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Cellular/Molecular

Multiple Conductances Cooperatively Regulate Spontaneous
Bursting in Mouse Olfactory Bulb External Tufted Cells

Shaolin Liu and Michael T. Shipley

Department of Anatomy and Neurobiology, Program in Neuroscience, University of Maryland School of Medicine, Baltimore, Maryland 21201

External tufted (ET) cells are juxtaglomerular neurons that spontaneously generate bursts of action potentials, which persist when fast
synaptic transmission is blocked. The intrinsic mechanism of this autonomous bursting is unknown. We identified a set of voltage-
dependent conductances that cooperatively regulate spontaneous bursting: hyperpolarization-activated inward current (1, ), persistent
Na " current (Iy,p), low-voltage-activated calcium current (I; ;) mediated by T- and/or L-type Ca*" channels, and large-conductance
Ca’"-dependentK " current (Iyy ). I, isimportant in setting membrane potential and depolarizes the cell toward the threshold of Iy, and
I, which are essential to generate the depolarizing envelope that is crowned by a burst of action potentials. Action potentials depolarize
the membrane and induce Ca*" influx via high-voltage-activated Ca>* channels (I;;y, ). The combined depolarization and increased
intracellular Ca** activates I;;, which terminates the burst by hyperpolarizing the membrane. Hyperpolarization activates I, and the
cycleis regenerated. A novel findingis the role of L-type Ca*" channels in autonomous ET cells bursting. A second novel feature is the role
of BK channels, which regulate burst duration. I; and I may go hand-in-hand, the slow inactivation of I; requiring Ix-dependent
hyperpolarization to deactivate inward conductances and terminate the burst. ET cells receive monosynaptic olfactory nerve input and
drive the major inhibitory interneurons of the glomerular circuit. Modulation of the conductances identified here can regulate burst
frequency, duration, and spikes per burst in ET cells and thus significantly shape the impact of glomerular circuits on mitral and tufted
cells, the output channels of the olfactory bulb.

Key words: external tufted cells; bursting mechanism; persistent Na * current; hyperpolarization-activated nonselective cation current;

low-threshold activated Ca®™ current; large-conductance calcium-dependent K * current

Introduction
Oscillatory or rhythmic brain activity underlies many physiolog-
ical functions including sleep-wakefulness, arousal, motivation,
memory, cognition, and sensory and motor processing (Laurent,
2002; Buzsaki and Draguhn, 2004). In the olfactory system, odors
evoke both fast and slow network oscillations in the olfactory
bulb (Laurent, 2002). Oscillations in the slower-theta frequency
range are related to exploratory sniffing (Lledo et al., 2005; Wil-
son and Mainen, 2006). The patterned sensory input resulting
from active “theta sniffing” may establish olfactory bulb oscilla-
tions that enhance odor processing (Young and Wilson, 1999).
Rhythmic oscillations can also be driven by intrinsic bursting of
pacemaker neurons. Recently, a subpopulation of neurons in the
glomerular layer, external tufted (ET) cells, were found to spon-
taneously generate rhythmic bursts of action potentials (Hayar et
al., 2004a). ET cells could, therefore, function as pacemaker neu-
rons in the olfactory network.

ET cells differ from most other pacemaker neurons in which
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bursting depends on network synaptic activity (Ramirez et al.,
2004). ET cell bursting persists, and indeed becomes more regu-
lar, when fast synaptic events are pharmacologically eliminated.
Such autonomous, network-independent bursting has been re-
ported for only a few kinds of mammalian neurons including
cells in the pre-Botzinger complex (Ramirez et al., 2004), hip-
pocampal CA3 pyramidal cells (Hablitz and Johnston, 1981),
ventral hippocampal dentate granule cells (Jinno et al., 2003),
and cerebellar Purkinje cells (Womack and Khodakhah, 2004).
Although much remains to be learned about the physiological
impact of ET cell bursting, some features are known. ET cells
respond optimally to rhythmic, sniffing-related input. Each ET
cell has its own intrinsic or “native” burst frequency when iso-
lated from synaptic input. The bursting frequencies of the ET cell
population are limited to a relatively narrow spectrum ranging
from ~0.2 to 10 Hz (Hayar et al., 2004a), which is nearly identical
with the spectrum of normal breathing-sniffing frequencies ex-
hibited by rats and mice. Each ET cell is entrained by repetitive
olfactory nerve (ON) stimulation at all frequencies higher than
the intrinsic frequency of the cell. Consequently, as the frequency
of ON synaptic input increases, more ET cells are entrained such
that the population bursts more synchronously. Synchrony is
further augmented by electrical coupling among ET cells of the
same glomerulus (Hayar et al., 2005). ET cells receive monosyn-
aptic input from ON and relay odorant information to other
postsynaptic elements in the glomeruli including the majority of
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periglomerular (PG) cells and all short axon (SA) cells of the same
glomerulus (Hayar et al., 2004b). Thus, frequency-dependent
synchronous ET cell bursting may potently regulate the impact of
sensory signals on olfactory bulb output neurons.

The present study aims to elucidate the intrinsic mechanism
of the unusual capacity of ET cell to generate autonomous burst-
ing activity. Knowledge of the ionic conductances that regulate
ET cell bursting should allow its experimental manipulation and
advance our understanding of ET cell roles in glomerular net-
work function and olfactory coding.

Materials and Methods

Olfactory bulb slices from 5- to 6-week-old male C57BL/6] mice were
prepared as previously described (Hayar et al., 2004a). Briefly, horizontal
slices (300 wm) were cut with a Leica (Nussloch, Germany) VT1000s
vibratome in an ice-cold and oxygenated (95% O,—5% CO,) sucrose-
based artificial CSF (sucrose-aCSF) containing the following (in mm):
220 sucrose, 3 KCl, 1.25 NaH,PO,, 2.6 MgSO,, 26 NaHCO;, 10 glucose.
After 30 min incubation in normal aCSF at 30°C, slices were then trans-
ferred to aCSF at room temperature until they were used for experiments.
Normal aCSF was continuously bubbled with 95% O,-5% CO, and had
the following composition (in mm): 124 NaCl, 3 KCl, 1.25 NaH,PO,, 1.3
MgSO,, 1.3 CaCl,, 26 NaHCOs, 10 glucose. During experiments, slices
were perfused at 3 ml/min with aCSF equilibrated with 95% O,-5% CO,
and warmed to 30°C.

Electrophysiological recordings were made from olfactory bulb ET
cells visualized using BX50WT (Olympus, Tokyo, Japan) fixed-stage up-
right microscope equipped with near-infrared differential interference
contrast optics. Additional physiological criteria were used to further
confirm ET cell identity (Hayar et al., 2004a) (see Results), and in some
cases ET cell identity was morphologically confirmed by biocytin filling
and immunostaining. Current or voltage signals were recorded with a
MultiClamp 700B amplifier (Molecular Devices, Palo Alto, CA). Patch
recording electrodes were pulled from standard-wall glass capillary tubes
without filament (WPI, Sarasota, FL). For voltage-clamp calcium-
current experiments, electrodes (3—4 M()) were filled with an internal
solution containing 5.5 mM EGTA, 0.5 mm CaCl,, 95 mm Cs-
methanesulfonate, 20 mm tetraethylammonium (TEA)-Cl, 10 mm
HEPES, 3 mm Mg-ATP, 0.3 mm Na-GTP, 10 muM Tris-phosphocreatine,
0.1% biocytin. For current-clamp recordings, patch pipettes (4-7 M())
contained 5.5 mm EGTA, 0.5 mm CaCl,, 110 mm K-gluconate, 5.5 mm
Mg-Cl,, 10 mm HEPES, 3 mm Na,-ATP, 0.3 mm Na;-GTP, 10 mm Tris-
phosphocreatine, 0.1% biocytin. In the experiments with low EGTA in-
tracellular solution shown in Figure 1, F, H, and I, pipette solution con-
tained the following (in mm): 110 K-gluconate, 17.5 KCl, 4 NaCl, 4
MgCl,, 10 HEPES, 0.2 EGTA, 3 Mg-ATP, 0.3 Na,-GTP, 10 Tris-
phosphocreatine, 0.1% biocytin. Osmolarity of all pipette solutions for
whole-cell patch-clamp recording was adjusted to 285-295 mOsm, pH to
7.3 with KOH or CsOH.

