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Carbó Tano M, Vilarchao ME, Szczupak L. Graded boosting of
synaptic signals by low-threshold voltage-activated calcium conduc-
tance. J Neurophysiol 114: 332–340, 2015. First published May 13,
2015; doi:10.1152/jn.00170.2015.—Low-threshold voltage-activated
calcium conductances (LT-VACCs) play a substantial role in shaping
the electrophysiological attributes of neurites. We have investigated
how these conductances affect synaptic integration in a premotor
nonspiking (NS) neuron of the leech nervous system. These cells
exhibit an extensive neuritic tree, do not fire Na�-dependent spikes,
but express an LT-VACC that was sensitive to 250 �M Ni2� and 100
�M NNC 55-0396 (NNC). NS neurons responded to excitation of
mechanosensory pressure neurons with depolarizing responses for
which amplitude was a linear function of the presynaptic firing
frequency. NNC decreased these synaptic responses and abolished the
concomitant widespread Ca2� signals. Coherent with the interpreta-
tion that the LT-VACC amplified signals at the postsynaptic level, this
conductance also amplified the responses of NS neurons to direct
injection of sinusoidal current. Synaptic amplification thus is achieved
via a positive feedback in which depolarizing signals activate an
LT-VACC that, in turn, boosts these signals. The wide distribution of
LT-VACC could support the active propagation of depolarizing sig-
nals, turning the complex NS neuritic tree into a relatively compact
electrical compartment.

calcium conductance; synaptic amplification; nonspiking; dendritic
integration; window current

THE NEURITIC TREE IS THE CELLULAR domain at which neurons
receive, integrate, and process synaptic inputs, and therefore it
is a major determinant of their input/output functions (London
and Hausser 2005; Magee 2000). In previous decades, it
became clear that dendrites do not rely purely on their passive
membrane properties but are supplied with voltage-activated
conductances that affect their processing capabilities (Reyes
2001; Yuste and Tank 1996). Among these conductances,
low-threshold voltage-activated calcium conductances (LT-
VACCs) play a substantial role in shaping the biophysical
attributes of neurites (Huguenard 1996), suggesting their in-
volvement in synaptic processing. Synaptic stimulation or
focal subthreshold depolarization activate calcium conduc-
tances in the dendritic arbor of a variety of neurons (Egger et
al. 2005; Eilers et al. 1995; Errington et al. 2010; Ivanov and
Calabrese 2006; Laurent et al. 1993; Schiller et al. 1997;
Wessel et al. 1999; Yang et al. 2013; Yuste and Denk 1995).
However, it is not known to what extent the activation of

LT-VACCs shapes the synaptic responses that gave rise to
them, influencing their magnitude, dynamics, and propagation.

This question has been addressed in the premotor nonspiking
(NS) neuron of the leech nervous system. NS neurons do not
fire Na�-dependent spikes but express an LT-VACC that is
activated at around �55 mV (Rela et al. 2009). These neurons
are at the center of a recurrent inhibitory circuit that modulates
motor output in this annelid (Szczupak 2014). There is one pair
of NS neurons per leech midbody ganglion that extend broad
neuritic trees in the ganglionic neuropil (see Fig. 3A) and are
connected through chemical and electrical synapses to all of
the motoneurons in the corresponding segment (Rela and
Szczupak 2003; Rodriguez et al. 2012; Wadepuhl 1989).

Calcium imaging studies have shown that this LT-VACC is
distributed throughout the main branches and is activated by
synaptic responses evoked by stimulation of pressure-sensitive
(P) neurons (Yang et al. 2013). The resulting Ca2� signals are
a graded function of the electrophysiological synaptic re-
sponses and spread throughout the neuritic tree with no major
attenuation. Thus NS neurons represent an interesting case
where synaptically evoked Ca2� signals are a graded function
of synaptic inputs but spread globally. The goal of the present
investigation is to learn whether this conductance shapes syn-
aptic responses of NS neurons.

The results presented here indicate that LT-VACC amplified
the responses to synaptic inputs. This boosting was achieved in
a graded manner, and the amplified signal preserved a linear
relationship with the firing frequency of the presynaptic neu-
ron.

