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Presynaptic T-Type Ca2� Channels Modulate
Dendrodendritic Mitral–Mitral and Mitral–Periglomerular
Connections in Mouse Olfactory Bulb
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Mitral cells express low-voltage activated Cav3.3 channels on their distal apical tuft dendrites (McKay et al., 2006; Johnston and Delaney,
2010). They also discharge Na �-dependent dendritic action potentials and release glutamate from these dendrites. Around resting
membrane potentials, between �65 and �50 mV, Cav3.x channels are a primary determinant of cytoplasmic [Ca 2�]. In this study using
C57 mice, we present evidence that subthreshold Cav3.x-mediated Ca 2� influx modulates action potential evoked transmitter release and
directly drives asynchronous release from distal tuft dendrites. Presynaptic hyperpolarization and selective block of Cav3.x channels with
Z941 (Tringham et al., 2012) reduce mitral-to-mitral EPSP amplitude, increase the coefficient of variation of EPSPs, and increase paired-
pulse ratios, consistent with a reduced probability of transmitter release. Both hyperpolarization and Cav3.x channel blockade reduce
steady-state cytoplasmic [Ca 2�] in the tuft dendrite without reducing action potential evoked Ca 2� influx, suggesting that background
[Ca 2�] modulates evoked release. We demonstrate that Cav3.x-mediated Ca 2� influx from even one mitral cell at membrane potentials
between �65 and �50 mV is sufficient to produce feedback inhibition from periglomerular neurons. Deinactivation of Cav3.x channels
by hyperpolarization increases T-type Ca 2� influx upon repolarization and increases feedback inhibition to produce subthreshold
modulation of the mitral–periglomerular reciprocal circuit.
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Introduction
Olfactory afferents synapse in glomeruli in the olfactory bulb.
When an odor stimulus is excitatory for a particular mitral cell, in
vivo recordings reveal slow membrane potential oscillations
(Charpak et al., 2001; Cang and Isaacson, 2003). High-frequency
� oscillations are superimposed on these slow oscillations pro-
ducing phase-locked action potential (AP) firing. Although it is
known that intraglomerular synchronization is dependent on
glutamate release from the apical tuft (Nicoll and Jahr, 1982;
Aroniadou-Anderjaska et al., 1999; Isaacson, 1999; Friedman
and Strowbridge, 2000; Schoppa and Westbrook, 2001; Pimentel
and Margrie, 2008), the precise mechanism of glutamate re-
lease and whether it is modulated by subthreshold voltages or

presynaptic cytoplasmic [Ca 2�] are unknown. Odor-evoked
subthreshold membrane potential oscillations result in signi-
ficant dendritic Ca 2� influx in vivo (Charpak et al., 2001). These
can be mimicked in vitro to open low-voltage activated (LVA)
Cav3.3, T-type channels (Johnston and Delaney, 2010). This
manuscript addresses effects of these subthreshold changes in
dendritic membrane potential on transmitter release from the
apical tuft dendrite.

Neurotransmitter release shows [Ca 2�] dependency in two
distinct ways. An AP produces a large, brief Ca 2� influx through
high-voltage activated (HVA) channels, which produces [Ca 2�]
of 10s to 100s of �M local to vesicles that directly trigger exocyto-
sis through interaction with low-affinity binding site(s) (Llinás et
al., 1972; Schneggenburger and Neher, 2000). AP-evoked release
shows a highly nonlinear dependence upon the [Ca 2�] at these
low-affinity binding sites so an effective way for neurons to mod-
ulate release is to alter the magnitude of the HVA Ca 2� influx. At
many synapses AP-evoked release is also modulated by persistent
elevation of cytoplasmic [Ca 2�] in the 0.1–1 �M range (Delaney
and Tank, 1994; Regehr et al., 1994; Zucker and Regehr, 2002).
Submicromolar accumulations of Ca 2� in the terminal can result
as a “residuum” following AP evoked influx (Zucker and Regehr,
2002), from ligand-gated channels (e.g., Kalappa et al., 2011), or
as a result of small changes in resting membrane potential that

Received March 2, 2014; revised Sept. 3, 2014; accepted Sept. 5, 2014.
Author contributions: A.F., J.J., and K.R.D. designed research; A.F., J.J., and K.R.D. performed research; A.F., J.J.,

and K.R.D. analyzed data; A.F., J.J., and K.R.D. wrote the paper.
This work was supported by the Mobility Grant (Marie Curie Action, NKTH-OTKA-EU FP7) of the Hungarian

Government (managed by the National Development Agency, financed by the Research and Technology Innovation
Fund) to A.F. and the Canadian Institutes for Health Research Operating Grant MOP 86473 to K.R.D. The authors
thank Dr. Terence Snutch for his generous donation of compound Z941.

The authors declare no competing financial interests.
Correspondence should be addressed to Dr. Kerry R. Delaney, Department of Biology, University of Victoria,

Victoria, British Columbia, V8W 2Y2, Canada. E-mail: kdelaney@uvic.ca.
DOI:10.1523/JNEUROSCI.0905-14.2014

Copyright © 2014 the authors 0270-6474/14/3414032-14$15.00/0

14032 • The Journal of Neuroscience, October 15, 2014 • 34(42):14032–14045

mailto:kdelaney@uvic.ca.


alter voltage-gated calcium channel activity (Awatramani et al.,
2005). These latter two processes may be particularly relevant to
transmitter-releasing dendrites, which receive an array of synap-
tic inputs. Submicromolar increments of [Ca 2�] increase asyn-
chronous transmitter release from many synapses (Zucker and
Regehr, 2002). There is growing evidence for functional physio-
logical effects of asynchronous release at a variety of synapses
(Chávez et al., 2006; Best and Regehr, 2009; Jin et al., 2012),
including accessory mitral apical tuft (Castro and Urban, 2009).

Using 2-photon Ca 2� imaging and dual whole-cell recordings
of synaptically connected olfactory mitral cells, we found that
AP-evoked, glutamate release from the distal apical tuft dendrite
is reduced by presynaptic hyperpolarization and by block of
T-type channels, both of which reduce cytoplasmic [Ca 2�]. AP-
evoked Ca 2� influx in the tuft was not reduced by preceding
hyperpolarizing potentials or by T-channel block, suggesting that
release is modulated by changes in basal presynaptic Ca 2�, con-
trolled by T-channels. Additionally, we found that subthreshold
T-type Ca 2� influx could increase asynchronous release from
tuft dendrites by amounts sufficient to activate inhibitory feed-
back from periglomerular neurons.

Materials and Methods
Ethical approval. All experiments were reviewed and approved by
the University of Victoria Institutional Animal Care and Use Com-
mittee in accordance with the Canadian Council for Animal Care and
Use guidelines.

Acute brain slice preparation. Acute horizontal slices (320 –350 �m)
were prepared from main olfactory bulbs of 65, 12- to 21-d-old C57 mice
of either sex. After decapitation under deep anesthesia (isoflurane), ol-
factory bulbs were placed into ice-cold cutting solution (containing in
mM: 207 sucrose, 2.5 KCl, 0.1 CaCl2, 4 MgCl2, 1.25 NaH2PO4, 3 myo-
inositol, 10 glucose, 2 Na-ascorbate, 26 NaHCO3) and sliced on a Leica
VT1000S vibratome. Slices were transferred to artificial CSF (containing
in mM: 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 3 myo-
inositol, 10 glucose, 26 NaHCO3, pH � 7.4), incubated for 1 h (36°C-
38°C), and then stored at room temperature until use. Solutions were
oxygenated with 95% O2 and 5% CO2.