The liquid junction potential (11-13 mV) was not corrected. Access
resistance was typically <20 M) and routinely compensated by 70— 80%
in voltage-clamp experiments. Input resistance was measured under
voltage clamp with a 30 ms, 5 mV hyperpolarization from a holding
potential of —55 mV.

Voltage or current records were low-pass filtered at 4 kHz and sampled
at 10 kHz with a DIGIDATA 1322A 16-bit analog-to-digital converter
(Molecular Devices) using Clampex 9.2 (Molecular Devices). Data were
analyzed with Clampfit 9.2 (Molecular Devices), Origin 7.5 (Origin Lab,
Northampton, MA), and a custom script-program written in NeuroEx-
plorer (Nex Technologies, Littleton, MA), which was used to measure the
minimal membrane potential (MMP), average membrane potential
(AMP), and duration of depolarizing envelope. MMP was measured as
the nadir of the membrane potential after each burst. AMP was measured
from continuous traces of depolarizing envelopes on which the action
potentials were truncated at —45 mV (see Fig. 1 D). A depolarizing en-
velope was automatically detected when the membrane depolarized from
the AMP and remained depolarized for a minimum duration of 25 ms.
EPSPs have a shorter (<15 ms) duration and would not detected as
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envelopes by the software. Nevertheless, all glutamatergic, ionotropic
EPSPs were eliminated in this study by 1,2,3,4-tetrahydro-6-nitro-2,3-
dioxo-benzo|f]quinoxaline-7-sulfonamide disodium salt (NBQX) and
DpL-2-amino-5-phosphonovaleric acid (APV). The envelope duration was
measured as the time difference between the two points in each envelope
where the membrane potential crosses the AMP (see Fig. 1D,E). To
calculate the burst frequency, the interburst interval was measured as the
time difference between the peaks of the first action potentials from
consecutive bursts (see Fig. 1E). All data are presented as mean * SEM.
Statistical significance was determined using the Student’s t test, with a
significance level of p < 0.05.

The biocytin-filled cells were developed as previously described (Ha-
yar etal., 2004a). Briefly, the paraformaldehyde-fixed slices were embed-
ded in 10% gelatin and sectioned at 50 wm thickness. The sections were
subsequently reacted with 0.3% H,0,, 0.3% Triton X-100, ABC com-
plex, and Ni-DAB chromagen. After dehydration, the sections were
mounted in DPX (a mixture of distyrene, tricresyl phosphate, and xy-
lene). Two-dimensional reconstructions of filled neurons were made
with Neurolucida software (MicroBrightField, Colchester, VT).

All drugs diluted in aCSF were delivered to slices by bath application.
NBQX, APV, and gabazine (SR95531), 4-ethylphenylamino-1,2-
dimethyl-6-methylaminopyrimidinium chloride [ZD7288 (ZD)], (—)-
bicuculline methochloride, and tetrodotoxin (TTX) were purchased
from Tocris Cookson (Ellisville, MO). Iberiotoxin (IBTX), w-conotoxin
MVIIC, and SNX-482 were from Peptides International (Louisville, KY).
All other chemicals were purchased from Sigma (St. Louis, MO).

Results

ET cells are identified by their somatic location within the deep
half of the glomerular layer having a relatively large, pear-shaped
cell body with a single apical dendrite that ramifies extensively in
asingle glomerulus (Fig. 1A, B). Similar to rat ET cells, mouse ET
cells (Fig. 1 A,B) do not extend basal dendrites into the underly-
ing external plexiform layer (EPL) and are thus distinguished
from superficial tufted (ST) cells, which do have dendrites in EPL.
Physiologically, ET cells are recognized by their distinctive and
characteristic spontaneous bursts of action potentials superim-
posed on a slow depolarizing envelope (9.9 = 0.3 mV in ampli-
tude and 97.3 * 2.8 ms in duration; n = 68); ST cells lack spon-
taneous bursting (Antal et al., 2006). A burst is classically defined
as a cluster of two or more high-frequency action potentials, but
ET cells occasionally have single spikes riding on their distinctive
depolarizing envelopes. In order not to underestimate burst fre-
quency, we defined a burst in this study as a depolarizing enve-
lope (also referred to plateau potential) (Fig. 1 E) that launches at
least one action potential. Spontaneous ET cell bursting is resis-
tant to a mixture of synaptic transmission blockers including
NBQX (10 um), APV (50 um), and gabazine (10 um) (Hayar et
al., 2004a), so these drugs were used to eliminate spontaneous
synaptic activity in all experiments. The oscillatory membrane
potential of ET cells makes it difficult to specify their resting
membrane potential, especially at high burst frequencies. To
quantify ionic currents, the MMP, —55.3 = 0.8 mV, and AMP,
—51.3 £ 0.5 mV, were calculated from a 40 s recording epoch
from each of 68 ET cells (Fig. 1C-E) (see Materials and Methods).

Intracellular calcium buffering stabilizes spontaneous
bursting activity

Spontaneous burst firing of rat olfactory bulb ET cells runs down
rapidly in whole-cell recording mode (Hayar et al., 2004a). A
similar phenomenon was observed in mouse ET cells (Fig.
1 F,H). Spontaneous bursting gradually decreased and then dis-
appeared within 15 min after whole-cell break-in. The averaged
decline in burst frequency from five cells over 20 min of whole-
cell recording was fitted by a single exponential decay function
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Figure 1. Bursting is stable in whole-cell recording. A, Photograph of a representative mouse ET cell filled with biocytin. B,
Reconstruction of the cell in A (EPL, external plexiform layer; GL, glomerular layer; ONL, olfactory nerve layer). C, Current-clamp
recording of ET cell bursting. D, Same as C with action potentials truncated at —45 mV. MMP is measured at the negative-most
potential (open dots) after each burst. The AMP (red dotted line) is calculated (see Materials and Methods). Each depolarizing
envelope crosses the AMP at two points (solid dots). Envelope duration is defined as the time difference between these two
points. £, Blowup of € showing envelope duration and interburst interval, measured as the time difference between the peaks of
the first action potentials from two consecutive bursts. F, G, Spontaneous bursting is preserved with high (G) but not low (F)
EGTA-buffered intracellular solution. H, Bursting frequency was unchanged after 20 min of whole-cell recording with high
internal EGTA (right graph) but was significantly reduced with low EGTA (left graph). The red lines represent the exponential
decay fit of burst frequency average histograms (green) of five cells. I, With low internal EGTA, input resistance is significantly
reduced, whereas there is no significant change with high internal EGTA situation after 20 min whole-cell recording. Bar graphs
represent averages from five cells in each condition. Error bars indicate SEM. **p << 0.01.

J. Neurosci., February 13,2008 - 28(7):1625-1639 « 1627

with a time constant (7) of 3.1 min. After 20
min of recording, the MMP was hyperpo-
larized (Fig. 1F) by ~10 mV (from
—553*0.5t0 —654£0.7mV;n=5p<
0.01), the input resistance reduced by 35 *
7% (Fig. 11) from 241.4 = 22.7to 159.4 *
29.2 MQ (n = 5; p < 0.01) and bursting
could not be restored by steady current in-
jection. Because this rapid rundown pre-
cluded investigation of bursting mecha-
nisms, it was necessary to obviate the
problem. Intracellular Ca** buffer plays an
important role in maintaining resting
membrane potential and input resistance
(Krnjevic et al., 1975; Milesi et al., 1999).
Therefore, we increased the concentration
of EGTA in the internal solution from 0.2
to 5.5 mM (see Materials and Methods) and
added 0.5 mm Ca*™ to yield an estimated
free Ca>" concentration of 20 nMm. Bursting
activity recorded with this internal solution
did not significantly change after 20 min of
whole-cell recording (Fig. 1G,H). The av-
erage burst frequency from five cells de-
creased only from 2.6 = 0.5t02.4 = 0.5Hz
after 20 min whole-cell recording with a
time constant (7) of 729.8 min when fitted
by a single exponential decay function. In
addition, there was minimal change of
MMP from —56.2 = 1.7 to 57.5 £ 2.6 mV
(n=5;p>0.05) and input resistance from
258.2 = 23.3t0 251.6 = 22.3 MQ (n = 5;
p > 0.05) (Fig. 1G,I). In many cases, stable
bursting was maintained for >60 min.
These results showed that optimal intracel-
lular Ca®" buffer prevented rundown of
spontaneous bursting and suggested a
Ca’* dependence of bursting activity in ET
cells. This internal solution was used for
the remaining experiments.