MATERIALS AND METHODS

Biological preparation. Hirudo sp., weighing 2–5 g, were obtained
from a commercial supplier (Leeches USA, Westbury, NY) and
maintained at 15°C in artificial pond water. The animals were not fed
for at least 1 mo before dissection. The leech nervous system is
composed of 21 midbody ganglia, aligned between a head and a tail
brain. Each midbody ganglion innervates 1 body segment and con-
tains all of the corresponding sensory and motor neurons (Muller et al.
1981). Individual midbody ganglia were dissected out of the animal
and pinned to Sylgard (Dow Corning) in a recording chamber filled
with normal saline at room temperature. The sheath covering the
ganglion was dissected away, leaving the neuronal cell bodies ex-
posed to the external solution.

Solutions. The ganglia were bathed in standard saline solution with
the following composition (in mM): 115 NaCl, 4 KCl, 1.8 CaCl2, 1
MgCl2, and 5.4 HEPES, pH 7.4. Amiloride was purchased from
Sigma-Aldrich and NNC 55-0396 dihydrochloride (NNC) from Toc-
ris Bioscience.
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Electrophysiological recordings. Microelectrodes were pulled
from borosilicate capillary tubing (A-M Systems) using a P-97 Flam-
ing/Brown horizontal puller (Sutter Instrument) and filled with 3 M
potassium acetate solution. The recording electrode was also used,
where indicated, to apply square pulses or sinusoidal current injec-
tions. Electrodes with resistance of 20–30 M� were connected to an
Axoclamp 2B amplifier (Molecular Devices) operating in current-
clamp configuration (with balanced bridge electrodes) or, when stated,
in discontinuous current clamp. The recordings were digitized using a
Digidata 1320 interface and acquired using Clampex protocols
(pCLAMP 9.2; Molecular Devices) at sampling frequencies of 5 kHz.
The NS and the mechanosensory P neurons were identified by their
location, size, and electrophysiological properties (Muller et al. 1981;
Wadepuhl 1989). To activate the P-NS synaptic interaction, P cells
were excited by the injection of trains of 5-ms current pulses (2–4 nA)
where each pulse evoked a single spike.

Calcium imaging. NS neurons were filled with the calcium-sensi-
tive fluorescent probe Oregon Green 488 BAPTA-1 (OG-1; Invitro-
gen, Molecular Probes). OG-1 was diluted in 100 mM potassium
acetate solution to a final concentration of 3.4 mM and loaded by
iontophoresis through an intracellular electrode into the soma. The
loading protocol consisted of a series of pulses (0.2 nA for 100 ms
followed by �6 nA for 500 ms) that was repeated at 1 Hz for 15
min. The indicator was allowed to diffuse at room temperature for
90 min, changing the saline solution bathing the ganglion every 30
min.

Images of loaded neurons were acquired using a FV1000 confocal
system equipped with an argon laser (488 nm; Olympus, Nagano,
Japan) through a �20 water-immersion objective (numerical aperture
0.5). Excitation and emission wavelengths were separated with a
dichroic mirror (DM405/488), and emitted light was filtered through
a BA505IF filter. Frames formed by 256 � 256 pixels, at a resolution
of 2.5 � 2.5 �m2, were acquired at 2.2 Hz. The pinhole aperture was
set at 300 �m. The focal plane exhibiting the most complete view of
the NS structure was chosen, and the photomultiplier (PMT) voltage
was adjusted to get most of the neuron pixels within 7–60% dynamic
range of the PMT. Optical and electrophysiological data acquisition
were synchronized. The fluorescence signal was quantified by mea-
suring the mean relative fluorescence change for manually selected
regions of interest (ROIs). Four ROIs of 50 � 50 �m were located at
the four main branches of NS neurons. Relative fluorescence changes
were calculated as �F/F � [F(t) � F0]/F0 � 100, where F0 (average
of 10 frames previous to the stimulus) is the baseline fluorescence
intensity and F(t) the fluorescence measured at time t during the
experiment. Background fluorescence was measured in an equivalent
region of the focal plane, away from the cell recorded from. Changes
in fluorescence that resulted from bleaching were negligible at the
moment of stimulation and needed no correction for analyzing the
Ca2� signals (Yang et al. 2013).

Data analysis. The electrophysiological recordings were analyzed
using Clampfit software version 10.4 (Molecular Devices), the images
were analyzed using Fiji (Schindelin et al. 2012), and the resulting
data were analyzed using R (R Core Team 2014) and RStudio (version
0.98.1091; RStudio 2012).