Electrophysiology. Slices were perfused at 34°C–36°C (1.5–2.5 ml/min)
in a JG-23 imaging chamber attached to a PM-1 resistive heating plat-
form (Warner Instruments). Olfactory mitral cells were visualized by an
Olympus BX51WI microscope and identified by their shape, size, and
location. To confirm the identity of mitral cells, we always included
Alexa-594 (20 –30 �M) in the pipette. Pipettes were pulled from borosili-
cate glass with filament (Sutter Instruments). For whole-cell current-
clamp recordings, pipettes (4 – 8 M�) were filled with (in mM): 110
KCH3SO3, 8 KCl, 10 glutamate, 10 HEPES, 10 Na2phosphocreatine, 2
MgATP, 0.3 Na2ATP, 0.15 Ca 2�-buffer (EGTA or Ca 2� Green-1) and
pH 7.2 was set by KOH (�290 mOsm). For whole-cell voltage-clamp
experiments, we loaded pipettes (3–5 M�) with the same intracellular
solution. In some experiments, we also included low concentration of
QX-314 Cl � (0.5 mM) to suppress voltage-gated Na � channels and to
increase the threshold for AP generation while minimizing potential
drug effect on T-type Ca 2� channels (Talbot and Sayer, 1996). For
whole-cell voltage-clamp recordings from periglomerular cells (PGs), we
increased the intrapipette [Cl �] to mimic the physiological Cl � reverse
potential (Smith and Jahr, 2002; (ECl� � �52 mV at 36°C). PG cell
solution composed of (in mM): 101 KCH3SO3, 19 KCl, 10 GABA, 10
HEPES, 10 Na2phosphocreatine, 2 MgATP, 0.3 Na2ATP, 0.15 EGTA, pH
7.2 with KOH. A 3M KCl agarose bridge reference electrode was used in
all experiments. All stated voltages have been corrected for liquid junc-
tion potentials (�14 mV). Series resistances were �25 M� and compen-
sated by the bridge balance circuitry in current-clamp recordings. In
voltage-clamp experiments, series resistance was kept �15 M� and com-
pensated �80% with 10 �s lag. Input resistance was continuously mon-
itored, and experiments were ceased if it increased �25%. Cells requiring
holding currents ��150 pA at �64 mV were discarded. Data were sam-

pled (20 kHz) and low-pass filtered (3–5 kHz, four-pole Bessel filter)
using an EPC10 dual headstage amplifier (HEKA).

For experiments to test the role of presynaptic subthreshold potentials
on the modulation of synaptic strength, presynaptic mitral cells were
either held at resting (Vrest; � 60 to �65 mV) or hyperpolarized mem-
brane potentials (Vhyper; � 80 to �95 mV). Vhyper was applied 3 s before
stimulating APs to allow basal [Ca 2�] to settle. To assess changes in the
strength of olfactory mitral–mitral connections, we evoked two APs, with
a 50 ms interval, with brief somatic current injections (1.8 –2.4 nA, 2 ms).
Postsynaptic potentials were recorded at Vrest (see Fig. 2A). Sets of 5 AP
pairs at Vrest were alternated with sets of 5 at Vhyper while continuously
monitoring cell quality. Paired-pulse ratios (PPRs) were calculated di-
viding the second EPSP by the first. We used 10 s sweep intervals to avoid
carryover of short-term synaptic plasticity between tests (see Fig. 2D),
and trials were discarded if spontaneous, presynaptic APs preceded the
evoked-APs. Individual EPSPs were baseline subtracted and averaged (10
�sweeps). This presynaptic and postsynaptic protocol was modified for
other experiments (as described). We determined the electrical coupling
coefficient (CC) between pairs of mitral cells with a hyperpolarizing
current step applied to the presynaptic cell (�300 to �500 pA, 800 ms).
To extract spikelets, the traces from the postsynaptic cell were aligned
using the peak of the AP measured in the presynaptic cell and averaged.
Coefficient of variation (CV) was calculated for each EPSP according to
the following equation: CV 2 � SD 2

EPSP � SD 2
Bg/Mean 2

Amp, where
SDEPSP is the SD of the EPSP amplitude, SDBg is the SD of the background
noise, and MeanAmp is the average EPSP amplitude. Data acquisition and
analysis were performed with PatchMaster (HEKA) and Igor Pro (WaveM-
etrics) using the Neuromatic module. To stimulate lateral olfactory tract
(LOT), a bipolar electrode was placed on the slice surface �100 �m internal
to the mitral cell layer, caudal to the test mitral cell. We delivered brief
(0.1 ms) isolated current pulses (SIU90, Cygnus Technology). The inter-
stimulus interval between stimuli was �10 s.

Focal puff application. For focal application of GABAA receptor blocker
(picrotoxin [PTX], 50 �M) or high concentration of KCl (2 s puff of 65
mM KCl, susbstituted for NaCl), a puffer pipette was placed gently over
the target glomerulus or the mitral cell layer. Fluorescein (Na � salt, 300
�M) included in the puffing solution monitored the spread of the drug.
Appropriate direction of saline flow and puffing pipette ensured a focal
effect (see Fig. 9 A, B1, drawings).

Single-cell electroporation. To visualize mitral cells projecting to the
same glomerulus for paired recording, we electroporated single mitral
cells with borosilicate glass electrodes (5– 8 M�; Harvard Apparatus)
filled with Alexa-594 (1–3 mM). We used 1–2 square pulses (10 �A, 10
ms, 0.5 Hz) to label mitral cell apical dendrite in �5–10 min. Pulses were
generated by a stimulation isolation unit (SIU90, Cygnus Technology)
triggered by EPC10 amplifier (HEKA).

Calcium imaging. Calcium imaging was performed using 810 nm
pulsed laser light generated by a Nd:YaG pumped Ti:sapphire laser sys-
tem (Verdi 10W; MIRA Optima 900F; Coherent Laser) and a custom-
made two-photon laser scanning microscope as described previously
(Johnston and Delaney, 2010). An x-y galvonometer mirror assembly
scanned the beam across the sample through a 40	, 0.8 numerical aper-
ture water-dipping lens (Olympus). A customized Olympus BX51WI
microscope was fitted with two H7422P-40 photomultipliers (Hamamatsu)
to detect epifluorescence and one H8224–40 photomultiplier below a 0.9
NA oblique illumination condenser to detect transmitted fluorescence.
Ca 2� dye epifluorescence and transmitted fluorescence (Ca 2� Green-1,
150 �M) was summed, whereas Ca 2�-insensitive epifluorescence (Alexa-
594, 30 �M) was simultaneously detected to obtain a green/red (G/R)
ratiometric measurement. Fluorescence signals were spectrally separated
using appropriate combinations of filters and a dichroic mirror. All re-
cordings were performed � 20 min after breakthrough to allow for dial-
ysis of the extended dendritic compartments. Pixel intensity within a
polygonal region of interest was averaged for each frame, and both red
and green dye fluorescence was corrected for background fluorescence
(adjacent nonfilled tissue). G/R ratio was calculated for each frame to
follow changes in Ca 2� level. This method allowed easy discrimination
of the changes in Ca 2� transients and basal [Ca 2�]. A PCI6111 A/D
converter (National Instruments) was used to acquire fluorescence sig-
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nals (600 kHz to 1.25 MHz sampling rate) and to output scan-wave
signals simultaneously with acquisition. Hardware control, image acqui-
sition, and analysis were written in-house using Igor Pro (Wavemetrics).
External C�� routines were linked to the Igor interface to accelerate
some display and analysis functions. Imaging was performed by scanning
small rectangular scan areas that encompassed a length of dendrite and
an area of background. Dendrites were aligned along the horizontal axis
of the scan using a hardware-based scan rotation device with bidirec-
tional scanning in the horizontal axis to increase scanning rates (Tsai et
al., 2002). Frame rates in the range of 40 –200 Hz were typically used.
Excitation laser light was always kept as low as required to attain a suffi-
cient signal-to-noise ratio and minimal photodamage. To determine
back-propagating AP (bAP)-evoked Ca 2� transients and basal [Ca 2�],
we averaged at least 10 scans. The first Ca 2� transient amplitude (Amp1)
was calculated as a difference of the first G/R peak (20 ms around the
peak) and the basal G/R (50 –100 ms before bAP). The second Ca 2�

transient amplitude (Amp2) was a difference of the second G/R peak (20
ms around the peak) and the G/R between the two peaks (10 –15 ms
before Amp2). Ca 2� imaging data were acquired in cohorts of five scans
that alternated data collection between Vrest and Vhyper. Image data were
analyzed using the Igor Pro Neuromatic package.