Persistent Na* channels are active at
MMP and AMP and essential for
intrinsic bursting

The TTX-sensitive persistent sodium cur-
rent (Iy,p) exists in a variety of CNS neu-
rons (Crill, 1996). I,p is present in rat ET
cells and is necessary for spontaneous burst
initiation (Hayar et al., 2004a). To investi-
gate I,p in mouse ET cells, we used a ramp
protocol to depolarize the membrane from
—75 to —40 mV at a velocity (30 mV/s)
sufficiently slow to prevent activation of
fast or transient sodium channels (Iy,r)
(Fig. 2 A). This protocol reliably disclosed a
TTX-sensitive inward current (Fig. 2A).
The average TTX-sensitive inward current
from four cells was 13.6 = 1.5 pA at —55.3
mV (MMP) and 42.1 = 2.5 pA at —51.3
mV (AMP), had an activation voltage of
about —60 mV, and reached its maximal
magnitude (96.4 = 7.2 pA; n = 4) at —45
mV (Fig. 2B). This shows that mouse ET
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cells have an active I,p even at their MMP.
This conductance increases monotonically
with membrane depolarization.

To investigate the role of I, in burst-
ing, we treated ET cells with 1 um TTX after
a stable bursting recording was established.
As shown in Figure 2C, in addition to hy-
perpolarizing the membrane from
—574 £ 1.1to —60.3 = 0.9 mV (n = 5;
p < 0.005), spontaneous bursting slowed
and small depolarizing “humps” (arrow-
heads in the expanded trace) appeared be-
tween bursts. Both bursts and humps were
rapidly (2.1 £ 0.2 min; n = 5) terminated
by TTX. Low-voltage-activated (LVA)
Ca*" spikes could be evoked in the pres-
ence of TTX (see Figs. 6—8), but neither
action potentials nor spontaneous depolar-
izing events were restored by depolarizing
the membrane potential with steady cur-
rent injection (Fig. 2C), indicating that I\,p
is required to trigger the depolarizing enve-
lope in mouse ET cells. The presence of the
small spontaneous voltage humps during
early phase of 1 um TTX application sug-
gested that they might persist at lower con-
centration TTX because it takes time for
the toxin to reach maximal concentration
at the recorded cells. At 10 nm TTX (Fig.
2 D), the majority of I, (82% measured at
—45mV) (Fig. 2D, inset) was blocked but
rebound action potentials persisted (Fig.
2De). Spontaneous bursting was termi-
nated (Fig. 2D) and could not be restored
by depolarizing current injection (Fig.
2Dd). Spontaneous voltage humps were
again present only during the early phase of
10 nm TTX wash-in (Fig. 2Db) and during
the late phase of washout (Fig. 2 Df) when
Iy.p had partially recovered (Fig. 2D, inset,
-V curve 3). This suggests that I, is nec-
essary to generate the humps. Although the
humps were abolished (Fig. 2Dc) when
majority of I,p was blocked by TTX, single
humps could be evoked by depolarizing
current steps (Fig. 2Dd). This indicates
that the role of I,p is to depolarize the
membrane to the activation voltage of
Ca’* currents (see below and Fig. 6), and
suggests that the spontaneous humps are
depolarizing envelopes that inactivate be-
fore reaching the threshold voltage re-
quired to launch action potentials.

I, current contributes to setting membrane potential and is

required for spontaneous bursting

The hyperpolarization-activated cation current (I,) has been
identified in a variety of mammalian neurons (Pape, 1996; Rob-
inson and Siegelbaum, 2003). One function of I, is to generate
pacemaker activity. Of the four hyperpolarization-activated,
cation-nonselective (HCN1-4) genes that encode I, channels
(Robinson and Siegelbaum, 2003) HCN2 and HCN4 mRNA are
highly expressed in the olfactory bulb of rat and mouse (Monteg-
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Figure 2. Persistent Na ™ current is active at minimal and average membrane potentials and is required for spontaneous

bursting. A, TTX-sensitive persistent Na * current, /,,p, revealed by voltage ramp protocol from —75 to —40 mV at 30 mV/s. B,
Averaged /-V curve from four ET cells showing that /,, is active at MMP. C, Bath application of TTX (1 wum) terminates the
spontaneous bursting, which cannot be restored by either positive or negative steady current injection. Burst frequency declines
and voltage humps (arrowheads) appear between bursts before termination (expanded traces). D, Bath application of a lower
concentration of TTX (10 nm; expanded traces @ and g) reversibly terminates the spontaneous bursting, which cannot be restored
by positive steady current injection. Inset, /—V/ curves revealed by the same voltage ramp protocol as in A at different time points
1,2,and 3. Note that 10 nm TTX significantly blocks /., (inset, trace 2 vs trace 1) but does not block the action potentials evoked
by a hyperpolarization voltage step (expanded trace e). Spontaneous voltage humps only appear during the early phase of TTX
wash-in (expanded trace b) and late phase of washout (expanded trace f) when significant /y,,, has been recovered (trace 3 in the
inset). Only a single hump can be evoked by each depolarizing current step (expanded trace d) in the presence of TTX.

gia et al., 2000; Santoro et al., 2000), and HCN1, HCN2, and
HCN3 immunoreactivity is present in glomeruli (Holderith et al.,
2003; Notomi and Shigemoto, 2004). As shown in Figure 3A,
hyperpolarizing current steps in current clamp generated depo-
larizing sags, indicating activation of I,, channels in ET cells. In
cells voltage clamped at —55 mV, hyperpolarizing steps revealed
slowly developing inward currents that were blocked by bath-
applied 3 mm Cs * (Fig. 3 B, C), a nonselective blocker of I;, chan-
nels. The amplitude of these Cs-sensitive inward currents
steadily increased with membrane hyperpolarization from 88 =



Liu and Shipley e Conductances Regulating Spontaneous Bursting in ET Cells

500 © E
-55 mV/ _ o
g a0 ‘%’
5 200 O Control
100 @ CsCl
0 oA \ 0] +re tx o & ®
-110 -100 -90 -80 -70 -60
-400 pA 10 mV Vm (mV)

@

60 Average MMP 34 Hk
A
: Average AMP 32 o
< T 40 P 30
% L] g = O/Th_
E I At € % T3
g 5 2 o 24 S Lo
R 8 22 L
- T 20 o
-60 -55 -50 -45 -40 Control ZD
Vm (mV) Group
Figure 3.  ET cells have a prominent /,, current that is active at MMP and AMP. 4, Current-clamp recording showing robust

depolarizing sag (arrow) indicating the presence of /.. B, Voltage-clamp recording in the same cell in the presence of TTX (1 )
showing hyperpolarization-activated inward current, /, (holding potential, — 55 mV). C, Average /-V/ curves of /,, measured as in
Bwith and without CsCl (3 mmin the bath; n = 4 cells). D, Voltage-clamp recording with membrane potential hyperpolarized by
voltage steps (5 mV/step) from —40to —120mVin the presence of TTX (1 m). E, Same cellin the presence of |, channel blocker,
ZD7288 (100 um). F, D minus E shows the ZD7288-sensitive /,, current. G, I-V/ curve of steady-state ZD7288-sensitive /,, current
fitted with Boltzmann equation (n = 5 cells). H, Magnification of G in the voltage range from —60 to —40 mV, showing that
thereis ~25pA of /, active in the voltage range between MMP and AMP. 1, 2D7288 (100 jum) increased input resistance in all cells
tested (n = 5) consistent with the reduction of a steady-state conductance (measured at —55 mV). Bar graphs show the
averaged value from five cells. Error bars indicate SEM. *p << 0.05; **p << 0.01; ***p < 0.001.
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its original level (Fig. 4A,E,I). However,
the current-rescued bursting exhibited a
lower frequency (Fig. 4B,F) at 0.4 = 0.1
Hz (n = 5) and a significant increase in
both envelope duration (499 * 73.2 ms;
n = 5; p < 0.001) and spikes per burst
(6.8 = 1.1; n = 5; p < 0.001), compared
with control, suggesting that I, also con-
tributes to bursting frequency and burst
duration. Together, these results indicate
that, in addition to promoting burst gener-
ation by repolarizing the membrane po-
tential from its hyperpolarizing level after
burst termination, ;, also helps depolarize
the membrane potential to a range that fa-
cilitates the activation of other conduc-
tances, such as I,p, that are required for
burst generation.