The amplitude of rebound responses evoked by negative current
pulses was measured from baseline membrane potential of the NS
neurons (VmNS

; before the pulse) to the peak value developed after the
return from the hyperpolarizing response. The amplitude of synaptic
responses was measured as the time integral (area) of the response
during 2 s following the onset of the stimulus, divided by this period.

Statistical tests and their P value are indicated in RESULTS and
figure legends. P � 0.05 was chosen as the level of statistical
difference. Data are presented as means 	 standard error of the
mean, and n indicates the number of independent observations.

RESULTS

Pharmacological profile of the LT-VACC of NS neurons. To
analyze the role played by LT-VACCs in synaptic integration,
it is necessary to count on specific blockers devoid of any
effect on the high-threshold VACCs that participate in synaptic
transmission. The effects of three pharmacological agents
known as T-type Ca2� channel blockers were studied:
amiloride (Huguenard and Prince 1992; Tang et al. 1988), Ni2�

(Huguenard and Prince 1992; Lee et al. 1999; Regan 1991),
and NNC, a structural analog of mibefradil (Huang et al. 2004;
Johnston and Delaney 2010).

In an initial screen, we tested how these agents affected the
LT-VACC underlying the low-threshold spike evoked by hy-
perpolarizing pulses (Fig. 1), as this event is a robust expres-
sion of this conductance in NS neurons (Rela et al. 2009). To
this end, NS neurons at their resting potential (�42 	 0.5 mV,
n � 10) were subjected to a hyperpolarizing current pulse (�8
nA, 2 s). On the return from the hyperpolarization, a low-
threshold spike was elicited (Fig. 1). Amiloride (300 �M) had
no evident effect (n � 2) on the normal development of
low-threshold calcium spikes in NS neurons (Fig. 1A). Ni2�, at
a 250 �M concentration, produced a significant reversible
reduction of the amplitude of low-threshold calcium spikes
(Fig. 1, Bi and Bii), whereas lower concentrations (100 and 150
�M, n � 3 and 5, respectively) showed no effect (data not
shown). To test the influence of pharmacological agents on
leech synaptic transmission, we tested their effect on the
interaction between the mechanosensory P cells and the sero-
tonergic Retzius (Rz) neurons: excitation of P cells evokes
excitatory responses in Rz neurons (Szczupak and Kristan
1995; Wittenberg et al. 1990). Figure 1Biii shows the excit-
atory response of a Rz neuron to a train of 6 spikes (15 Hz) in
the P cell. In the presence of 250 �M Ni2�, P cells manifested
an increase in their excitability, and the cell continued firing
beyond the experimental stimulation, causing a prolonged Rz
response. Similar responses were observed in 5/12 cases (pairs of
neurons). In 5/12 cases, Ni2� also caused the hyperexcitability of
Rz cells, which exhibited a larger response than in control con-
dition, even when P cells did not increase their excitability.
Blockade of the LT-VACC is not expected to increase the excit-
ability of neurons, and thus we interpret that 250 �M Ni2� also
affected other conductances in P and Rz neurons.

Perfusion with NNC (100 �M) drastically diminished the
amplitude of low-threshold calcium spikes (Fig. 1, Ci and Cii).
It was reported that the binding site of this drug is within the
membrane or intracellular domains of T-type channels, and
therefore its effect cannot be reversed on washout (Li et al.
2005). The low-threshold calcium spike developed by NS
neurons is a graded phenomenon for which amplitude and
time to peak varies with the magnitude of the hyperpolar-
izing steps used to elicit it (Rela et al. 2009). NNC strongly
diminished the rebound responses of NS neurons elicited by a
series of hyperpolarizing steps (�1 to �10 nA, 2 s) at any of its
graded manifestations (Fig. 1Ciii) and exhibited no effect on the
P-Rz interaction (Fig. 1Civ and in other 2 pairs).

The results indicate that the LT-VACC underlying the re-
bound response of NS neurons was sensitive to Ni2� and NNC,
but the latter was considered a most suitable pharmacological
tool to examine the role of this conductance in synaptic integration
because it showed a more specific effect on LT-VACC.
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NS synaptic responses are boosted by the LT-VACC. To
evaluate the contribution of the LT-VACC on synaptically evoked
responses in NS neurons, we studied the effect of NNC on the
interaction between mechanosensory P and NS neurons. Excita-
tion of these sensory neurons evokes phasic depolarizing poten-
tials superimposed on a tonic hyperpolarization (Marín Burgin
and Szczupak 2000). Both phases are mediated by an interneuro-
nal layer.