Statistics. For statistical analyses of significance, paired t test, Pearson
correlation calculation, two-way repeated-measures ANOVA, and one-
way ordinary ANOVA followed by Bonferroni post hoc test were used
always with two-tailed probabilities. Averages are expressed as mean 

SEM. Number of experiments (n) shows the number of individual cells,
each from a different slice and animal. Differences were considered sig-
nificant at p � 0.05, except in the case of Bonferroni post hoc test where
the significance levels were corrected by the number of comparisons.
Statistics were calculated using GraphPad Prizm 4.

Materials. AlexaFluor-594 hydrazide and Ca 2� Green-1 hexapotas-
sium salt were purchased from Invitrogen. We obtained AP-5 and NNC
55– 0396 dihydrochloride from Tocris Bioscience, isoflurane from
Abbott Laboratories, KCl, NaCl, sucrose, CaCl2, MgCl2, NaH2PO4,
glucose, and NaHCO3 from Merck, PTX from Abcam, N-(2,6-

dimethylphenylcarbamoylmethyl) triethylammonium chloride (QX-314,
Cl�) from Alomone Labs, and Na-ascorbate from ICN Biochemical. Z941
was a kind gift from Dr. Terrence Snutch (University of British Colum-
bia, Vancouver, British Columbia, Canada). All other chemicals
(4-aminopyridine (4-AP), agar, bicuculline, EGTA, potassium methane-
sulfonate (KCH3SO3), glutamate, HEPES, phosphocreatine, MgATP,
Na2ATP, myo-inositol, MK-801, and TTX) were ordered from Sigma.

Results
Strong activation of the olfactory sensory afferent axons produces
a long-lasting depolarization (LLD) in mitral cells (Schoppa and
Westbrook, 2001). LLD is the result of glutamate released by
primary afferents and mitral dendrites within the glomerulus act-
ing through a combination of binding to NMDA-R and activa-
tion of LVA T-type channels (Cav3.x) via an mGlu-R dependent
pathway (De Saint Jan and Westbrook, 2007; Johnston and De-
laney, 2010). In our previous study (Johnston and Delaney,
2010), T-type channel blockade did not attenuate the initial
AMPA-dependent, monosynaptic EPSPs from the olfactory af-
ferents to the mitral cells; its effects were specific to the LLD. In
the current study, we tested for a further role of T-type channels
in controlling olfactory network function by stimulating popula-
tion postsynaptic potentials with antidromic stimulation of LOT
axons (Fig. 1). LOT stimulation fires many mitral and tufted cells
(but not olfactory afferents), which propagate APs into their api-
cal and tuft dendrites. This results in a fast-onset EPSP (due to
mitral–mitral and tufted-mitral synapses) followed by an LLD.
We applied a pan-T-type channel blocker Z941 (10 �M) (Tring-
ham et al., 2012) in the presence of NMDA-R and GABAA-R
blocker (AP-5, 50 �M; PTX, 50 �M, respectively; Fig. 1A) and, as
expected, found it attenuated the LOT-stimulated LLD, but un-
expectedly it also reduced the short latency component of the

Figure 1. Lateral excitation between mitral cell dendrites in the glomerulus is modulated by T-type Ca 2� channels. A, Antidromic stimulation of the LOT by a bipolar electrode (see schematic
drawing on the left) evoked an LLD in olfactory mitral cells. Inhibition of GABAA-R (middle; PTX, 50 �M) and NMDA-R (right; AP-5, 50 �M) revealed a fast-onset EPSP. B1, Z941, a specific T-type
channel antagonist (10 �M, gray), reduces the initial EPSP amplitude compared with control (black) elicited by a pair of brief LOT stimulation (20 Hz). Inset, Second EPSPs adjusted according to the
baseline. Both traces are averages of multiple trials from a representative experiment. B2, Summary chart shows the Z941 effect on the EPSP amplitudes and the paired-pulse ratio (PPR). Black circles
connected by thick black lines represent the mean of five experiments. PTX (50 �M) and AP-5 (50 �M) were present in all experiments. *p � 0.05. **p � 0.01.
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population PSP (two-way repeated-measures ANOVA, F(1,8) �
7.4, p � 0.0262; EPSP1 control � 3.24 
 0.71 mV, EPSP1 Z941 �
2.56 
 0.75 mV, n � 5, p � 0.0093; EPSP2 control � 2.32 
 0.66
mV, EPSP2 Z941 � 2.23 
 0.71 mV, n � 5, p � 0.6680) and
increased its the paired-pulse ratio (PPR) (PPR control � 0.73 

0.16, PPR Z941 � 0.90 
 0.17, n � 5, p � 0.0071, paired t test;
Fig. 1B1,B2). Previous recordings from mitral cells have shown
that block of T-channels does not affect the initial EPSPs evoked
by olfactory nerve stimulation (De Saint Jan and Westbrook,
2007; Johnston and Delaney, 2010), indicating that postsynaptic
T-channels do not boost the initial EPSP. Thus, after observing
that Z941 reduced short-latency LOT-evoked synaptic responses
in mitral cells, we hypothesized that T-type channels might serve
to modulate spike-evoked transmitter release from glomerular
tuft dendrites.

Because T-channel activation varies substantially around mi-
tral cell resting membrane potentials, we first examined whether
mitral-to-mitral EPSP amplitude was sensitive to presynaptic
membrane potential. We obtained dual whole-cell recordings
from connected pairs. After electroporation of 20 –25 mitral cells
per slice, we identified 1–3 pairs that each projected to the same
glomerulus and were therefore potentially connected (Fig. 2A)
(Schoppa and Westbrook, 2001). Chemically connected pairs
were confirmed by observing EPSPs at constant latency of �2.5
ms after a current-evoked AP. Using this dye-filling strategy, we
found that 62% (27 of 44) of pairs projecting to the same glom-
erulus were connected in at least one direction by a chemical
synapse, the same probability of connection observed by Pimen-
tel and Margrie (2008). Nineteen of the chemical connections
were unidirectional, 6 were bidirectional, and 2 were only tested
in one direction. Chemically connected pairs were always electri-
cally coupled, and the coupling coefficient (CC) was always equal
between pairs (tested in 25 of the 27 pairs) similar to previous
reports (Pimentel and Margrie, 2008). We quantified both the
coupling coefficient and the EPSP amplitudes along with the
PPRs in 13 of the chemically connected pairs. We plotted each
cell’s EPSP amplitude versus its coupling coefficient and found
that these were not significantly correlated (EPSP1 rest, p �
0.0725; EPSP2 rest, p � 0.0893; Fig. 2E1), whereas the PPRs were
clearly uncorrelated (PPR rest, p � 0.9629; Fig. 2E2), indicating
that the measured EPSPs were due to lateral chemical transmis-
sion (Pimentel and Margrie, 2008) rather than electrical coupling
of self-excitation (Schoppa and Westbrook, 2002).

To test whether AP-evoked transmitter release varies with
subthreshold potential changes, we recorded evoked EPSPs in the
postsynaptic mitral cell (M2) at Vrest (between �60 and �65 mV)
while holding the presynaptic neuron (M1) at either Vrest or
Vhyper (3 s of hyperpolarization between �80 and �95 mV; Fig.
2A). We evoked APs with 2 ms suprathreshold depolarizing steps
from rest or hyperpolarized holding potentials. We collected
EPSPs in groups of 5, alternating the presynaptic (M1) mem-
brane potential between Vrest and Vhyper (n � 8; Fig. 2C1) for each
group. The 10 s intervals were given between trials to avoid car-
ryover of short-term depression observed at this synapse (Fig.
2D). With this experimental paradigm, we used two measures of
presynaptic release probability: the PPR and the coefficient of
variation (CV).

