (Awatramani et
al., 2005).

Lack of effect of somatic depolarization
on action potential-induced Ca2�

transients
Depolarization of the axonal membrane
may change the inactivation status of
voltage-dependent channels (Geiger and
Jonas, 2000) and consequently the shape
of the action potential waveform (Shu et
al., 2006). In addition, the depolarization
and associated Ca 2� rise may alter the re-
sponsiveness of Ca 2� channels to depo-
larization (Hori and Takahashi, 2009).
Therefore, we next investigated the ef-
fects of prepulse depolarization on action
potential-induced Ca 2� transients in ax-
onal varicosities. As can be seen in Figure
5Ab, the peak value of action potential-
induced transients was increased by pre-
vious depolarization. This resulted in a
significant increase in the �F/F0 signal
when taking F0 at the holding potential
(Fig. 5Ca, left column). However, this ef-
fect was entirely attributable to the in-
crease in basal Ca 2� induced by the
depolarization. If the transients were cor-
rected by a baseline shift offsetting the
change in basal level (i.e., taking F0 at the
end of the prepulse potential), their am-
plitudes were found to be unaffected by
the previous depolarization (Fig. 5Ca,
right column). These results indicate that
the amount of Ca 2� entry that is elicited
by one action potential does not depend
on the prepulse potential.

Because OGB-1 is a high-affinity dye, it
was reasoned that partial dye saturation
could decrease the fluorescence signal as-
sociated with action potentials after a
depolarizing prepulse. To quantify this
effect, we compared the absolute values of
the fluorescence signals associated with
one, two, and four action potentials with
and without prepulse. In conformity to
previous data (Forti et al., 2000), the con-
trol signals displayed only a small amount
of saturation, with an estimated satura-
tion value equal to 2.7 times the signal ob-
tained after four action potentials (Fig.
5Cb, black symbols). Importantly, the
data obtained after a depolarizing pre-
pulse could be modeled with the same
binding curve as the control data, except
for a leftward shift corresponding to an
increased Ca 2� level at rest. This indi-
cates that depolarization did not alter

Figure 5. Simultaneous measurements of GABA release and of axonal calcium concentration during analog signaling. A,
Experimental protocol and data from an exemplary cell. Aa, Section of the axon showing an increase in Ca 2�-sensitive
fluorescence on somatic depolarization (from �60 to �40 mV). Ab, Axonal Ca 2� signals in response to step subthreshold
depolarizations (to �40 mV) of increasing durations, followed by a short superthreshold step. An exponential fit to the rise
of the fluorescence trace is shown for the last panel (black curve; time constant, 2.0 s). Ac, Autoreceptor currents obtained
in the same cell, in response to the test step. These currents increase in size as a function of the duration of the subthreshold
depolarization. B, The increases in axonal concentration and in autoreceptor current amplitude follow the same time
course. Average normalized Ca 2� concentration and autoreceptor amplitude data from eight cells as in A have been fitted
with exponentials displaying a time constant of 1.20 s (Ba) and 1.26 s (Bb), respectively. C, Subthreshold depolarization
does not alter the amplitude of subsequent test depolarizations. Ca, Peak fluorescence amplitude minus holding potential
value increases on insertion of a depolarizing prepulse (paired t test, p � 0.05), but measurements of the peak amplitude
from the prepulse baseline do not reveal any significant change (paired t test, p 	 0.05), indicating that the prepulse does
not alter the amount of Ca 2� entry elicited by the test pulse. Cb, Fluorescence values measured at rest (AP number, 0) and
at the peak of the response to one, two, or four action potentials, both in control conditions (in black) and after a
depolarizing prepulse to �40 mV (in blue). Here, absolute fluorescence values are shown rather than the �F/F0 quanti-
fication used elsewhere in this paper. The data have been normalized with respect to the peak response to four action
potentials without prepulse. They have been fitted using a common hyperbolic function with an asymptote of 2.7 and a
half-saturation value of 10 [fitting function: y � 2.7/(1 � 10 (x � b)), with b � 1.9 without prepulse and b � 3.8 with
prepulse]. The IS used for the experiments shown in this figure contained Alexa. Error bars indicate SEM.
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the amount of Ca 2� entry associated with action potentials
(Fig. 5Cb, blue points). As an additional confirmation of the
same point, if the average data of Figure 5Ca were corrected
using the saturation curve of Figure 5Cb, they gave a corrected
ratio of the calcium increase with and without prepulse very
close to 1.