Figure 2A shows NS responses evoked by stimulation of a P
cell that fired 1-s trains of spikes at different frequencies
(10–25 Hz). To minimize the expression of the hyperpolariz-
ing component of these responses, the VmNS

was set at �60 mV,
close to the reversal potential of this component and below the
activation threshold of LT-VACC in these cells. The results
obtained in control conditions show that the NS neurons
exhibited a barrage of depolarizing bouts surmounted on an
underlying steady depolarization. The amplitude of these re-
sponses increased as a function of the firing frequency of the
presynaptic cells. On perfusion with 100 �M NNC for 20 min,
the NS responses markedly decreased (Fig. 2A). Because the
effect of NNC cannot be washed out, we tested the specificity
of NNC effect in a separate set of P-NS pairs that were
incubated in normal saline for 20 min.

Figure 2B shows the three experimental control data sets that
result from our protocol: the responses before the application
of NNC (NNC-0min) and the responses at 0 and 20 min of the

sets perfused only with normal saline (N-0min and N-20min)
plotted as a function of the firing frequency of P cells. The
results indicate that the mean synaptic amplitude increased
linearly with the presynaptic firing frequency and rule out any
effect of incubation time on the responses. Figure 2C compares
the results obtained before and after the application of NNC,
revealing that blockade of the LT-VACC decreased the re-
sponses at all stimulation frequencies.

Plotting the amplitude of the postsynaptic responses ob-
tained in control conditions as a function of the amplitude
measured in NNC reveals a linear relationship between these
two variables (Fig. 2C, inset) suggesting that the NNC-sensi-
tive conductance amplified the synaptic signal in a graded
manner. In other words, the activation of the LT-VACC was a
function of the amplitude of the postsynaptic signal and thus
boosted it proportionally.

It has been shown that synaptically evoked responses cause
an increase in the [Ca2�]i of NS neurons for which magnitude is
a linear function of the amplitude of �VmNS

and that these Ca2�

signals exhibit a relatively constant magnitude along the neu-
ronal branches (Yang et al. 2013). These data were interpreted
as an indication that the LT-VACC is distributed throughout
NS branches. To evaluate this hypothesis further, we analyzed
the effect of NNC on synaptically evoked Ca2� signals.

Figure 3A shows a representative image of an NS neuron
that was filled with a fluorescent marker that reveals the
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Fig. 1. Pharmacological profile of the low-threshold calcium spike. A: representative responses of a nonspiking (NS) neuron to the injection of �8-nA current
pulses (2 s) in normal saline and after 10-min perfusion with a solution containing 300 �M amiloride. In this and the rest of the figures, the number on the left
of the traces indicates the baseline membrane potential. Bi: as in A, before and after 10 min in 250 �M Ni2� and after 20-min washout in normal saline. Bii:
the gray and green bars show the mean rebound response amplitude before and after 10-min perfusion with 250 �M Ni2�, respectively [n � 8; paired t-test:
t(1) � 17.6, **P � 0.001]. �VmNS

, change in the membrane potential of the NS neurons. Biii: representative responses of a Retzius (Rz) cell to intracellular
stimulation of pressure-sensitive (P) cells in normal saline and after 10-min perfusion with 250 �M Ni2�. P cells fired a train of 6 action potentials at 20 Hz
in both conditions. Im, square current pulse. Ci: as in Bi, before and after 20 min in 100 �M NNC 55-0396 (NNC). Cii: as in Bii, for NNC. The gray and blue
bars show the rebound amplitude before and after 20-min perfusion with NNC, respectively [n � 8; paired t-test: t(1) � 17.6, **P � 0.001]. Ciii: average peak
amplitude of the rebound response to successive 2-s hyperpolarizing current pulses of increasing amplitude (�1 to �10 nA) in normal saline and in NNC
[n � 5; 2-way ANOVA: F(1,9) � 2.1, P � 0.05, and Tukey honestly significant difference (HSD): **P � 0.001 and *P � 0.05]. Civ: as in Biii but for 100 �M
NNC.
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anatomy of the neuron and Fig. 3B the image of another NS
loaded with Oregon Green during its response to a P cell
stimulation. Changes in fluorescence were evaluated in four
ROIs encompassing segments of the four main branches of the
cell (Fig. 3B, boxed areas 1–4). With VmNS

set at �60 mV, P
cell stimulation elicited depolarizing potentials in the NS soma
(Fig. 3Ci) that were accompanied by strong �F/F signals in the
four main branches of the cell (Fig. 3Cii). NNC caused a
marked decrease in the amplitude of the electrophysiological
signal measured at the soma and of the �F/F signals throughout
the neuron (Fig. 3, C–E).