Substantial paired-pulse depression and low initial failure rate
at Vrest (4.9 
 3.5%, n � 8) suggest that mitral–mitral connec-
tions have a high release probability. APs evoked from a hyper-
polarized potential produced smaller initial EPSPs (two-way
repeated-measures ANOVA, F(1,14) � 22.67, p � 0.0003; EPSP1
rest � 0.76 
 0.19 mV, EPSP1 hyper � 0.54 
 0.15 mV, n � 8,

p � 0.0001; EPSP2 rest � 0.33 
 0.05 mV, EPSP2 hyper � 0.32 

0.05 mV, n � 8, p � 0.6624) and resulted in a significant increase
in the PPR (PPR rest � 0.50 
 0.07, PPR hyper � 0.70 
 0.07,
n � 8, p � 0.0009; Table 3; Fig. 2C2). Together, the decrease in
EPSP amplitude and increase in PPR suggest a decreased proba-
bility of transmitter release with hyperpolarization.

Next, we determined the CV of EPSPs with and without pre-
synaptic hyperpolarization. The CV is known to inversely corre-
late with quantal content and to be independent of postsynaptic
sensitivity (Malinow and Tsien, 1990). As expected, a reduction
in EPSP1 with hyperpolarization was accompanied by an increase
in CV, consistent with a presynaptic mechanism of modulation
(CV1 rest � 0.31 
 0.04, CV1 hyper � 0.44 
 0.06, n � 8, p �
0.0489, paired t test). Thus, the changes in PPR and CV that
accompany AP-evoked release from a hyperpolarized baseline
are all consistent with a decline in presynaptic release probability.

We considered two possible sources for the decline in AP-
evoked transmitter release resulting from presynaptic hyperpo-
larization: a reduction in the HVA Ca 2� influx that drives release
or a decline in basal [Ca 2�] modulating evoked release.

Mitral cells express A-type K� channels (IA) (Schoppa and
Westbrook, 1999; Christie and Westbrook, 2003; Davison et al.,
2004; Kollo et al., 2008). A period of hyperpolarization increases
IA channel availability by relieving inactivation, potentially nar-
rowing the AP or reducing AP amplitude, which could lead to
reduced Ca 2� influx. Indeed, the width at half-amplitude of so-
matic APs decreased with hyperpolarization (two-way repeated-
measures ANOVA, F(1,14) � 59.15, p � 0.0001; AP1 rest, 0.59 

0.04 ms; AP1 hyper, 0.46 
 0.02 ms; n � 8, p � 0.0001; AP2 rest,
0.59 
 0.04 ms; AP2 hyper, 0.46 
 0.02 ms; n � 8, p � 0.0001;
Fig. 3A).

Although IA can shape somatically recorded APs and delay the
initiation of an AP to somatically injected current, our measure-
ments do not provide information about the AP at the release
sites in the apical tuft. Because the release sites on the apical tufts
of mitral cells are inaccessible for patch pipettes, we took advan-
tage of the fact that mitral cells are electrically coupled through
gap junctions formed within the glomerulus (Christie et al.,
2005). An AP in one mitral cell will evoke a spikelet in an electri-
cally coupled neighbor (Fig. 3A). This spikelet reflects an attenu-
ated version of the AP occurring within the vicinity of the gap
junction. We examined these spikelets for changes in shape upon
hyperpolarization (Fig. 3A). Although the somatically recorded
AP was narrowed (Fig. 3A), the electrically coupled spikelets were
unaffected by presynaptic hyperpolarization (amplitude, Vrest,
0.097 
 0.014 �V; Vhyper, 0.125 
 0.013 �V; n � 8, p � 0.1106,
paired t test; width at half-amplitude, Vrest, 0.22 
 0.02 ms;
Vhyper, 0.20 
 0.01 ms; n � 8, p � 0.4857, paired t test; Fig. 3A).
Although no difference in the spikelets was observed upon hyper-
polarization, the strongly attenuated spikelets may be insuffi-
ciently sensitive to detect subtle changes in the AP shape.
Therefore, to corroborate these findings, we also measured the
Ca 2� transients in the tuft and apical dendrite, evoked by somat-
ically generated bAPs from the different membrane potentials.
Again, in this set of experiments, the width at half-amplitude of
somatic APs was decreased with hyperpolarization (two-way
repeated-measures ANOVA, F(1,12) � 44.11, p � 0.0001; AP1,
p � 0.0005; AP2, p � 0.0006; Table 1; Fig 3B1,B2), but the bAP-
evoked Ca 2� transients in the tuft dendrite increased slightly
(two-way repeated-measures ANOVA, F(1,12) � 18.35, p �
0.0011) whereas the transient in the apical dendrite declined
(two-way repeated-measures ANOVA, F(1,8) � 4.58, p � 0.0648).
These data indicate that the reduction in AP-evoked transmitter
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release with hyperpolarization (Fig. 2) is not due to changes in the
AP waveform within the tuft dendrites (Fig. 3). The data are
also consistent with the subcellular distribution of Kv4 chan-
nels, which mediate IA. Kv4 channels are present on the cell
body and proximal apical dendrite but are absent from the tuft

dendrites, as shown with immunohistochemical electron mi-
croscopy (Kollo et al., 2008).

As previously reported (Johnston and Delaney, 2010), we
found that hyperpolarization significantly lowered cytoplasmic
(basal) [Ca 2�] in the tuft (Ca 2� rest, G/R � 0.47 
 0.06, Ca 2�

Figure 2. Hyperpolarization of the presynaptic olfactory mitral cells decreases the strength of mitral–mitral cell connections. A, Pairs of olfactory mitral cells (M1, presynaptic; M2, postsynaptic)
projecting to the same glomerulus were found by electroporation with Alexa-594. Dashed circles in glomerular layer indicate glomeruli and projecting pairs of mitral cells. ML, Mitral cell layer; EPL,
external plexiform layer; GL, glomerular layer. See the schematic representation of experimental design on the right. Pairs of somatic APs (20 Hz) were evoked by current injection (1.8 –2.4 nA, 2 ms)
in M1 either at Vrest (black) or Vhyper (gray). B, Representative experiment shows a pair of APs in M1 delivered either at Vrest (black) or Vhyper (gray) and the average of evoked EPSPs in M2 recorded
at Vrest. Colors sign corresponding recordings in M1 and M2. C1, EPSPs were recorded in cohorts of five sweeps by alternating presynaptic membrane potential between Vrest (black) and Vhyper (gray).
C2, EPSP amplitudes (left) and PPRs (right) are shown at presynaptic Vrest (rest) and Vhyper (hyper). Black circles connected with thick black lines represent the mean of eight individual experiments.
***p � 0.001. D, Recovery of the mitral–mitral synapse from depression was fitted with a single exponential (inter-stimulus interval [ISI]). E1, The amplitude of EPSP1 (filled triangles) and EPSP2
(open triangles) plotted as a function of coupling coefficient (CC). E2, PPRrest evoked at Vrest plotted as a function of coupling coefficient.

14036 • J. Neurosci., October 15, 2014 • 34(42):14032–14045 Fekete et al. • T-Channel Modulation of Dendrodendritic Synapses



hyper, G/R � 0.40 
 0.04, n � 7, p �
0.0085, paired t test; Fig. 4A,B). Also con-
sistent with our previous study, hyperpo-
larization induced a reduction in basal
[Ca 2�] in the distal main apical dendrite
(Ca 2� rest, G/R � 0.55 
 0.07, Ca 2� hy-
per, G/R � 0.50 
 0.07, n � 5, p � 0.0170,
paired t test; Fig. 4B). The time course of
the change in [Ca 2�] in the tuft during
hyperpolarization was well fitted with a
single exponential function (�decay �
1.20 
 0.37 s, n � 5; Fig. 4A).

Previously, we investigated the source
of subthreshold Ca 2� influx in mitral cells
(Johnston and Delaney, 2010). To simu-
late in vivo odor-evoked oscillations
(Charpak et al., 2001), we sinusoidally
modulated somatic membrane potential
between �70 and �50 mV and detected
corresponding [Ca 2�] changes. In apical
dendrites and tufts, we observed [Ca 2�]
oscillations in the presence of the NMDA
receptor antagonist AP-5. These sub-
threshold [Ca 2�] oscillations were Ni 2�-
sensitive (500 �M), and we showed that
Cav3.3 T-type Ca 2� channels are respon-
sible for them. In the current study, we
tested other T-type Ca 2� channel block-
ers because, in addition to NMDA-Rs
(Mayer and Westbrook, 1985), Ni 2� is re-
ported to have effects on R-type Ca 2�

channels (Randall and Tsien, 1995; Zam-
poni et al., 1996), Na�/Ca 2� exchangers
(Iwamoto and Shigekawa, 1998), and
voltage-gated sodium channels (VGSCs)
(Coste et al., 2007).