ET cells have a prominent low-voltage-
activated Ca’* current that is mediated
by T- and/or L-type Ca>* channels
Because the rundown experiments indi-
cated a Ca*" dependence of bursting in ET
cells, we next investigated the role of
voltage-activated Ca*>* channels in spon-
taneous bursting. To isolate Ca®" currents
in ET cells, we used Cs *-methanesulfonate-
based intracellular solution containing TEA
(20 mm) to block K™ currents, and added
TTX (1 wm) and ZD7288 (100 uMm) to the
aCSF to eliminate Na * and I,, conductances,
respectively.

With a holding potential at —70 mV,

373 pA (n=4)at —70 mV to 434.5 £ 54.2 pA (n = 4) at —110
mV (Fig. 3C). The selective I}, channel blocker ZD7288 (100 um)
also blocked this current (Fig. 3 D, E), confirming that it is medi-
ated by I, channels (Luthi et al., 1998).

To determine whether I, contributes to setting membrane
potential, ET cells were held at —40 mV and 500 ms hyperpolar-
izing voltage steps were used to elicit ZD7288-sensitive inward
currents (Fig. 3D-G). When plotted against their test voltages
(Fig. 3F,G), considerable ZD-sensitive currents, 23.5 pA at
—51.3 mV to 28.2 pA at —55.3 mV (n = 5), were revealed (Fig.
3H), suggesting that I, is active between MMP and AMP (i.e., at
“resting” membrane potentials). Consistent with this, blocking I;,
channels with ZD7288 significantly hyperpolarized the MMP
from 56.2 * 1.4t0 62.5 = 0.8 mV (n = 5; p < 0.01) (Fig. 4A,E,I)
and increased input resistance (measured at —55 mV) from
2458 * 114 to 271.2 = 12.3 MQ (p < 0.01; n = 5) (Fig. 3I).
Thus, I, contributes ~6 mV to the MMP of ET cells.

What is the role of I, current in spontaneous bursting? In all
five ET cells tested, bursting was terminated by 100 um ZD7288
(Fig. 4A-D,F-H). Before the termination of bursting, the fre-
quency decreased [Fig. 4A (insets 3 and 4), B,F] from 2.5 = 0.4
Hz in control to 0.9 = 0.2 Hz at 2 min after ZD7288 treatment
(n = 5; p < 0.01), and the duration of the burst envelope in-
creased (Fig. 4C,G) from 120 * 3.7 ms in control to 204 = 23.6
ms at 2 min after ZD7288 treatment (n = 5; p < 0.01). After its
termination, bursting activity was restored (Fig. 4A-D,F-H) by
current injection sufficient to depolarize the membrane potential

depolarizing voltage steps (5 mV/step)

(Fig. 5B) elicited inward currents (Fig. 5A)
that were abolished by removal of extracellular Ca** (Fig. 5B)
with addition of equivalent Mg>* to maintain osmolarity/charge.
This Ca"-dependent current had an activation voltage at ap-
proximately —50 mV (n = 4) and reached its mean maximum
amplitude of 637.0 = 51.4 pA (n = 4) at —30 mV before it
decreased with membrane depolarization to 562.8 *+ 58.1 pA at
—10 mV (Fig. 5D, inset). The time-to-peak of this current was
voltage dependent (Fig. 5C, inset), decreasing from 26.5 * 3.1 ms
at —45 mV to 10.9 = 0.8 ms at —35 mV (n = 4). To better
estimate the activation voltage of this current, a conductance—
voltage (G-V') curve (Fig. 5D) was constructed by dividing the
current by its driving voltage and fitted with the Boltzmann equa-
tion:

G(pS) = [(0.1948 — 3747.6)/(1 + eV 3973>57))] + 3747.6.

Single-channel conductance depends on channel types and even
varies for the same type of Ca*>* channel from different tissues.
For example, with Ca®" as the charge carrier reported single-
channel conductance of T-type Ca*" channels and L-type Ca**
channels range ~4-9 pS (Huguenard, 1996; Perez-Reyes, 2003)
and ~4-7 pS (Catterall et al., 2005), respectively. For the present
purpose, a single-channel conductance of 6 pS was used. The
resulting Boltzmann equation gave a Ca®" current an estimated
activation threshold voltage of —61 mV. The activation voltage of
this LVA Ca®” current is consistent with that of T-type calcium
channels, although its inactivation kinetics (Fig. 5C), with a time
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constant of 61.9 = 3.2 ms (n = 4) for test
voltage at —30 mV, is slower than classical
T current.

LVA current is generally attributed to
the activation of T-type Ca®" channels
(Huguenard, 1996). Immunohistochemi-
cal and in situ hybridization studies indi-
cate that neurons in the olfactory bulb glo-
merular layer express several T-channel
subtypes (Talley et al., 1999; Yunker et al.,
2003). Thus, I}y, in ET cells may be medi-
ated, at least in part, by T-channels. To in-
vestigate this possibility, we first examined
the effect of Ni**, which blocks T-type cal-
cium channels rapidly and reversibly. I}y,
evoked by a 500 ms voltage step from —70
to —30 mV was reversibly blocked by Ni**
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humps, which may represent depolarizing
envelopes that fail to reach the threshold
for action potentials.

Considering the nonselective effect of
Ni?* (Tsien et al., 1991; Zamponi et al.,
1996), we next investigated the effect of
(18,25)-2-(2-(N-[(3-benzimidazol- 2-yl)
propyl]-N-methylamino)ethyl)-6-fluoro-1,2,
3,4-tetrahydro-1-isopropyl-2-naphtyl cyclopropanecarboxylate
dihydrochloride [NNC 55-0396 (NNC)], a selective T-type cal-
cium channel blocker that does not affect L-type Ca** channels
at concentration up to 100 um (Huang et al., 2004; Li et al., 2005).
Similar to its hydrolysable analog, mibefradil (Bezprozvanny and
Tsien, 1995; McDonough and Bean, 1998), the potency of NNC
55-0396 on T-type Ca>* currents (I.) has a strong voltage depen-
dence (Huang et al., 2004; Li et al., 2005) and increases with
membrane depolarization. This was confirmed in the present
study. The effect of NNC on Ca>" current elicited by incremental
depolarizing voltage steps (5 mV/step) was therefore examined
with holding potential at —55 mV, which is the MMP for most ET
cells. NNC (50 uMm) significantly reduced the LVA calcium cur-
rent in all ET cells (n = 4) at all tested voltages (Fig. 5G). At —30
mV NNC (50 uwm; 10 min application) inhibited the LVA
Ca**current by 77.7 = 2.5% (n = 4), indicating that most of the

Figure4.

I, contributes to spontaneous bursting. A, Spontaneous bursting slows (3 and 4) and is eventually terminated by the
I, channel blocker, ZD7288 (100 wm), (top panel). Inset 1 and 2, ZD7288 abolishes the depolarizing sag (arrowheads) and the
MMP was hyperpolarized indicating that /, is active at MMP (see also Fig. 3G,H). 5, Bursting rescued in the presence of ZD7288
when the MMP restored to original level by depolarizing current injection. B-E, Graphs showing the progressive effects of
ZD7288 on burst frequency (B), envelope duration (C), spikes per burst (D), and MMP (E) of cell in A. F—I, Average changes for five
cells. Error bars indicate SEM. **p << 0.01; ***p < 0.001.

LVA current in ET cells was mediated by T-type Ca* channels
(Fig. 5G).

Window T-type Ca’"current-mediated bistability underlies
the expression of the slow oscillatory or rhythmic activity as well
as high-frequency bursting firing in some neurons (Crunelli et
al., 2005). However, the mean half-activation and half-steady-
state inactivation voltages of the LVA Ca*" were —37.1 and
—59.2mV (n = 5), respectively. This gave an estimated window
current in ET cells at MMP (approximately —55 mV) of 3.8 = 2.9
PA (Fig. 5F), indicating little estimated contribution (~0.9 mV)
to the MMP. Thus, the LVA Ca** window current plays no ob-
vious role in ET cell bursting.