Pharmacology of depolarization-induced Ca 2� rise and
associated facilitation of GABA release
It was pointed out previously that the source of the elevation in
axonal Ca2� concentration during analog signaling is located in the
axon. Because somatic depolarization is passively transmitted to
the axon (Glitsch and Marty, 1999; Mejia-Gervacio et al.,
2007), it seems likely that the depolarization-induced Ca 2�

rise could be the consequence of voltage-dependent Ca 2� en-
try (Awatramani et al., 2005). Therefore, we tested various
blockers of voltage-dependent Ca 2� channels. Cadmium (50
�M; applied for 10 min), a broad-spectrum blocker of these
channels, reduced the axonal Ca 2� concentration increase to
31 � 6% ( p � 0.001; n � 7) of the control value. Because
voltage-dependent Ca 2� entry in MLI axons is mainly attrib-
utable to P/Q Ca 2� channels (Forti et al., 2000), we next tested
the effects of the specific blocker of P/Q Ca 2� channels,
�-agatoxin-IVA. This toxin inhibited the increase in the basal
axonal Ca 2� concentration to 43 � 9% of the control value
( p � 0.001; n � 6) (Fig. 6). Thus, most of the voltage-
dependent axonal Ca 2� entry associated with analog signaling
occurs through P/Q Ca 2� channels.

The present results indicate that a large part of the Ca 2� re-
sponsible for analog signaling is provided by Ca 2� entry after the
activation of voltage-dependent Ca 2� channels. Nevertheless,

30% of the Ca 2� signal appears to be resistant to Ca 2� channel
blockers. This component could represent a contribution of in-
tracellular Ca 2� stores (Llano et al., 2000). In neurohypophyseal
terminals, intracellular stores are recruited by voltage through
the activation of dihydropyridine receptors (De Crescenzo et al.,
2006). Therefore, we tested the sensitivity of analog signaling in
MLIs to the L-type channel blocker nimodipine. We found
that 10 min incubation with 20 �M nimodipine did not affect
the amplitude of autoreceptor currents measured at a fixed
potential (peak autoreceptor current amplitude in nimodip-
ine at �80 mV, 55.6 � 10.8 pA; corresponding control values,
63.2 � 15.6 pA; p 	 0.05; n � 7). In addition, nimodipine
failed to significantly affect the sensitivity of autoreceptor cur-
rent amplitude to the prepulse potential (�50 mV/�80 mV
autoreceptor charge ratio was 1.50 � 0.17 in nimodipine vs
1.67 � 0.16 in control runs; p 	 0.05; n � 7). These results
indicate that L-type Ca 2� channels do not play a significant
role in analog signaling.

We then asked whether the target of the entering Ca 2� ions
was closely associated with the entry channels or whether it was,
on the contrary, far from the channels. To address this question,
we probed various doses of the slow Ca 2� buffer EGTA. In these
experiments, GABA was included in the recording pipette, and
the autoreceptor current was measured after waiting for 10 min
to allow diffusion of EGTA in the axon. The amplitude of the
autoreceptor currents was weakly dependent on the EGTA con-
centration. Thus, 10 mM EGTA failed to inhibit autoreceptors
significantly (Fig. 7B), whereas 10 mM of the fast buffer BAPTA,
which has a very similar steady-state buffering power as 10 mM

EGTA, blocks autoreceptors entirely after 10 min of recording
(Pouzat and Marty, 1999). These results indicate that, at this
synapse, as in another previously studied GABAergic synapse, the