First, we applied NNC 55– 0396, a
nonhydrolyzable analog of mibefradil,
which is more specific for T-type channels
because it lacks the effects of the mibe-
fradil metabolite on HVA Ca 2� channels
(Huang et al., 2004); 50 �M NNC 55– 0396
applied for �15 min inhibited LVA Ca 2�

influx (Fig. 4C1), reduced the amplitude
of the somatic APs (Fig. 5A), and reduced
bAP-evoked Ca 2� transients (n � 3; data
not shown). Thus, although an effective
blocker of the LVA Ca 2� influx, it also,
over time, adversely affected VGSCs sim-
ilar to the reported effect of the parent
compound mibefradil (Eller et al., 2000;
McNulty and Hanck, 2004; McNulty et

al., 2006). Although this effect excluded the use of NNC 55– 0396
in our later experiments where AP amplitude needed to be unaf-
fected over extended time periods, they confirmed that T-type
Ca 2� channels are the primary source of Ca 2� influx at voltages
below �50 mV in olfactory mitral cells.

Next, we tested the specificity of Z941 (10 �M), a novel pan-
T-type Ca 2� channel antagonist (Tringham et al., 2012). We con-
firmed that Z941 reduced subthreshold Ca 2� increases (two-way
repeated-measures ANOVA, F(1,6) � 243.2, p � 0.0001; sine1,
�G/R � 0.190 
 0.015, sine1 in Z941, �G/R � 0.093 
 0.014,
n � 4, p � 0.0001; sine2, �G/R � 0.170 
 0.008, sine2 in Z941,

Table 1. Effect of membrane potential on somatic APs and back-propagating
AP-evoked Ca 2� transients in the apical tuft and main apical dendrite of
mitral cells

Tuft dendrite Apical dendrite

AP width at soma (ms) Ca (�G/R) n � 7 p �Ca (�G/R) n � 5 p

AP1 rest 0.61 
 0.08 0.070 
 0.015
0.0143

0.061 
 0.015
0.3133AP1 hyper 0.53 
 0.09 0.079 
 0.016 0.058 
 0.016

AP2 rest 0.61 
 0.08 0.054 
 0.012
0.0077

0.055 
 0.013
0.0870AP2 hyper 0.53 
 0.09 0.064 
 0.011 0.049 
 0.013

Figure 3. Electrically coupled spikelets and bAP-evoked Ca 2� transients in the apical tuft of mitral cells are not decreased with
somatic hyperpolarization. A, Somatic APs recorded from the presynaptic mitral cell (M1) narrow at Vhyper (representative average
traces on the left; black, Vrest; gray, Vhyper). AP traces are overlaid by the AP generation threshold (dashed line). M2, postsynaptically
recorded spikelets were aligned with the peak of the presynaptic AP and overlaid by the spikelet generation threshold (represen-
tative average traces on the right; black, Vrest; gray, Vhyper). Arrows indicate AP and spikelet initiation. Summary charts show AP
width at half amplitude (bottom left; n � 8) and spikelet amplitude and width at half amplitude (bottom right). Black dots
connected with thick black lines represent the means of eight individual experiments. ***p � 0.001. B1, Representative traces of
a pair of bAPs (top) and Ca 2� transients (20 Hz, bottom) were measured in the apical tuft at Vrest (black) and Vhyper (gray). Sets of
five sweeps at Vrest were alternated with sets of five sweeps at Vhyper. Inset, bAP-evoked Ca 2� transients are adjusted according to
the basal [Ca 2�]. B2, Summary chart shows Ca 2� transient amplitudes (Amp1, Amp2) at Vrest and Vhyper in the tuft and apical
dendrite (Ad). Ca 2� transient amplitudes in the tuft (n � 7) are increased with hyperpolarization, although there is no significant
change in the apical dendrite (n � 5). *p � 0.05.
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�G/R � 0.083 
 0.013, n � 4, p � 0.0001; Fig. 4C2). However, in
contrast to NNC 55– 0396, Z941 had no effect on the somatically
recorded APs (Fig. 5B); this demonstrates that Z941 does not
affect ion channels involved in the AP waveform, such as Nav and
Kv channels.

We then used Z941 to determine the contribution of Cav3
channels to AP evoked Ca 2� influx. We held mitral cells contin-
uously at Vhyper, to minimize the Cav3 influx contributing to
basal [Ca 2�] (Fig. 5C), and delivered a pair of AP before and
during application of Z941. Ca 2� influx was tested during the
5–20 min application of Z941. Over this period of time, buffer
capacity tends to increase slightly as dye continues to diffuse into
distal dendrites (Yasuda et al., 2004). Increased buffer capacity
attenuates Ca 2� transient peaks so we estimated the Ca 2� influx
using the integral of the Ca 2� transient, a parameter that is less
dependent on Ca 2� buffer capacity (Helmchen et al., 1996; Ya-
suda et al., 2004). We estimated that the total bAP-evoked Ca 2�

influx from a pair of APs was not reduced by Z941 (Table 2; pre
Z941 Amptotal 	 �decay � 76.8 
 25.1, Z941, Amptotal 	 �decay �
79.2 
 29.4, n � 5, p � 0.6790, paired t test). From these results,
we conclude that Cav3.3 T-type voltage-gated Ca 2� channels,
present on mitral cells, modulate subthreshold Ca 2� influx but
not the bAP-evoked Ca 2� transients in the apical tuft of olfactory

mitral cells. This result is consistent with the slow activation ki-
netics of Cav3.3 channels (�act � 6 –10 ms) (Klöckner et al., 1999;
Chemin et al., 2002; Hildebrand et al., 2009) compared with the
width at half-amplitude of somatic APs at 36°C (�0.5 ms; Figs. 3
and 5). Furthermore, these data demonstrate that the T-type
blocker Z941 selectively blocks LVA Ca 2� entry in mitral cells,
leaving both the AP waveform and HVA Ca 2� entry unaffected.

Our data suggest that the modulation of release probability,
with changes in membrane potential, is likely a result of changes
in the subthreshold [Ca 2�]. To directly test this, we obtained
recordings from pairs of connected mitral cells and applied Z941.
We delivered two APs (20 Hz) at Vrest to the presynaptic cell (M1)
and recorded EPSPs at Vrest from the postsynaptic cell (M2; Fig.
6A1,A2). EPSPs were collected with cohorts of five sets of stimu-
lation in control and in the presence of Z941 (10 �M; Fig. 6B1).
Z941 was applied for �5 min before testing EPSPs. We found a
significant decrease in the initial EPSP amplitude (two-way
repeated-measures ANOVA, F(1,8) � 6.71, p � 0.0321; control,
EPSP1 � 1.28 
 0.36 mV, Z941, EPSP1 � 0.92 
 0.27 mV, n �
5, p � 0.0040; control, EPSP2 � 0.34 
 0.08 mV, Z941, EPSP2 �
0.37 
 0.07 mV, n � 5, p � 0.7510) along with an increase in PPR
with application of Z941 (control, PPR � 0.35 
 0.08, Z941,
PPR � 0.50 
 0.09, n � 5, p � 0.0032, paired t test). The reduc-

Figure 4. T-type Ca 2� channels modulate the basal [Ca 2�] at subthreshold potentials in the primary dendrite of mitral cells. A, Mitral cells were loaded with Alexa-594 and Ca 2� Green-1 as
shown on the fluorescent images (left). Rectangle represents the scanned area; red polygon represents the region of interest. Basal [Ca 2�] was expressed as G/R. A 4-s-long hyperpolarizing step
from Vrest to Vhyper caused a reduction in basal [Ca 2�] (�decay � 1.20 s, n � 5). B, A 4-s-long hyperpolarizing step significantly decreased the basal [Ca 2�] in the apical dendrite and tuft. Black dots
connected with thick black lines indicate the mean of 7 and 5 individual experiments (thin lines) in the apical tuft and apical dendrite (Ad), respectively. *p � 0.05; **p � 0.01. C1, C2, Sinusoidal
modulation of membrane potential above and below normal resting potential modulates basal [Ca 2�]. Voltage-dependent increases in basal [Ca 2�] are attenuated by T-type channel blockers NNC
55– 0396 (50 �M) and Z941 (10 �M). Bar charts on the right represent the population effect of Z941 on the amplitudes of subthreshold Ca 2� influx (control, black, n � 4; Z941, gray, n � 4, 5–20
min bath application). ***p � 0.001.
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tion in EPSP amplitude along with the increase in PPR suggest
that block of Cav3 channels decreases the probability of gluta-
mate release from mitral cell apical tufts (Table 3; Fig. 6B2).