These data indicate that the LT-VACC is distributed
throughout the NS neuritic tree and its activation by synaptic
inputs can be responsible for their amplification along the NS
branches, supporting an active propagation of these signals.
The activation of this NNC-sensitive Ca2� signal is a graded
function of the amplitude of the synaptic response (Yang et al.
2013), which is coherent with the graded amplification shown
in Fig. 2.

Because the P-NS connection is not direct but involves an
interneuronal layer (Marín Burgin and Szczupak 2000), it is
also possible that the observed effects were due to the influence
of NNC on this layer. Unfortunately, this cellular component
has not been identified yet, and therefore we cannot test this
possibility in a direct way. Instead, we analyzed the effect of
NNC on the responses to direct stimulation of NS neurons.

The responsiveness to depolarizing sinusoidal current is
amplified by the LT-VACC. If the NNC-sensitive amplification
of synaptic signals was due to the activation of LT-VACC, one

expects NNC to produce a similar effect when NS neurons are
stimulated by current injection. To represent the dynamic
characteristics of synaptic inputs, we tested the effect of NNC
when NS neurons were stimulated with sinusoidal current at 30
Hz. This frequency was chosen based on the numbers of VmNS

peaks per time unit measured in experiments where we ana-
lyzed the responses of NS neurons to P cell stimulation at 20
Hz (see Fig. 2A; 31 	 1 Hz).

Figure 4A shows a representative example of NS responses
to a 30-Hz sinusoidal current injection (2 nA, 400 ms) in
normal saline and in NNC. In both conditions VmNS

followed
the dynamics imposed by the sinusoidal current, but in normal
saline successive cycles evoked voltage bouts surmounted on
an underlying steady depolarization that was strongly dimin-
ished under NNC treatment. Noticeably, the effect of NNC on
responses to sinusoidal current exhibited a general resemblance
to that on synaptic responses (Fig. 2A).

To quantify the effect, we measured the amplitude of the first
and the last cycle in each condition. The amplitude of the response
to the first cycle was, on average, unaffected by the presence of
NNC (Fig. 4Bi). However, Fig. 4Bii shows that the degree of
NNC effect on the first cycle depended on the VmNS

achieved at
its peak by each cell. When the first current cycle shifted VmNS

to values more positive than �50 mV, NNC caused a decrease
in �VmNS

that was not observed at more negative potentials.
Since the threshold of LT-VACC in NS neurons was around
�55 mV (Rela et al. 2009), this observation further suggests
that boosting of the first cycle, when it occurred, depended
on the activation of this conductance. In the course of the
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Fig. 2. The low-threshold voltage-activated calcium conduc-
tance (LT-VACC) amplifies the synaptic responses of NS
neurons. A: representative synaptic responses of an NS neuron
to stimulation of a P cell with trains of suprathreshold pulses at
different frequencies (indicated on the left). The recordings
were performed in normal saline (left) and after 20-min per-
fusion with a solution containing 100 �M NNC (right). B:
mean amplitude of NS responses as function of the P cell
stimulation frequency in 3 control conditions: in normal saline
at time 0 (N-0min; n � 5) and after 20-min perfusion in this
solution (N-20min; n � 5) and before perfusion with NNC
(NNC-0min; n � 5). Lines represent the linear regression of
each group: solid black line for N-0min (slope 0.7, r2 � 0.954,
P � 0.001); black dashed line for N-20min (slope 0.8, r2 �
0.99, P � 0.001); and solid blue line for NNC-0min (slope
0.81, r2 � 0.99, P � 0.01). C: as in B but comparing the
response of NS neurons before and after 20-min perfusion with
100 �M NNC [NNC-20min; n � 5; 2-way ANOVA, NNC-
0min vs. NNC-20min: F(1,32) � 3.75, P � 0.05, and Tukey
HSD: **P � 0.001 and *P � 0.05]. The blue dashed line
represents the linear regression of NNC-20min (slope 0.34, r2

� 0.92, P � 0.001). The inset shows the relationship between
the responses of NNC-0min and NNC-20min. The line repre-
sents the linear regression (slope 1.49, r2 � 0.72, P � 0.001).
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sinusoidal stimulation, VmNS
increased, and the amplitude

measured at the peak of the last cycle was significantly
larger than that of the first and was drastically diminished by
NNC (Fig. 4, A and Bi).