The glomerular layer also shows immunoreactivity to L-type
Ca?" channels (Grunnet and Kaufmann, 2004), some of which
also have low activation voltages (Lipscombe et al., 2004). Mur-
phy et al. (2005) reported that L-type Ca*>" channels mediate
LVA I, in PG cells. Thus, we investigated the effect of nimodip-
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pal neurons (Metz et al., 2005) and are also
sensitive to low concentrations of Ni*™,
However, LVA Ca** currents in ET cells
were insensitive to SNX-482 (400 nm), a
selective R-type calcium channel blocker
(Bourinet et al., 2001) (data not shown)
(mean peak I, in five cells changing from
585.5 = 49.0 pA in control to 559.7 £ 42.0
pA after SNX-482 measured at —30 mV
with holding potential at —70 mV), indi-
cating no involvement of SNX-482-
sensitive R-type channels.

In summary, ET cells have an LVA Ca**
current that is mediated by T- and/or
L-type Ca’* channels. Its sensitivity to
NNC 55-0396 and its relatively low activa-
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Figure 5.

ine, an L-type Ca*" channel blocker on ET cells. At 20 uM, ni-
modipine reduced I, at all voltages tested (Fig. 5H). Nimo-
dipine reduced peak Ca** current from 45.1 + 2.5t0 19.3 * 6.9
PA (n=5;p <0.05) at =50 mV and from 409.6 = 7.3to 113.1 =
423 pA (n=5;p<<0.01) at —30 mV, respectively. This reduction
was reversed on nimodipine washout and addition of 1,4-
dihydro-2,6-dimethyl-5-nitro-4[trifluoromethyl-phenyl]-3-
pyridinecarboxylic acid methylester [Bay K8644 (BayK)], an
L-type Ca®" channel activator (Fig. 5H). Ten minutes after BayK
(5 uM) application, I,,, increased from 19.3 * 6.9 to 72.6 =
13.3 pA (n = 5;p < 0.01) at =50 mV and from 113.1 * 42.3 to
472.2 £ 1224 pA (n = 5; p < 0.05) at —30 mV. In separate
experiments, slices were treated first with BayK followed by wash-
out of BayK plus addition of nimodipine (Fig. 5I). BayK (5 um; 5
min) increased peak Ca>™ current from 35.6 * 12.4 to 62.2 =
19.9 pA (n = 5; p < 0.05) at =50 mV and from 425.1 * 70.2 to
821.4 + 96.2 pA (n = 5;p < 0.01) at —30 mV, respectively. When
BayK was replaced with nimodipine (20 um), I,,, was reduced
from62.2 £19.9t09.3 = 2.4 pA (n =5; p <0.05) at =50 mV and
from 821.4 = 96.2 to 125.5 = 61.6 pAat =30 mV (n = 5; p <
0.01).

R-type calcium currents contribute to bursting in hippocam-

-70 -60 -50 -40 -30 -20

-1200[4 Bay k8644
® Washout (+nimodipine) ***

ET cells have a prominent LVA Ca®™" current mediated by L- and/or T-type Ca®™ channels. 4, Inward currents
generated by depolarizing voltage steps with membrane potential held at —70 mV in aCSF containing TTX (1 ) and ZD7288
(100 um). B, Same cell with aCSF containing 0 mu Ca® /2.6 mmMg 2™ and 0.3 mm EGTA. €, A minus B shows Ca** current. D,
G-V curve of the peak Ca2™ current from five cells fitted with Boltzmann equation. Inset, The corresponding /-V curve. E,
Steady-state inactivation of Ca™ current. A —30 mV test pulse was preceded by incremental (5 mV/step) hyperpolarizing
pulses (10 s) from —100 mV. F, Activation (V;,, = —37.1 mV) and inactivation (V;,, = —59.2 mV) /=V curves of five cells
expressed as a function of membrane voltage and fitted with Boltzmann equations shows verylittle Ca2* current at MMP. G, /-V/
curves of peak Ca2™ currents with holding potential at —55 mV showing that NNC 55-0396 (50 jum), a selective T-type Ca™
channel blocker, significantly reduces I, , (n = 4 cells). H, I~V curves of the peak Ca* current showing that nimodipine (20
M), an L-type Ca2™* channel blocker, significantly reduces /., . . After nimodipine washout with addition of Bay K8644 (5 ),
anL-type Ca?* channel activator, I, . isrestored (n = 5 cells). I, I~V curves of the peak Ca® " current showing that Bay K8644
(5 pum) increases I, ., andits activation voltage shifts from —50to —55 mV. After Bay K8644 washout, addition of nimodipine
(20 pum) reduces I, . (n = 5 cells). Error bars indicate SEM. *p << 0.05; **p << 0.01; ***p < 0.001 compared with control.

30  tion voltage suggest that the isolated LVA
Ca** current is mediated by T-type Ca*"
channels. However, unlike classical T-type
Ca** currents, the ET cell LVA Ca** cur-
rent exhibited slow inactivation kinetics
. (7 = ~62 ms for test voltage at —30 mV).

This could be attributable to Cay 3.3 («11)
T-type channels, which exhibit slow inacti-
vation kinetics (Park et al., 2004) and rela-
tively low sensitivity of Ni** (Zamponi et
al., 1996). Cay3.3 mRNA and protein are
expressed at high levels in olfactory bulb
glomeruli (Talley et al., 1999; Yunker et al.,
2003).

The contribution of L-type Ca** chan-
nels to the LVA current in ET cells is sup-
ported by its slow inactivation and its sen-
sitivity to the dihydropyridine agonist, Bay
K8644 and the antagonist, nimodipine.
L-type channels have traditionally been re-
garded as high-voltage-activated (HVA)
Ca**  channels, although, dihydro-
pyridine-sensitive LVA Ca®" currents have
been reported in a number of neurons, in-
cluding rat olfactory bulb PG cells (Avery
and Johnston, 1996; Magee et al., 1996; Murphy et al., 2005). Of
the four L-type channels (Cavl.1/a,g, Cavl.2/a ¢, Cavl.3/a,p,
and Cavl.4/a, ), Cavl.3/a,p, expresses ubiquitously in the mam-
malian brain including the bulb (Hell et al., 1993; Ludwig et al.,
1997) and activates at relatively low membrane potentials (ap-
proximately —55 mV) (Koschak et al., 2001; Xu and Lipscombe,
2001; Lipscombe et al., 2004). In addition, channels containing
Cavl.3/a,p, have a relatively lower sensitivity to dihydropyridine
antagonists, including nimodipine. The ET cell LVA Ca** cur-
rent was partially blocked by 20 uMm but not 10 um nimodipine.
This may be because most of the current is mediated by T-type
channels and/or because it is partly mediated by Cavl.3 L-type
channels. Involvement of L-type channels in the ET cell LVA
current would also account for its slow kinetics because all L-type
channels inactivate slowly (Catterall et al., 2005).

Vm (mV)

(n=5)

Control
€1

Activation of T-type Ca’* channels is required for low-
threshold Ca>* spikes and spontaneous bursting

In agreement with the voltage-clamp experiments, low-threshold
Ca’" spikes (LTSs) were evoked by current pulses in current
clamp with holding potential at —62 to —65 mV in the presence
of TTX (Figs. 7A, 8A, 9A). The activation threshold for these
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all-or-none LTSs was —46.9 * 0.7 mV
(n = 15). NNC 55-0396 (50 um) (Fig. 7B)
abolished LTSs in all five cells, indicating
the requirement of T-type Ca" current.

LTSs have been implicated in pace-
maker function because an LTS typically
triggers a burst of action potentials (Hu-
guenard, 1996; Perez-Reyes, 2003). To in-
vestigate the role of the T-type calcium
channel-mediated LTS in spontaneous
bursting, we tested the effect of NNC 55-
0396 (50 wMm; 10 min) on ET cells recorded
in current clamp. NNC irreversibly abol-
ished spontaneous bursting with no effect
on MMP (Fig. 7C,G,K). Bursting could not
be restored either by depolarizing or hy-
perpolarizing current injection (Fig. 7C).
NNC did not alter the ability of the cells to
fire action potentials (Fig. 7C, blowup).
Before termination of bursting, burst fre-
quency (Fig. 7C,D, H), envelope duration
(Fig. 7 E,I), and spikes per burst (Fig. 7F,])
all decreased with time in NNC. Measured
6 min after NNC 55-0396 treatment, burst
frequency decreased from 2.7 *= 0.6 to
0.6 £ 0.2 Hz (n = 5; p < 0.01), envelope
duration from 111.1 £ 9.2t0 64.3 = 6.0 ms
(n = 5; p < 0.01), and spikes per burst
from34 = 03t018*x01(n=5p<
0.01). These results support an essential
role of T-type calcium channels in sponta-
neous ET cell burst generation.