We observed that the effects of hyperpolarization and Z941
were quantitatively equivalent, consistent with their acting via a

similar mechanism (Table 3). Hyperpolarization decreased
EPSP1 by 28.9% (n � 8), compared with a decrease of 28.1% (n �
5) with Z941. Hyperpolarization decreased EPSP2 by 3.0% (n �
8), whereas EPSP2 was increased by 8.8% following Z941 appli-
cation (n � 5). Accordingly, the increase in PPR was also similar,
40.0% for hyperpolarization versus 42.9% for Z941 application.
These data suggest that T-type VGCCs, most probably Cav3.3
(Johnston and Delaney, 2010), are able to modulate the strength
of mitral–mitral connections as a function of subthreshold mem-
brane potential, most likely acting through the modulation of
cytoplasmic [Ca 2�].

T-type channels display high levels of steady-state inactivation
around resting potentials (Chemin et al., 2002). Hyperpolariza-
tion removes this inactivation leading to a transient increase in
T-type current upon returning to rest. This manifests as a re-
bound in [Ca 2�] in the apical tuft that may or may not be accom-
panied by a rebound depolarization or rebound spiking
(Johnston and Delaney, 2010). In this study, we confirmed the
ubiquitous occurrence of a substantial rebound Ca 2� influx and
observed instances of rebound depolarization, which were some-
times sufficient to evoke spiking (Fig. 7A). Rebound Ca 2�, and
when present, rebound depolarization, were blocked by Z941,
consistent with influx through deinactivated T-type channels
(Fig. 7B1,B2; number of APs per first second, control, 1.99 
 0.56,
Z941, 0 
 0, n � 5, p � 0.0244, paired t test; number of low-
threshold oscillations, control, 1.42 
 0.27, Z941, 0.04 
 0.04,
n � 5, p � 0.0059, paired t test). During the course of these
experiments, we also detected barrages of membrane potential
fluctuations during the rebound depolarization, which were also
eliminated by Z941 (Fig. 7, inset). These fluctuations occurred at
membrane potentials several mV hyperpolarized to those that
activate the TTX-sensitive membrane oscillations described by
Desmaisons et al. (1999) and Balu and Strowbridge (2007) and
persisted when VGSCs were blocked by internal 0.5 mM QX-314
(Fig. 8). These fluctuations were sensitive to picrotoxin (50 �M,
n � 4, p � 0.0001, paired t test; Fig. 8A1, inset), so are likely a
result of feedback IPSPs similar to those described by Castro and
Urban (2009).

To quantify the feedback IPSCs evoked by subthreshold de-
polarizations, we applied small depolarizing voltage-clamp steps
from either �100 mV (voltage Protocol a/control with prehyper)
or �65 mV (voltage Protocol b/rest; Fig. 8A1,A2). We included
QX-314 in the recording pipette at a concentration (0.5 mM) that
is low enough to avoid interfering with T-type channels but suf-
ficient to minimize AP generation and block Na� channel-
dependent subthreshold voltage oscillations (Desmaisons et al.,
1999). Voltage steps to potentials from �60 to �50 mV evoked
higher IPSC frequencies when steady-state inactivation of T-type
channels was relieved with voltage Protocol a (Fig. 8A1,A2). This
suggests that LVA T-type Ca 2� influx is responsible for driving
release of glutamate, which then excites feedback from inhibitory
neurons (Fig. 8A1,A2). We confirmed this with Z941, which ef-
fectively blocked 80% to 90% of these events for steps up to �50
mV (e.g., step to �50 mV test potential, one-way ANOVA, F(3,17)

� 14.6, p � 0.0001; IPSC rate: Protocol a, 41.1 
 6.44 Hz, n � 6,
Protocol b, 22.9 
 4.42 Hz, n � 6, Z941, 7.0 
 2.84 Hz, n � 5,
Z941 � PTX, 0.15 
 0.1 Hz, n � 4; Protocol a vs Protocol b, p �
0.0097; Protocol a vs Z941, p � 0.0001; Protocol a vs Z941 �
PTX, p � 0.0001; Fig. 8B1,B2). Hyperpolarizing presteps were
proportionately less effective at increasing IPSC frequency for
depolarizations ��50 mV (Fig. 8A2). Similarly, the relative ef-
fectiveness of Z941 to block increased IPSC frequency declined
with depolarization beyond �50 mV (Fig. 8B2). This suggests

Figure 5. bAP-evoked Ca 2� transients are independent of T-type Ca 2� channels in mitral
cells. A, NNC 55– 0396 (50 �M) raises threshold (left; horizontal lines; 1, pre-NNC; 2, 9 min NNC;
3, 22 min NNC) and attenuates AP amplitude (right; overlaid at the AP generation threshold). B,
Representative overlaid traces of somatic APs (threshold at horizontal line) and summary data
indicate that the somatic AP shape is unchanged by Z941. Column charts represent the width at
half-the threshold to peak amplitude of somatic APs in control (black) and in the presence of
Z941 (10 �M; gray) delivered either at �80 (top; n � 5) or �60 mV (bottom; n � 5). C, bAPs
(20 Hz, top) were delivered to mitral cells at Vhyper, and Ca 2� transients were recorded in the
apical tuft in control (black) and in the presence of Z941 (gray). See location in the schematic
drawing. Fitted single exponential curves indicate �decay. Integrals of Ca 2� transients were
measured as Amptotal 	 �decay (n � 5, 5–20 min application).

Table 2. Effect of Z941 on back-propagating AP-evoked Ca 2� transient

�Ca AP1 (�G/R) �Ca AP2 (�G/R) � decay (ms)
�Ca total
(�G/R)

�Ca total*�
(�G/R*ms)

Pre-Z941 0.124 
 0.031 0.105 
 0.029 319.6 
 37.0 0.218 
 0.059 76.8 
 25.1
Z941 0.093 
 0.031 0.080 
 0.024 395.5 
 56.5 0.178 
 0.052 79.2 
 29.4
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either some saturation of the asynchronous release rate or the
recruitment of other HVA Ca 2� channels that is driving release
above �50 mV (see also Castro and Urban, 2009; Jerome et al.,
2012).

Feedback IPSCs can potentially originate from granule cells
that synapse onto secondary dendrites or periglomerular cells
that synapse onto the distal tuft. Bath-applied PTX blocks all
IPSCs evoked by subthreshold depolarization (Fig. 8A) but does
not identify the location of the synaptic input. We focally applied
PTX with a laminar perfusion flow directed away from the exter-
nal plexiform layer through a small-diameter puffer pipette po-
sitioned on the surface of the glomerulus. Fluorescent dye in the

pipette confirmed the restriction of PTX to the glomerular re-
gion. We observed that 76.2 
 14.0% (n � 4, p � 0.0123, paired
t test) of IPSCs in mitral cells elicited by steps from �100 to �50
mV were blocked by application of PTX to the sites of periglo-
merular synapses (Fig. 9A), indicating that the majority of the
feedback IPSCs originate from periglomerular rather than gran-
ule cells. Finally, we used localized K� application (2 s puff of 65
mM KCl, susbsituted for NaCl) to give subthreshold depolariza-
tion to groups of mitral cell somata; again, flow was directed away
from the external pexiform layer. To isolate fast glutamatergic
inputs, 20 �M MK801 and 20 �M bicuculline were included in the
bath along with 1 �M TTX to prevent spiking. Under these con-

Figure 6. Inhibition of T-type Ca 2� channels decreases the strength of mitral–mitral cell connections. A1, Mitral cell pairs were visualized by Alexa-594. Representative experiment shows an
example presynaptic stimulation in M1 at Vrest (20 Hz; top) and the averages of evoked EPSPs in M2 at Vrest in the absence (control, black) and presence of Z941 (10 �M, gray). Inset, Overlaid averages
of EPSP2. A2, Individual EPSP1 traces are shown after baseline subtraction. Arrows indicate the peak of average EPSP1 under control conditions and in the presence of Z941. B1, EPSPs were recorded
in cohorts of five sweeps in control (black, n � 5) and in the presence of Z941 (gray, n � 5, 5–15 min bath application). Distances between the dots do not represent exact time, only the sequence
of recordings. B2, EPSP amplitudes (thin lines, left) and PPRs (thin lines, right) are shown in control and in the presence of Z941. Black dots connected with thick black lines indicate the means of five
individual experiments. **p � 0.01.