Ca 2�-sensitive sensor for vesicle release is closely associated to
the Ca 2� channels (Fig. 7A,B) (Bucurenciu et al., 2008). In ad-
dition, we found that, when using various prepulse potentials, the
autoreceptors remained sensitive to the prepulse potential up to
10 mM EGTA but lost their sensitivity to this potential at 30 mM

(Fig. 7A,C). Ten millimolar EGTA almost abolished the voltage
dependence of the axonal OGB-1 signal (Fig. 7D,E). These re-
sults differ strikingly from those previously reported at the calyx
of Held, in which 1 mM EGTA eliminated almost completely
the effects of terminal depolarization on transmitter release
(Awatramani et al., 2005), as well as those obtained in hip-
pocampal granule cells, in which infusion of 10 mM EGTA
from the soma strongly inhibited analog signaling (Alle and
Geiger, 2006). They indicate that in MLIs, the Ca 2�-sensitive
site responsible for analog signaling is located in the close
vicinity of the Ca 2� entry site.

Figure 6. Sensitivity of axonal Ca 2� concentration changes to �-agatoxin-IVA. A,
Example recordings showing a stable Ca 2� concentration response to a step somatic
depolarization (from �60 to �40 mV; top row) and, in another cell, the inhibition of a
similar response after 15 min of bath perfusion with the P/Q channel blocker �-agatoxin-
IVA (bottom row). B, Summary plot comparing the time course of the axonal Ca 2� con-
centration response in control experiments, in which no change was made to the bath
(closed symbols), and in test experiments, in which the toxin was added to the bath. The IS
used for the experiments shown in this figure contained Alexa. Error bars indicate SEM.
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Depolarization-induced facilitation depends on protein
kinase C activation
The results obtained so far suggest that activation of voltage-
dependent Ca 2� channels is responsible for the depolarization-
induced facilitation in GABA release, but they fail to specify the
link between the two phenomena. One possible intermediate is
PKC since, after repetitive presynaptic stimulation, residual in-
crease in the presynaptic Ca 2� concentration activates PKC,
leading to posttetanic potentiation (Brager et al., 2003; Korogod
et al., 2007). To test the possible role of PKC in our system, we
first tested the effects of the PKC activator PDBu. Application of
1 �M PDBu increased the charge carried by the autoreceptor
current by 64 � 21% (n � 9; paired t test, p � 0.05; data obtained
with prepulses at �80 mV). These data suggest that GABA release
in MLI terminals is sensitive to PKC activation and that PKC-
induced facilitation of GABA release is strong enough to underlie
depolarization-induced facilitation of GABA release.

However, phorbol esters can enhance neurotransmitter re-
lease independently of PKC (Brose and Rosenmund, 2002). To
ascertain whether the effect of PDBu was mediated by PKC, we
investigated the effects of the PKC blocker Ro 31-8220. Effects of
somatic depolarization were assessed on axonal Ca 2� concentra-
tion and autoreceptor currents. Because the blocking action of Ro
31-8220 develops slowly in slices (Korogod et al., 2007), the ex-

periments were performed alternatively on slices that had been
incubated 	1 h in the presence of 3 �M Ro 31-8220, and on
control slices that had been incubated in identical conditions but
in the absence of Ro 31-8220. Three parameters indicated a de-
crease in GABA release in the presence of Ro 31-8220. The am-
plitude of the autoreceptor current measured at �60 mV was on
average reduced (from 62.1 � 10.1 pA, n � 17 in control, to
42.1 � 7.7 pA, n � 15 in Ro 31-8220) (Fig. 8Bb). In addition, the
frequency and amplitude of spontaneous GPSCs were reduced
(frequency: 2.03 � 0.39 Hz, n � 5 in control, vs 1.50 � 0.33 Hz,
n � 6 in Ro; amplitude: 69.6 � 10.9 pA, n � 5 in control, vs
34.7 � 4.2 pA, n � 6 in Ro; p � 0.05, unpaired t test) (Fig. 8,
compare Aa, Ab). The first and second effect did not reach statis-
tical significance, but the third did, and collectively these mea-
surements indicate the presence of a tonic facilitation by the PKC
pathway. We found that Ro 31-8220 incubation did not prevent
the Ca 2� concentration increase elicited by somatic depolariza-
tion (Fig. 8Bc), and that it did not alter significantly the amount
of entry elicited by an action potential (Fig. 8Bd), but that it
blocked entirely the effect of prepulse depolarization on the au-
toreceptor current amplitude (Fig. 8Ba). These results indicate
that PKC acts downstream of Ca 2� and that it is responsible for
linking the increase in the presynaptic basal Ca 2� concentration
to an increase in the release probability.