L-type Ca>* channels are required for
LTSs and modulate
spontaneous bursting
Because the voltage-clamp experiments
also provided evidence for the involvement
of L-type Ca*" channels in LVA I,, we
next investigated their role in LTSs. After
exposure to nimodipine (20 uM; 10 min),
LTSs were abolished in all five ET cells
tested (Fig. 8 B). This was partially reversed
after replacement of nimodipine with Bay
K8644 (5 wM; 15 min) (Fig. 8C). In sepa-
rate experiments, LTSs were significantly
prolonged in duration by BayK (5 um)
(Fig. 9A,B); LTS duration measured at
—40 mV increased from 112.4 = 6.7 to
205.9 £ 8.7 ms (n = 5; p < 0.01). The
prolongation of LTSs was reversed by
washout of BayK with addition of nimo-
dipine (20 uMm) (Fig. 9C). These results
support the involvement of L-type Ca*"
channels in LTSs.

We next investigated the role of L-type
channels in spontaneous bursting. Nimo-

dipine (20 um) decreased both envelope duration [Fig. 8D
(blowups), F,J] and spikes per burst [Fig. 8 D (blowups),G,K].
The mean envelope duration (Fig. 8]) and spikes per burst (Fig.
8K) in five cells decreased from 105.1 = 13.6 to 76.0 = 9.4 ms
(n=5;p<0.05)and 2.4 = 0.1 to 1.0 £ 0.01 (n = 5; p < 0.01),
respectively. Although nimodipine did not eliminate bursting, the
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Figure6. Effectof Ni>* on spontaneous bursting. A, Bath application of 100 pm NiCl, reversibly terminates the spontaneous

bursting, which can be restored by 10 pA depolarizing steady current injection to bring the membrane potential to its original
level (expanded trace c). Spontaneous voltage humps (expanded trace b) persist. B, Bath application of T mm NiCl, reversibly
terminates spontaneous bursting, which cannot be restored by depolarizing steady current injection. Note that there are no
spontaneous or evoked voltage humps in the presence of T mm NiCl, (expanded traces b and c). C, Dose—response curve from five
cells showing the inhibitory effect of NiCl, on Ca2* currents evoked by voltage step to —30 mV with holding potential at —70
mV. D, [-V curve from four cells showing that /, is blocked by 2 mm CsCl but not affected by 1 mm NiCl, at all tested voltages when
membrane was held at —55 mV. Error bars indicate SEM. E, Action potentials are evoked by a depolarizing current step in the
presence of 1 mm NiCl,..

attenuated depolarizing envelopes generated only single spikes (Fig.
8D, G,K). If we count envelopes with only single spikes as “bursts,”
burst frequency was not significantly affected by nimodipine (Fig.
8E,I). Nimodipine also depolarized the membrane potential (Fig.
8D,H,L) from —57.1 = 1.2to —54.0 £ 1.2 mV (n = 5 p < 0.01).
Restoring the MMP to its original level by hyperpolarizing current
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19.5ms (n = 5; p < 0.05) and 2.8 = 0.2 to
6.6 £ 0.5 (n = 5; p < 0.01), respectively.
The MMP was hyperpolarized from
—55.3 = 1.4 to —59.3 = 3.7 mV (Fig.
9 H, L) with little effect on burst frequency
(Fig. 9E,I). Washout of BayK plus addi-

50 uM NNC

tion of 20 uM nimodipine (Fig. 9D,F-
H,J-L) reversed all effects of BayK except
burst frequency, which was reduced from
32=*0.1t01.3*0.2Hz (n=>5;p<0.01).
However, neither envelope duration nor

OWIHIIH\II\\II\IIINI\IHII el

spikes per burst was reversed by restoring
MMP to its original level with depolarizing
current (Fig. 9D, F,G,],K), suggesting that
the effect of BayK on bursting was not at-
tributable to a change of membrane poten-
tial. Together, these results support the
idea that L-type Ca** channels prolong the
duration of the depolarizing envelope and
increase the number of spikes per burst.
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Figure7.  Blocking T-type Ca2* channel eliminates LTSs and terminates spontaneous bursting. 4, All-or-none Ca?* spikes ~ Lacking selective pharmacological tools to

were evoked by intracellular current injection in the presence of TTX (1 um). B, Blocking T-type Ca®* channels with NNC 55-0396
(50 pum) abolishes LTSs. €, Current-clamp recording (no TTX) showing that NNC 55-0396 (50 M) slows and then terminates
spontaneous bursting. Bursting is not restored by either positive or negative currentinjection, but action potentials are elicited by
positive current injection in the presence of NNC. D-G, Graphs showing the effect of NNC 55-0396 on burst frequency (D),
envelope duration (E), spikes per burst (F), and MMP (G) of the cellin C. H-K, Averaged data (n = 5 cells) showing the effect of

manipulate the inactivation of Iy,p or I,
we investigated the possibility that out-
ward conductance regulate the burst
duration.

I, which is active throughout the de-

NNC 55-0396 on the same burst parameters. Error bars indicate SEM. **p < 0.01.

injection increased envelope duration, but did not increase spikes
per burst, indicating that those changes were not entirely attributable
to nimodipine-induced membrane depolarization.

All changes in bursting were reversed after replacing nimodip-
ine with Bay K8644 (5 uM; 12 min) (Fig. 8 D, F-H,J-L). Specifi-
cally, envelope duration (Fig. 8)), spikes per burst (Fig. 8 K), and
MMP (Fig. 8 L) changed from 76.0 * 9.4 to 126.6 = 7.7 ms (n =
5 p < 0.05), 1.0 = 0.01 to 2.5 = 0.1 (n = 5; p < 0.01), and
—54.0 £ 1.2t056.9 = 1.4 mV (n = 5; p < 0.01), respectively. In
separate experiments, BayK was applied first, and then nimodip-
ine was added during washout. In this condition (Fig. 9D), BayK
(5 w™m) increased envelope duration (Fig. 9F,]) and spikes per
burst (Fig. 9G,K) over control values from 89.4  10.7 to 160.8 *

polarizing envelope, elevates cytosolic cal-

cium that can trigger or modulate intracel-

lular targets, including activation of Ca>" -
dependent ion channels. Ca**-activated potassium channels
(Kgans) are broadly divided into three subtypes based on their
biophysical and pharmacological profiles: small- (SK),
intermediate- (IK), and large-conductance (BK) channels. Al-
though activation of any of these three can cause membrane hy-
perpolarization, the following considerations make BK an attrac-
tive candidate for terminating bursting in ET cells: (1) there is
strong BK immunoreactivity in the glomerular layer (GL) of
mouse olfactory bulb (Sausbier et al., 2006); (2) activation of
BK channels is both voltage and Ca®" dependent, so that de-
activation of this outward conductance can be very rapid and
complete on membrane hyperpolarization; and (3) BK chan-
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nels have large conductance so that their
activation can produce strong membrane
hyperpolarization.

We first asked whether ET cells have
functional BK channels. To record maxi-
mal BK currents, a 300 ms hyperpolarizing
(—100mV) prepulse (to de-inactivate both
BK channels and voltage-dependent cal-
cium channels) was applied before incre-
mental depolarizing voltage steps (500 ms;
5 mV/step) from —70 to —15 mV with
holding potential at —70 mV (Fig. 10 B, in-
set). With TTX and ZD7288 in the bath to
block Na™ and I, currents, this protocol
revealed an outward current (Fig. 10A)
that activated at —42.0 = 1.2 mV (n = 5)
and increased with membrane depolariza-
tion from 44.3 * 9.5 pA at —35 mV to
573.9 £ 13.6 pA (n = 5) at —15 mV.