Table 3. Comparison of changes (%) in EPSP amplitude and PPR caused by hyperpolarization of the presynaptic mitral cells or by block of T-type channels with Z941 (10 �M)

Control (n � 8) Hyperpolarized (n � 8) % change Pre-Z941 (n � 5) Z941 (n � 5) % change

EPSP1 (mV) 0.76 
 0.19 0.54 
 0.15 �28.9% 1.28 
 0.36 0.92 
 0.27 �28.1
p � 0.0001 p � 0.0040

EPSP2 (mV) 0.33 
 0.05 0.32 
 0.05 �3.0% 0.34 
 0.08 0.37 
 0.07 8.8
p � 0.6624 p � 0.7510

PPR 0.50 
 0.07 0.70 
 0.07 40.0% 0.35 
 0.08 0.50 
 0.09 42.9
p � 0.0009 p � 0.0032
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ditions, a 2 s K� puff resulted in an average 8.9 
 1.3 mV depo-
larization in mitral cells measured directly adjacent to the puffer
pipette (n � 5; Fig. 9B1). The amount of depolarization fell off
sharply for mitral cells further from the puffer, so it is reasonable
to assume that depolarizations of �10 mV were produced in the
tuft. We then recorded from periglomerular neurons directly
above the population of depolarized mitral cells. The depolariza-
tion of mitral cells caused a 19.96 
 6.6% increase in the rate of
EPSCs measured in 6 trials each from 6 cells (rate measured in the
20 s before puff vs 20 s after puff). This increase in EPSC rate was
completely blocked by 500 �M Ni� (n � 6, p � 0.0074, paired t
test; Fig. 9B2).

Discussion
Whole-cell recordings and Ca 2� imaging were performed on in-
dividual olfactory mitral cells and synaptically connected mitral
pairs. We modulated the small but persistent T-type window
current (i.e., the overlap of steady-state activation and inactiva-
tion curve around resting membrane potential) by changing volt-
age or antagonizing T-type channels. We demonstrated the
selectivity of Z941 for T-type channels in mitral cells (Figs. 4C
and 5B,C) and found that a similar decrease in the strength of
connection and an increase in PPR between pairs of mitral cells
were induced by Z941 and hyperpolarization to �80 mV. Fur-

thermore, we demonstrate that subthresh-
old depolarizations that activate T-type
Ca2� channels can drive sufficient dendritic
glutamate release to evoke feedback IPSCs
from periglomerular neurons.

Distal apical mitral dendrites are well
known for their ability to initiate and sup-
port back-propagation of APs that invade
the distal apical tuft. APs evoked from a
hyperpolarized baseline result in smaller
EPSPs in connected mitral cells. Simulta-
neous but opposite changes in PPR and
CV are consistent with reduced release
probability. Imaging reveals that hyper-
polarizing current injected into the soma
for several seconds slowly reduces basal
[Ca 2�] in the tuft dendrite. It also deinac-
tivates transient Kv4 channels as revealed
by delayed spike initiation and spike nar-
rowing for APs generated by current in-
jected into the soma from hyperpolarized
potentials. Transient K� channels have
been shown to play a significant role in
controlling AP amplitude and HVA Ca 2�

influx into secondary dendrites and as a
consequence modulate transmitter re-
lease from mitral-to-granule synapses lo-
cated there (Christie and Westbrook,
2003; Davison et al., 2004). However, our
electrically coupled spikelet measure-
ments and tuft Ca 2� imaging suggest that
the AP invading the tuft dendrites is unaf-
fected by Kv4 channel activity. With re-
spect to modulation of spike-evoked
release at mitral–mitral tuft synapses, our
data support a primary role for changes in
voltage-dependent basal [Ca 2�] rather
than modulation of AP-evoked Ca 2� in-
flux by voltage-dependent transient K�

channels. This is consistent with immu-
noelectron microscopy that indicates that Kv4.2 channels are
present in the soma and secondary dendrites but are absent
from the distal apical and tuft dendrites (Kollo et al., 2008).
Although deinactivation of transient K � channels by hyper-
polarization narrows somatic APs and increases the current
needed to initiate bAPs, it does not seem to affect bAP-evoked
Ca 2� influx into the tuft. Thus, it does not explain the reduced
transmitter release from tuft dendrite that follows a period of
hyperpolarization.

On the other hand AP-evoked release was reduced by two
manipulations that reduce basal [Ca 2�]: hyperpolarization,
which closes T-type channels, and specific block of T-type chan-
nels with Z941. Thus, as with many other synapses, small changes
in [Ca 2�] at the presynaptic dendritic release site appear to en-
hance release evoked by a brief high Ca 2� influx through HVA
Ca 2� channels (Delaney and Tank, 1994; Regehr et al., 1994;
Zucker and Regehr, 2002).

In most presynaptic terminals, the increased basal [Ca 2�] that
enhances evoked release is the consequence of residual Ca 2� that
remains in the terminal after a preceding period of AP firing.
However, at calyx of Held terminals, a small amount of Cav2.x
current, on the order of 1–2 pA, alters cytoplasmic [Ca 2�] by �
100 nM in a voltage-dependent manner around resting mem-

Figure 7. Rebound depolarizations in mitral cells are dependent on T-type channels. A, Hyperpolarizing prepulse (4 s) evokes a
rebound depolarization in mitral cells. APs are truncated. The rebound was dependent on the size of the hyperpolarizing prepulse.
B1, Inhibition of the T-type channels eliminates the rebound depolarization as indicated by the representative traces (control,
black, n � 5; Z941, 10 �M, gray, n � 5). Inset, Large Ca 2� influx into the apical tuft of a mitral cell (G/R, upper left, black)
accompanied by a subthreshold rebound depolarization (lower left, black). Both are sensitive to Z941 (gray). The jitters on the crest
of the control voltage trace are inhibited by Z941 while the trains of APs (lower right, gray) and the train-evoked Ca 2� influx into
the tuft (upper right, gray) are preserved. B2, Number of APs (first seconds after the hyperpolarizing prestep) and low-threshold-
evoked oscillations significantly decreased in the presence of Z941. *p � 0.05. **p � 0.01.
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brane potential to modulate spike-evoked
release (Awatramani et al., 2005). Immu-
nohistochemistry reveals a concentration
of Cav3.3 reactivity in the apical tuft and
distal portions of the apical dendrite with
little staining in somata (Johnston and
Delaney, 2010). Ca 2� imaging shows a
corresponding pattern of [Ca 2�] modu-
lation by subthreshold voltage changes:
largest in the tuft, diminishing toward the
proximal apical dendrite and soma. The
predominance of T-type channels to this
subthreshold influx is confirmed by its
sensitivity to Ni 2�, Z941, NNC 55– 0396,
and the increased influx that follows a pe-
riod of hyperpolarization characteristic of
deinactivation of Cav3.x channels. Thus,
we conclude that both cytoplasmic
[Ca 2�] and AP-evoked release probability
vary with subthreshold membrane poten-
tial, primarily due to the activity of LVA
Ca 2� channels, most likely Cav3.3.
Cav3.3 channels are particularly suitable
for controlling [Ca 2�] around resting
membrane potential since the largest win-
dow currents are produced by this sub-
type (Chemin et al., 2002; Perez-Reyes,
2003).