To rule out a nonspecific action of NNC, we analyzed its
effect on responses evoked by injection of negative sinusoidal
current (that is not supposed to activate VACCs). Figure 4C
illustrates the marked overlap of the responses to this stimula-
tion in both conditions. The amplitudes of the first and last
cycle were highly similar in control and NNC saline (Fig. 4D).
These control experiments indicate that the effect of NNC on
positive sinusoidal current was due to its specific effect on the
LT-VACC.

At the end of positive sinusoidal current injection, VmNS

returned to baseline following a slow time course. This “volt-
age tail” was probably due to the slow deactivation of the
LT-VACC activated during the sinusoidal current injection
(Fox et al. 1987; Huguenard and Prince 1992; Kozlov et al.
1999). NNC trimmed the voltage tails (Fig. 4E), supporting
this hypothesis. The voltage tails evoked by negative sinusoi-
dal current injection were unaffected by NNC (Fig. 4E), their
magnitudes were similar to those exhibited by positive sinu-
soidal currents in NNC, and the voltage tails probably corre-
spond to the passive properties of the NS neurons.

The results indicate that LT-VACC amplified depolarizing
signals impinging on NS. Although we cannot rule out an effect
of NNC on the interneurons mediating the P-NS pathway, com-
parison of the results described in Figs. 2 and 4 supports the
interpretation that the synaptic responses were amplified, to a
large extent, by the activation of LT-VACC in NS neurons.

The LT-VACC supported signal propagation. The effect of
LT-VACC on the magnitude of synaptic responses could be
due to two not mutually exclusive causes: 1) signal amplifica-
tion at its site of origin; and 2) active propagation from the
input to the recording site. Although the results from the
previous section suggest that this conductance amplifies depo-
larizing responses, the second cause can still play a role in
synaptic integration. The fact that NNC-sensitive Ca2� signals
are distributed along different branches (Fig. 3) indicates that
LT-VACC could be the substrate for signal propagation. To
test this hypothesis in a more direct way, we took advantage of
the fact that the contralateral pair of NS neurons in each
ganglion are electrically coupled through ohmic conductances
(Fig. 5A) with a relatively high coupling coefficient of 
0.25
(Fig. 5B). The two somata present convenient recording sites
where to monitor the spatial spread of electrical signals.

In dual recordings, a series of hyperpolarizing pulses
were injected in one NS producing a graded family of
low-threshold calcium spikes in both NS cells. The re-
sponses of both NS neurons were undistinguishable at any
of the graded expressions of the rebound responses (Fig. 5,
C–E). This observation further supports the view that the
LT-VACC underlying these responses are widely distrib-
uted throughout the NS neuritic tree.

To evaluate whether LT-VACC is involved in the propaga-
tion of dynamic depolarizing signals, 30-Hz sinusoidal current
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views of the segments enclosed in the gray boxes. Cii: �F/F signals evoked by
the signals shown in Ci in each ROI in normal saline (N) and after perfusion
with a solution containing NNC. D: time integral of the electrophysiological
response of the NS cell to P stimulation in normal saline and NNC. Each dot
corresponds to 1 cell [n � 5; paired t-test, t(4) � 3.9, *P � 0.05]. E: time
integral of the �F/F. The 4 ROIs of each cell (identified by the hues on the
right) for each of the cells measured in D [n � 25; paired t-test, t(15) � 5.6,
**P � 0.001].
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was injected into the soma of one NS neuron (NS-1), and
voltage responses in the driven neuron (NS-1) and in
the coupled NS neuron (NS-2) were recorded in normal saline
and in NNC (Fig. 5F). Although NNC had no effect on the
coupling coefficient of NS neurons (Fig. 5G), the “effective
coupling” for sinusoidal signals, defined as the relationship
between the time integral of the response of NS-2 over that of
NS-1, was of 
0.7 in normal saline and of 
0.25 in NNC (Fig.
5H). These results indicate that when the LT-VACC was
blocked, the passive spread of sinusoidal signal from NS-1 to
NS-2 matched the coupling coefficient between the neurons
(Fig. 5, B and G). In the presence of LT-VACC, the signal
reaching NS-2, relative to the original signal evoked in NS-1,
was almost three times larger (Fig. 5H). If the effect of
LT-VACC was just boosting the signal at the site of origin
(NS-1), the effective coupling should not have been affected by
NNC and the signal should have been passively attenuated
when reaching NS-2, proportional to the size at the site of
origin. These results support the view that LT-VACC mediated
the active propagation of depolarizing signals along the neu-
ritic tree of NS neurons.