The BK channel selective blocker, IBTX
(200 nM; 15 min), significantly reduced
(Fig. 10 B) this voltage-dependent outward
current from 44.3 * 9.5 to 19.8 * 6.8 pA
(n = 5; p < 0.05) at —35 mV, and from
573.9*13.6t0197.4 = 783 pA(n=>5p<
0.01) at —15 mV. The IBTX-sensitive out-
ward current (Fig. 10C, inset) activated at
about —39.0 = 1.0 mV and increased in
amplitude with membrane depolarization
(Fig. 10C) (n = 5) from 24.5 * 4.8 pA at
—35mV to 375.9 = 118.4 pA at —15mV,
indicating that ET cells have functional BK
channels. The residual IBTX-resistant out-
ward currents may reflect incomplete
block of BK by IBTX or the involvement of
other potassium channels.

Next, we investigated the role of this
current in bursting. In current clamp and
with the membrane potential held around
—70 mV by steady current injection to pre-
vent spontaneous bursting, 400 ms depo-
larizing current pulses were applied to
evoke a single burst per pulse (Fig. 10 D); 10
evoked bursts were collected at 0.2 Hz from
each ET cell and compared with 10 bursts
evoked in the presence of IBTX (200 nm; 15
min treatment). As shown in Figure 10D,
IBTX treatment significantly increased the
duration of evoked bursts by 45.5% from
112.8 = 4.7 to 163.5 = 6.2 ms (n = 4 cells;
p <0.01) withoutaffecting input resistance
measured at —55 mV (from 227.5 = 10.3
MQQ in control to 240.6 * 12.8 M at 15
min after IBTX; n = 4 cells).
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Figure 8.  Blocking L-type channels eliminates evoked LTSs and reduces number of spikes per spontaneous burst. 4, All-or-
none calcium spikes evoked by intracellular current injection in the presence of TTX (1 wm). B, Blocking L-type Ca®™ channels
with nimodipine (20 rum) abolishes LTSs. €, Washout of nimodipine with addition of Bay K8644 (5 wm) partially rescues LTSs. D,
Current-clamp recording of spontaneous bursting (no TTX) showing that nimodipine (20 wm) reduces both envelope duration
and spikes per burst. Effect on spikes per burst is not attributable to membrane depolarization because it was not reversed by
injection of steady hyperpolarization current to restore the MMP to pre-nimodipine levels. Addition of BayK (5 wm) during
nimodipine washout rescues bursting (traces below expanded timescale). E-H, Graphs showing effect of nimodipine and wash-
out of nimodipine plus BayK on burst frequency (E), envelope duration (F), spikes per burst (G), and MMP (H) of cell in D. I-L,
Mean burst frequency (1), envelope duration (/), spikes per burst (K), and MMP (L) (n = 5 cells) immediately before (con), 9 min
after nimodipine (nim), nimodipine with hyperpolarizing current injection (nim -+ hyper), and 12 min after washout of nimodip-
ine plus BayK (Bay K). Averages were measured for 20 s for each condition for each cell. Error bars indicate SEM. *p << 0.05; **p <<
0.01.

should play a role in terminating LTSs. Alternatively, I;,; may be

What activates I ? Because I}, plays an important role in
spontaneous bursting (Figs. 5-9), I; ,; might conceivably provide
both depolarization and intracellular Ca** [Ca*"]; elevation for
BK channel activation. Although our voltage-clamp data already
indicated that very little Iy is activate at membrane potentials
more negative than —30 mV (Fig. 10C) and because the depolar-
izing envelopes never exceed —40 mV, BK channel activation
might conceivably be shifted to a more negative voltage range by
[Ca®"]; elevation through I,; . If this were the case, BK channels

insufficient to increase [Ca*" ], for BK channel activation within
the voltage range of the depolarizing envelope. In this scenario,
transient sodium channel (Iy,r)-mediated action potentials
rather than the I; ,-mediated LTSs might be required to activate
BK channels because, in addition to strong depolarization, action
potentials can also increase [Ca®"]; by activating HVA Ca**
channels (Ijjya)-

To test the first hypothesis, we examined the effect of IBTX on
evoked LTSs in the presence of TTX (1 uMm) and ZD7288 (100
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increased evoked burst duration by 31.7%
from 93.7 + 6.4 to 123.4 = 2.5 ms (n = 5;
p < 0.01). There was no effect on input
resistance measured at —55 mV (control,
231.1 = 19.4 MQ; conotoxin MVIIC,
236.3 = 11.2 MQ; n = 5). The smaller in-
crease in the depolarizing envelope dura-
tion by conotoxin MVIIC (31.7%) com-
pared with IBTX (45.5%) may reflect an
incomplete block of HVA Ca** current by
conotoxin MVIIC or the possibility that a

A Control B Bay K8644 C Washout
-20 -204 -20 (+nimodipine)
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strong membrane depolarization during
action potentials and LVA Ca*" current
combine to activate BK channels. This
finding indicates that I;;y, is required for
BK channel activation and supports the hy-
pothesis that BK channels are activated by
both [Ca*"]; increase and strong depolar-
ization during action potentials.

In addition to increasing depolarizing
envelope duration, treatment with IBTX or
conotoxin MVIIC also reduced the decay
slope of action potentials within bursts. As
shown in Figure 10, G-I, IBTX (200 nMm; 15
min) decreased the decay slope by 29.7%
from 74.8 £ 8.2t052.6 £ 7.7 mV/ms (n =
5; p < 0.05) for the first action potential, by
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Figure 9.

nimodipine (nim), respectively. Error bars indicate SEM. *p << 0.05; **p << 0.01.

M) to block action potentials and I, and found that blocking BK
channels with IBTX (200 nm; 15 min) did not change LTS dura-
tion (control, 90.8 = 7.3 ms; IBTX, 91.4 = 8.5 ms; n = 5) (Fig.
10E). Therefore, the depolarizing voltage and Ca*" associated
with I, are insufficient to activate Iyx. Thus, the depolarizing
envelope, by itself, is unlikely to engage this conductance.

We next explored the contribution of I;;y, to BK channel
activation and the duration of evoked bursts by blocking I;;y
with w-conotoxin MVIIC, which at high concentration blocks
both P/Q- and N-type Ca** channels (McDonough et al., 1996).
As shown in Figure 10F, w-conotoxin MVIIC (5 uM; 10 min)

Activation of L-type Ca* channels prolongs evoked LTSs and spontaneous bursts. 4, All-or-none calcium spikes
evoked by intracellular current injection in the presence of TTX. B, Bay K8644 5 (jum) increases LTS duration and reduces LTS
activation threshold from 44.5 = 1.7to —48.5 = 1.5mV (n = 5; p < 0.01). (, BayK washout with addition of nimodipine (20
um) abolishes LTSs. D, In spontaneous bursting (no TTX), BayK (5 wum) increases both burst duration and spikes per burst without
changing burst frequency. Effects are not attributable to BayK-induced membrane hyperpolarization because they persist during
depolarizing current injection that restores MMP to pre-BayK baseline. Washout of BayK plus nimodipine (20 pm) restores
bursting to control values (expanded traces below). E-H, Graphs showing the progressive effects of Bayk, BayK plus 30 pA
depolarizing current, and BayK washout plus nimodipine on the burst frequency (E), envelope duration (F), spikes per burst (G),
and MMP (H) of the cell in D. I-L, Mean burst frequency (I), envelope duration (J), spikes per burst (K), and MMP (L) from five
cells in control (con) and 4 min after BayK, BayK plus depolarization (BayK-+dep), and 10 min after washout of BayK plus

37.3% from 53.6 = 4.3 to 33.6 £ 6.0
mV/ms (n = 5; p < 0.01) for the second
one, by 38.3% from 47.8 = 5.4 to 29.5 *
3.6 mV/ms for the third one within each

g§ * burst, respectively. Conotoxin MVIIC (5
-54 uM; 10 min) reduced the decay slope by
<o % } { 18.8% from 72.3 = 2.7 to 58.7 + 1.8
E 57 mV/ms for the first action potential, by
%gg } 34.2% from 51.0 = 1.7 to 33.6 * 4.2
-60 mV/ms for the second one, and by 40.3%
:g; from 43.2 = 3.0 to 25.8 = 2.5 mV/ms for

the third one within each burst, respec-
tively. These results indicate a contribution
of BK and HVA Ca** currents to the repo-
larization of action potentials.