Submicromolar increases in resting
[Ca 2�] lead to increased frequency of
asynchronous release at many synapses
(Zucker and Regehr, 2002). Some syn-
apses are designed specifically to commu-
nicate with their targets through high
rates of asynchronous release, notably
vertebrate photoreceptors, bipolar neu-
rons, and auditory/vestibular hair cells,
which possess specialized presynaptic rib-
bon and disc active zones. At many other
synapses (e.g., neuromuscular junctions,
numerous hippocampal and cortical syn-
apses), small increases in presynaptic
[Ca 2�] cause an increase in asynchro-
nous release, but there seems to be little
postsynaptic electrophysiological con-
sequence of this increased “leak” of
quanta because the duration of quantal
EPSPs is too short for effective temporal
summation unless average release rates
are �100 Hz. There is a growing body of

Figure 8. Asynchronous IPSC frequency onto mitral cells is modulated by T-type Ca 2� channels and subthreshold potentials of
mitral cells. A1, Example current traces show that voltage steps to �60 or �50 mV after either a 4 s hyperpolarizing prestep to
�100 mV (Protocol a/control with prehyper) or keeping the mitral cell at �65 mV (Protocol b/rest, data are not leak subtracted)
evoke asynchronous IPSCs onto mitral cells, with a rate dependent on the voltage of the prestep. Segments of control traces in the
rectangles are magnified in B1. Inset, Inhibitory effect of bath-applied PTX (50 �M, n � 4) on asynchronous IPSCs at �50 mV test
potential after applying Protocol a. *p � 0.05. A2, Summary diagram of the effects of Protocol a (control with prehyper, n � 6) or
Protocol b (rest, n � 6) tested with voltage steps between �70 and �40 mV with 5 mV increments. Frequency of the IPSCs was
calculated during a 1.5 s interval following the decay of the step-evoked A-current and was modulated by the prestep. *p � 0.05.

4

B1, Example traces of the drug effect on the asynchronous IPSC
frequency (control, black; Z941, 10 �M, middle gray; Z941 �
PTX, 50 �M; light gray) at �60 and �50 mV test potentials
after delivering Protocol a. B2, Summary diagram of the inhib-
itory drug effects (control, n � 6; Z941, n � 5; Z941 � PTX,
n � 4) tested with voltage steps between �70 and �40 mV
with 5 mV increments after applying Protocol a. QX-314 (0.5
mM) was included in the pipette throughout. Significance lev-
els indicate comparisons of Protocol a versus Z941 (top row)
and Protocol a versus Z941 � PTX (bottom row). *p � 0.05.
**p � 0.01. ***p � 0.001.
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evidence directly linking T-type channel mediated Ca 2� influx to
increased vesicle fusion (Pan et al., 2001; Carbone et al., 2006;
Weiss et al., 2012; Rozanski et al., 2013). In retinal bipolar cells,
axonal release driven by subthreshold T-type channel Ca 2� in-
flux has been directly demonstrated, and this release is sufficient
to stimulate feedback inhibition from amacrine cells with de-
monstrable consequences for circuit function (Pan et al., 2001;
Singer and Diamond, 2003). We demonstrate a similar process of
T-type channel-mediated local feedback inhibition between mi-
tral and periglomerular neurons. The high-input impedance of
periglomerular neurons, typically �1 G� and membrane time
constants of several 10s of milliseconds provide the scope for
efficient integration of asynchronous EPSPs from mitral cells.
Consequently, we can observe a 6- to 7-fold increase in the rate of

feedback IPSCs as a mitral cell’s mem-
brane potential rises from �65 to �50
mV. The observation that a hyperpolariz-
ing prestep in mitral cells increases the
rate of feedback IPSCs evoked at subse-
quent depolarized potentials indicates
that Cav3.x channels are providing the
Ca 2� that is driving glutamate release at
these potentials. As well, Z941 reduces
feedback IPSCs consistent with a role for
Cav3.x driving mitral dendrite glutamate
release. Feedback IPSC frequency in-
creases significantly with increased steps
to �45 and �40 mV, but hyperpolarizing
presteps and Z941 are proportionally less
effective at these depolarized voltages.
This may reflect partial saturation of asyn-
chronous release or recruitment of addi-
tional sources of Ca 2� influx, such as
L-type channels that are not enhanced by
hyperpolarizing presteps. Because immu-
nohistochemistry indicates that T-type
channels are present in periglomerular
neurons (Johnston and Delaney, 2010),
there may be additional effects of this
blocker on periglomerular excitability or
Ca 2� influx that contributes to reduced
GABA release from them in the presence
of Z941.

The capacity for subthreshold mitral
cell depolarization to activate feedback
inhibition has potentially interesting
consequences for odor processing. In a
traditional circuit model where commu-
nication between elements requires spike
threshold be attained, inhibitory feedback
from periglomerular to mitral cells would
not occur in weakly activated glomeruli.
Feedforward inhibition (olfactory affer-
ent to periglomerular to mitral) has been
proposed to occur in weakly activated
glomeruli by virtue of the higher imped-
ance of periglomerular compared with
mitral cells resulting in the selective sup-
pression of weakly activated mitral cells
(Gire and Schoppa, 2009). T-type
channel-mediated, subthreshold release
from mitral dendrites expands the scope
of periglomerular inhibition of mitral

cells to include feedback inhibition, which would further help to
stabilize mitral membrane potential in the face of weak, i.e., off
target inputs. By working to prevent mitral spiking in weakly
activated glomeruli, subthreshold intraglomerular inhibition
would also eliminate inappropriate feedforward, lateral inhibi-
tion via secondary dendrite activation of granule cells. In conclu-
sion, dendrodendritic release driven by subthreshold Ca 2�

fluctuations, combined with high impedance interneurons with
long membrane time constants, provides a mechanism for spatial
compartmentalization of signaling between the output regions of
the mitral cell, namely, the tuft dendrite versus the secondary
dendrite and axon.

To limit contribution of HVA Ca channels to basal cytoplas-
mic [Ca 2�], we restricted our evaluation of the effect of presyn-

Figure 9. Periglomerular cells are major sources of T-type Ca 2� channel-sensitive asynchronous GABA transmission onto
mitral cells. A, Puff application of 50 �M PTX on the apical tuft of a recorded mitral cell (M1) reduced the frequency of IPSCs at �50
mV test potential after a 4 s hyperpolarizing prestep to �100 mV (n � 4). QX-314 (0.5 mM) was included in the pipette. PTX was
directed away from the external plexiform layer with a laminar perfusion flow (see arrow on the drawing). Puffer pipette was
positioned on the surface of the glomerulus. *p � 0.05. B1, A 2 s puff of 65 mM KCl solution from above the mitral cell layer (30 or
90 �m) depolarizes mitral cells (Rec B1, flow was directed away from external plexiform layer). B2, The high K � solution puffed
onto the mitral cell layer increased the EPSC rate in periglomerular cells (PG, Rec B2) as shown in the example current trace and the
mini rate histogram (top and middle). This increase was abolished by 500 �M Ni 2� (bottom; n � 6, 6 trials before and after Ni 2�

application in each cell). Again, high K � solution was directed away from the glomerular layer with a laminar perfusion flow (see
arrow on the drawing). TTX (1 �M), MK-801 (20 �M), and bicuculline (20 �M) were present throughout the mini rate measure-
ments. **p � 0.01.
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aptic membrane potential on asynchronous and AP-evoked
release to subthreshold potentials in quiescent acute slices. Dur-
ing odor activation, mitral cells undergo oscillations in mem-
brane potential that are often suprathreshold and mitral tuft
dendrites are exposed to glutamate levels that activate metabo-
tropic receptors known to enhance T-channel function (John-
ston and Delaney, 2010). These conditions would be expected to
significantly increase T-channel opening; thus, the contribution
of T-channel modulation of evoked and asynchronous release is
likely to be greater during odor stimulation than we have dem-
onstrated here.
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