Discussion
Analog signaling in MLIs
Whereas previous publications indicated that somatic depolar-
ization enhances action potential-independent GABA release in
MLIs [miniature currents (Glitsch and Marty, 1999) as well as
“preminis” (Trigo et al., 2010)], the present work demonstrates a
similar effect for action potential-dependent release. Together,
these studies firmly establish the presence of analog signaling in
MLIs, and they show that analog signaling is not restricted to
glutamatergic synapses. Both autoreceptor currents and postsyn-
aptic currents obtained in connected pairs were modulated, with
similar ratio values between �80 and �50 mV (
1.8- and 1.5-
fold, respectively). The somewhat larger voltage-dependent po-
tentiation found for autoreceptors compared with synaptic
currents may be explained by a higher weight of proximal release
sites in the first case (Pouzat and Marty, 1999).

Role of calcium in analog signaling
We find that a step somatic depolarization leads to a slow increase
of the basal axonal Ca 2� concentration. Three pieces of evidence
indicate that this effect is linked to analog signaling. First, block-
ing voltage-dependent Ca 2� channels with cadmium inhibits
both the axonal Ca 2� rise (this study) and somatically induced
increases in axonal GABA release as measured with premini fre-
quency (Trigo et al., 2010). Second, as shown in the present work,
the onset kinetics of somatically driven autoreceptor current po-
tentiation is identical with those of the rise in basal axonal Ca 2�

concentration. Third, as further discussed below, analog signal-
ing is under the control of the Ca 2�-sensitive kinase PKC. Based
on these data, we propose that axonal Ca 2� changes underlie
analog signaling in MLIs. This mechanism is consistent with re-
sults at the calyx of Held in which a step presynaptic depolariza-
tion induces a slow increase both of the basal presynaptic Ca 2�

concentration and of the release probability (Awatramani et al.,
2005). Likewise, in axons of cortical pyramidal neurons, somati-
cally triggered Ca 2� rises have a time course on the order of 1 s
(Yu et al., 2010). In granule cells of the dentate gyrus, however,

Figure 7. Sensitivity of analog signaling to intracellular Ca 2� buffers. A, Recordings from
two experiments showing a large increase in autoreceptor current with 0.05 mM intracellular
EGTA (left), but not with 30 mM EGTA (right), on changing the prepulse potential from �80 to
�50 mV. B, Average data showing the sensitivity of the mean autoreceptor current charge at a
fixed prepulse potential (�80 mV) as a function of EGTA concentration. Note the weak potency
of EGTA as a blocker of exocytosis. Even at 30 mM, the reduction of the autoreceptor amplitude
with respect to the control data (50 �M EGTA) was not statistically significant. C, Average data
from experiments as in A, showing significant ( p � 0.05) increases in autoreceptor current
amplitude on prepulse depolarization with 0.05, 1, or 10 mM EGTA, but not with 30 mM EGTA. D,
Fluorescence axonal responses to depolarizing voltage pulses without or with 10 mM EGTA,
showing that EGTA abolishes the voltage dependence of the OGB-1 signal. E, Summary data of
the EGTA experiments. Error bars indicate SEM.
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somatic depolarization is able to increase much more rapidly the
release probability at axonal sites [after 
10 ms instead of a few
seconds (Alle and Geiger, 2006)]. Furthermore, in the same prep-
aration, the basal Ca 2� concentration is not affected by somatic
depolarization (Scott et al., 2008).