An additional indication that LT-VACC was involved in the
propagation of sinusoidal signals was provided by comparing
the voltage tails of the signals recorded in both neurons. The
voltage tails in NS-1 and NS-2 recordings in normal saline
were undistinguishable, and NNC effectively reduced them to
a similar magnitude (Fig. 5I).

DISCUSSION

LT-VACC amplifies synaptic responses in a graded manner.
This study reports a case where synaptic amplification is

achieved by virtue of a positive feedback: depolarizing signals
activate an LT-VACC that in turn boost these signals. Synaptic
stimulation of NS neurons evokes Ca2� signals that are pro-
portional to the amplitude of the electrophysiological response
(Yang et al. 2013) and were mediated by an NNC-sensitive
LT-VACC (Fig. 3). In turn, the activated LT-VACC caused a
graded boosting of synaptic responses. The amplitude of syn-
aptic responses in control conditions was a linear function of
the amplitude of these responses when the LT-VACC was
blocked (Fig. 2C, inset). If the amplification mediated by this
conductance was sensitive to a threshold VmNS

value, beyond
which an all-or-none event was triggered, no such linear
relationship would have been expected.

Amplification of the responses to synaptic and sinusoidal
current stimulation was achieved by the buildup of a steady
depolarization (Figs. 2 and 4). This implies that in the course
of the dynamic responses at least part of the LT-VACC
remained activated. This fits well with the concept of window
current associated with LT-VACCs (Crunelli et al. 2005),
according to which a steady-state component is originated at
the overlap between the activation and inactivation voltage
range. Nonetheless, the present results cannot rule out that on
top of the LT-VACC effect the amplification could involve a
high-threshold VACC or even a persistent Na� conductance.

In the present study, NS neurons were studied as their
membrane potential was set below the activation threshold of
the LT-VACC (�55 mV). At the resting potential (�40 mV),
this conductance was only partially inactivated (Yang et al.
2013), and in this condition NS neurons should retain their
ability to boost depolarizing synaptic signals. On the other
hand, as indicated in RESULTS, the P-NS interaction includes a
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tonic hyperpolarizing component that would naturally hyper-
polarize VmNS

and thus favor deinactivation of LT-VACC.
LT-VACC could support the active propagation of signals.

The distribution of LT-VACC in the neuritic tree sets the
scenario for an active propagation of depolarizing signals. That
LT-VACC is distributed throughout the NS neuritic tree is
supported by two main independent observations: Ca2� signals
evoked by low-threshold calcium spikes display a relatively
homogeneous amplitude throughout the NS branches (Yang et
al. 2013), and low-threshold calcium spikes elicited in one NS
reached the contralateral electrically coupled NS neuron with
intact characteristics (Fig. 5, C–E). We interpret that, when
activated at the rebound from a hyperpolarizing signal, the
LT-VACC is activated simultaneously at multiple sites, ren-
dering simultaneous responses in both cells. This would not
have been expected if LT-VACC was not distributed through-
out the entire neuritic tree connecting both somata.

Using sinusoidal current injections, we showed that LT-
VACC partially counteracts the effect of passive attenuation of
signals that are transmitted from one NS to its coupled con-
tralateral homolog (Fig. 5, F and H). If the effect of LT-VACC
was limited to amplify the signals at their site of origin, no
effect on the effective coupling should have been observed.
Because NNC had no effect on the coupling itself (Fig. 5G), we
conclude that activation of LT-VACC supported the active
propagation of depolarizing signals from any input site to the
rest of the neuritic tree.