It has been proposed that part or all of the somatically driven
potentiation could be attributable to an increase in action
potential-induced Ca 2� entry, either after a modification in the
shape of the action potential [in cortical neurons (Shu et al.,
2006)] or through a change in the properties of Ca 2� channels [at
the calyx of Held (Hori and Takahashi, 2009)]. In the present
preparation, however, analog potentiation was not associated
with any significant change in the depolarization-induced Ca 2�

rise that is elicited by single action potentials.

The simplest way to reconcile these ap-
parent contradictions is to hypothesize
two parallel pathways that would contrib-
ute to analog signaling in various propor-
tions in different preparations (Scott et al.,
2008): the purely Ca2�-dependent pathway
described in the present work, and an addi-
tionalpathwaythatwouldleadtoanincreased
action potential-driven Ca 2� recruitment
after either presynaptic depolarization or
presynaptic basal Ca 2� increase.

Source of calcium during analog
signaling
P/Q type channels are primarily responsible
for depolarization-induced Ca 2� entry.
These results are in line both with previous
pharmacological results on depolarization-
induced Ca2� signals [both at the calyx of
Held (Awatramani et al., 2005) and in corti-
cal neurons (Yu et al., 2010)] and with the
known blocker sensitivity of action
potential-induced axonal Ca2� transients
in MLIs (Forti et al., 2000). Even though
P/Q channels belong to the high-threshold
Ca2� channel family, their voltage sensitiv-
ity may be enhanced in axons because of the
association of specific binding proteins
(Dolphin, 2009). In addition, even a very
modest entry occurring at the foot of the
voltage activation curve may be sufficient to
accumulate Ca2� with time (Awatramani et
al., 2005). It is important in this regard to
note that analog signaling and action
potential-driven transmitter release operate
on totally different time and space domains.
Whereas action potential-induced Ca2�

transients are rapid and local, each varicos-
ity giving rise to a distinct signal (Forti et al.,
2000), the depolarization-induced Ca2�

rise is both slow and global. Transmission of
the somatic depolarization to the axon by
passive membrane properties is expected to
occur on a timescale of a few milliseconds,
not seconds (Mejia-Gervacio et al., 2007),
and would thus be unable to account for the
slow rise time of the axonal Ca2� concen-
tration. Under these circumstances, the
slow time course of the signal is best ex-

plained by the time taken to fill the axonal compartment with a small
but persistent Ca2� entry.

In hippocampal granule cells, single EPSPs are able to signif-
icantly enhance glutamate release of the recipient cell over a pe-
riod of tens of milliseconds (Alle and Geiger, 2006). By contrast,
in MLIs, the slow kinetics of the axonal Ca 2� concentration and
associated change in release probability preclude an immediate
effect of individual synaptic potentials on GABA release. However,
in certain conditions [for example, after activation of metabotropic
glutamate receptors (Collin et al., 2009)], MLIs are able to fire in
bursts, with long (several seconds) up states alternating with down
states. Under such conditions, analog signaling is expected to con-
tribute to enhance synaptic transmission during the up states.

Figure 8. A PKC blocker abolishes analog signaling. A, Selective abolition of analog signaling by Ro 31-8220. Aa, Data
from a control experiment without Ro 31-8220. Left column (in black), Axonal OGB-1 signal (top trace) and corresponding
cellular current during a control run consisting of a step depolarization at the end of a holding period at �60 mV. Middle
column (in gray), Axonal OGB-1 signal and corresponding cellular current when including a depolarizing prepulse to �40
mV before the test pulse. Right column, Superimposed autoreceptor current responses showing potentiation of the auto-
receptor current at the end of the depolarizing prepulse (gray trace) compared with the control (black trace). Ab, Similar
data as in Aa, taken from a cell incubated in the presence of the PKC blocker Ro 31-8220 (3 �M). Note that the depolariza-
tion to �40 mV still induces an increase in the axonal Ca 2� concentration but fails to induce any potentiation of the
autoreceptor current. Scale bars are common to Aa and Ab. B, Summary data showing that Ro 31-8220 abolishes the effects
of depolarizing prepulse (from �60 to �40 mV) on autoreceptor current amplitude (Ba) but fails to change the size of the
autoreceptor current measured at �60 mV (Bb) or to alter the increase in axonal Ca 2� concentration in response to
subthreshold somatic depolarization (Bc) (from �60 to �40 mV) or to suprathreshold depolarization (Bd) (steps from
�60 mV to �10 mV; no prepulse). Statistical tests were as follows: Ba, one-sample t test versus 1 ( p � 0.05 in control,
and p 	 0.05 in the presence of Ro 31-8220); Bb–Bd, paired t test. The IS used for the experiments shown in this figure did
not contain Alexa. Error bars indicate SEM.
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Role of PKC in analog signaling
Our results show that analog signaling in MLIs is enhanced by
phorbol esters and blocked by a PKC inhibitor. Phorbol esters
can enhance exocytosis independently of PKC (Brose and Rosen-
mund, 2002; Lou et al., 2008), but in the present case the most
parsimonious scheme suggested by available evidence is a chain
of events comprised of Ca 2� entry, subsequent PKC activation,
and PKC-induced phosphorylation of one or several proteins
favoring exocytosis. The weak sensitivity of analog signaling in
MLIs to EGTA suggests that PKC is closely associated to the Ca 2�

channels responsible for Ca 2� entry and that the entire process
could be very local. PKC is activated by diacylglycerol through
binding to its C1 domain or directly by Ca 2� via its C2 domains
and has been found to induce synaptic potentiation/augmenta-
tion in many studies (for review, see Majewski and Iannazzo,
1998). Munc18-1 is essential for presynaptic vesicle release (Ver-
hage et al., 2000) and is rapidly phosphorylated by PKC on depo-
larization (de Vries et al., 2000). This makes Munc18-1 a
plausible downstream target of the PKC-dependent potentiation
described here.

More work will be needed to identify the rate-limiting step
that is responsible for the kinetics of the release probability
change after a step change in axonal potential. Because EGTA
blocks more efficiently the axonal calcium rise than the change in
release probability, the relevant calcium signal may be quicker
than the measured bulk calcium change, and steps downstream
of calcium may be rate limiting, such as PKC activation or phos-
phorylation of a target protein.

Interactions between analog signaling and activation of
presynaptic GABAARs
It is striking that in several preparations in which the mechanisms
of analog signaling have been studied, presynaptic terminals bear
GABAARs or glycine receptors [calyx of Held (Turecek and Trus-
sell, 2001); mossy fiber terminals (Ruiz et al., 2003; Alle and Gei-
ger, 2007); MLIs (Pouzat and Marty, 1999; Trigo et al., 2007)].
Activation of presynaptic GABAARs or glycine receptors results
in presynaptic depolarization, in an elevation of the axonal Ca 2�

concentration, and in enhanced transmitter release (for review,
see Trigo et al., 2008). Thus, it is likely that presynaptic GABAAR
or glycine receptor activation and analog signaling share com-
mon pathways and that they interact extensively with each other.

Under resting conditions, axonal GABAARs of MLIs are ton-
ically activated, resulting in an enhancement of GABA release
(Trigo et al., 2007). When applying a paired-pulse protocol, the
paired-pulse ratio is decreased by activation of presynaptic
GABAARs (Trigo et al., 2007). This suggests that the GABAAR-
induced potentiation is integrated in time and is not phasic, since
if it were phasic, the effect of the first pulse of a pair would be to
increase the amplitude of the second GPSC and thus increase the
paired-pulse ratio. The PKC pathway suggested here for analog
signaling provides a mechanistic basis for such an integrated phe-
nomenon since it implies a slow metabolic step that is likely to
spread out in time the influence of the Ca 2� signal on the release
probability at the MLI–MLI synapse.
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