It is important to note that, different from what has been
observed in response to sinusoidal current injection in one NS,
in response to synaptic stimulation the pair of NS neurons
display identical signals (Rela and Szczupak 2003). This pat-
tern is probably achieved, as with other coupled neurons in the
leech ganglion (Szczupak and Kristan 1995), by the contribu-
tion of two factors: 1) concomitant inputs to and 2) electrical
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transmission in between the bilateral pair of coupled neurons.
We propose that, regarding depolarizing signals, the active
properties conferred by the distributed LT-VACC contribute to
turn the complex neuritic tree of the NS neurons into a
relatively compact electrical compartment. Thus, although
symmetrical inputs probably play an important role in causing
similar responses in both NS neurons, the active properties
enhance the ability of the pair of NS neurons to perform as a
single unit by boosting and propagating the signals from the
site of origin to the rest of the branches (including the 2
somata).

The LT-VACC of NS neurons is analogous to T-type Ca2�

conductances. LT-VACC in NS neurons was sensitive to Ni2�

and NNC (Fig. 1), a specific blocker of T-type Ca2� conduc-
tances in vertebrates (Huang et al. 2004; Li et al. 2005). Thus,
given its electrophysiological (Rela et al. 2009) and pharma-
cological characteristics, the LT-VACC of leech NS neurons
can be functional and pharmacologically related to vertebrate
(Huguenard 1996; Perez Reyes 2003) and invertebrate (Sena-
tore and Spafford 2010) T-type Ca2� conductances. However,
a more detailed biophysical and molecular characterization
needs to be performed to classify the LT-VACC of NS
neurons.

Calcium conductances influence synaptic integration in a
variety of modalities. To our knowledge, the results shown here
represent the first description of a neuron in which a voltage-
activated conductance in general, and an LT-VACC in partic-
ular, produces graded boosting of synaptic signals and supports
their active propagation throughout the neuritic tree. In pub-
lished reports, T-type Ca2� conductance evokes either a local
graded amplification of synaptic signals (Urban et al. 1998) or
a global all-or-none effect (Egger et al. 2005; Goldberg et al.
2004); alternatively, T-type Ca2� conductances amplified syn-
aptic inputs locally but in a steplike manner (Crandall et al.
2010; Egger et al. 2005; Plotkin et al. 2011; Schiller et al.
1997). These different scenarios should be interpreted on the
basis of the physiological role of each neuron.

Possible role of LT-VACC in NS neurons. LT-VACCs have
been classically associated with burst firing, which rises on
low-threshold calcium spikes (Arbas and Calabrese 1987;
Greene et al. 1986; Jahnsen and Llinás 1984a; Pinato and
Midtgaard 2003), and to sustain oscillatory activity (Anderson
et al. 2012; Bal and McCormick 1993; Jahnsen and Llinás
1984b). In these cases, LT-VACCs operate as a means to reach
the threshold of Na�-dependent spikes.

NS neurons do not spike high-threshold spikes, and their
electrophysiological performance seems to take place in a
graded voltage scale. These premotor cells are linked to mo-
toneurons by chemical and electrical synapses that form a
recurrent inhibitory network (Rela and Szczupak 2003; Rodri-
guez et al. 2009; Szczupak 2014). The NS neurons receive
inhibitory inputs from motoneurons by chemical connections
and, in addition, exchange information with the motoneurons
via electrical connections. Because of the rectifying nature of
the electrical junctions between NS and the motoneurons,
depolarization of NS deactivates these junctions. When VmNS

is
more positive than the membrane potential of motoneurons, the
gap junction loses conductance. Thus depolarization of NS
neurons signals uncoupling, causing a transient halt of the
recurrent inhibitory circuit among motoneurons. With regard to
the depolarizations elicited by P cells, it is important to note

that these mechanosensory cells function as major triggers of
motor behaviors in the leech such as swimming and crawling
(Kristan 1982). The depolarizing effect of these mechanosen-
sory neurons on NS could cause a synchronized removal of
inhibitory transmission among motoneurons at the onset of the
execution of motor behaviors. Graded amplification and prop-
agation of depolarizing signals by LT-VACC, as reported here,
can modulate the spread of the uncoupling signal throughout
the NS neuritic tree, reaching the connection sites with differ-
ent motoneurons.
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