Finally, we investigated the role of Iy in
spontaneous bursting. As shown in Figure
11 A, IBTX increased both envelope dura-
tion (Fig. 11C,G) and spikes per burst (Fig.
11D, H) without significantly affecting ei-
ther burst frequency (Fig. 11B,F) or MMP
(Fig. 11E,I). The average envelope dura-
tion (Fig. 11G) from five cells increased by
57.5% from 106.8 £ 16.5 to 167.1 £ 31.1
ms (n = 5; p < 0.05) and spikes per burst
(Fig. 11 H) increased from 3.0 = 0.2t0 4.8 = 0.2 (n = 5; p < 0.01).
Together, these results support the hypothesis that BK current
regulates burst duration by contributing to burst termination.

SK channel immunostaining has also been detected in the
mouse glomerular layer (Sailer et al., 2004). This type of K,
channel plays a role in dendrodendritic inhibition in the olfactory
bulb by regulating dendritic excitability of mitral cells (Maher
and Westbrook, 2005). Therefore, we tested the role of SK in ET
cell bursting with both apamin (300 nm), a selective blocker of SK
channels, and bicuculline (30 um), a GABA, receptor blocker
that also blocks both apamin-sensitive and apamin-insensitive

"Con BayK BayK nim
(+dep.)
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SK channels (Khawaled et al., 1999). Be- A
cause bicuculline was applied at least 10
min after gabazine (10 uMm), a specific
GABA, receptor blocker, any effect on
bursting should attribute to SK channels.
As shown in Figure 11, F-I, none of the
bursting parameters measured was signifi-
cantly affected, indicating that SK channels
do not play an obvious role in the regula-
tion of spontaneous bursting of ET cells.

Control

Discussion

ET cells in mouse olfactory bulb fire spon-
taneous bursts of action potentials in the
absence of fast synaptic inputs. The present
study demonstrates that this ability to gen-
erate autonomous bursts depends on mul-
tiple, voltage-dependent ionic conduc- @G

tances, including I}, Iy,p, Iy and/or Iy, Iy a,

and Ik. These intrinsic conductances are

precisely orchestrated to produce rhythmi-

cal spontaneous bursting in mouse ET 3ms
cells.

I, regulates minimum membrane
potential and is required for
spontaneous bursting

I, plays akey role in setting the MMP in ET
cells. It begins to activate at approximately
—45 mV, which is 10 mV positive to the
MMP (approximately —55 mV) suggesting
that I, generates significant steady-state in-
ward current at both average and mini-
mum membrane potentials. Consistent
with this, ZD7288 produced a significant
hyperpolarization and increased input re-
sistance (R;,). Because I,, does not inacti-
vate (Luthi and McCormick, 1998), it op-
erates like an inward “leak” current around
MMP, counterbalancing active outward
currents that could further hyperpolarize
the membrane. When I, was blocked by
7ZD7288, spontaneous bursting was eliminated, but was restored
by current sufficient to bring the hyperpolarized MMP back to
control levels. Therefore, I, functions to limit postburst hyper-
polarization and depolarizes the membrane to the activation
voltages of other conductances (Iy,p and I, ) required for burst
generation.

Control

IBTX

Figure 10.

Na* dependence of ET cell spontaneous bursting

The observation that repetitive bursting was restored by depolar-
izing current in the presence of ZD7288 indicated that additional
voltage-dependent inward currents are required for burst gener-
ation. These conductances must be active near the MMP (ap-
proximately —55 mV). One such current is I, (Crill, 1996),
which has been proposed to drive pacemaker activity in many
neurons. Consistent with our previous study in rats (Hayar et al.,
2004a), mouse ET cells have a TTX-sensitive Iy,p, which activates
at approximately —60 mV, ~5 mV negative to MMP. I, in-
creases with membrane depolarization, depolarizes the mem-
brane to the activation threshold of I, and is active throughout
the voltage range of the burst envelope. Spontaneous bursting is

st
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Large-conductance Ca*-dependent potassium (BK) current regulates evoked burst termination. 4, B, Voltage-
clamp recording using the protocol shown in B (inset) in aCSF containing TTX (1 wm) with (B) or without (4) IBTX (200 nw), a
selective BK channel blocker, to identify BK currents. C, Averaged /—V/ curve of IBTX-sensitive currents from five cells. Inset,
Subtracted traces (4 minus B) showing the IBTX-sensitive currents. D, Current-clamp recordings comparing burst duration before
(black) and after (red) IBTX (200 nm), showing that burst duration is significantly lengthened by blocking BK channels. Inset,
Pooled data from 40 bursts in four cells showing evoked burst duration before and after IBTX. **p << 0.01. E, Pooled data from
four cells showing that IBTX (200 nm) does not affect LTSs recorded in current clamp in the presence of TTX (1 um) and ZD7288
(100 pum). Inset, LTSs evoked by current steps before (control) and after (IBTX) 15 min of IBTX treatment. F, Current-clamp
recordings comparing burst duration before (black) and after (green) of w-conotoxin MVIIC (CTxMVIIC) (5 wm; 10 min), a
nonselective blocker of HVA Ca®* channels, showing that burst duration is significantly lengthened by blocking HVA Ca**
channels. Inset, Pooled data from five cells showing evoked burst duration before (control) and after w-conotoxin MVIIC. **p <
0.01. G, Representative traces of the first three action potentials from evoked bursts before (black) and after IBTX (red; 200 nu; 15
min) or conotoxin MVIIC (green; 5 wm; 10 min) treatment, showing that the falling rather than the rising phases of action
potentials are affected by blocking BK or HVA Ca 2%+ channels. H, I, Pooled data showing that IBTX (n = 4 cells) or conotoxin MVIIC
(n =5 cells) significantly reduces the decay slopes of the first three action potentials in each evoked burst. Error bars indicate
SEM. *p << 0.05; **p < 0.01.

abolished by TTX and cannot be restored by current injection.
Thus, Iy,p is essential for burst generation in mouse ET cells.

T- and/or L-type Ca** currents sustain the burst envelope
Ca’" channels comprise two groups: HVA, with activation
threshold more positive than approximately —30 mV, are further
classified into L-, N-, P/Q-, and R-type based on their biophysical
and pharmacological properties. LVA calcium channels, which
activate at potentials more negative than approximately —45 mV
(Catterall, 2000; Catterall et al., 2005), are traditionally consid-
ered as T-type Ca*" channels.

ET cells have an LVA Ca** conductance with a calculated
activation voltage of approximately —61 mV. This current has
properties of both T- and L-type Ca®" channels. Its pharmacol-
ogy as well as its activation and inactivation kinetics suggest that
it is mediated by T-subtype Cay3.3 (all) and/or L-subtype
Cavl.3 (a,p) Ca*" channels, both of which are expressed in the
glomerular layer at both mRNA and protein levels (Hell et al.,
1993; Ludwig et al., 1997; Talley et al., 1999; Yunker et al., 2003).

An established role of LVA Ca** conductance is the genera-
tion of LTSs, which are typically crowned by a burst of action
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al., 2004; Sausbier et al., 2006). Because of
their very high single-channel conduc-

tance and activation dependence on both
Ca?*t entry and membrane depolarization,
BK channels provide an ideal negative-
feedback mechanism that can potently reg-
ulate membrane excitability. The use of a
selective blocker demonstrated for the first
time that BK conductance is present in ET
cells. The present study further revealed

B C D E that activation of BK channels requires
12 IBTX 300, 7 48 transient sodium current (Iy,r)-mediated
) 10 2 250 o s 6 action potentials that increase intracellular
R s 200) <P s Ca** via high-voltage activated Ca*"
§ 6 Basol ¢ ¢ | - channels. BK but not SK conductance
g, 3 100l %R RN ES plays an important role in terminating
".Q: é- pE e c & spontaneous bursts. After inactivation of
3 2 ¢ 2 sof v E_ mean 2 I, the outward current generated by Ik
T 5 12 Mo ! may override the residual inward currents
Time (min) attributable to I,p and/or I; . The resulting
hyperpolarization would deactivate these
F G H | ward d drive th
5 20 s . 52 two inward currents and drive the mem-
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Figure 11.

indicate SEM. *p < 0.05; **p < 0.01.

potentials (Perez-Reyes, 2003). LTSs could be evoked in all
mouse ET cells and were abolished by both NNC 55-0396, and
high doses of nimodipine, and were enhanced by Bay K8644.
T-type channel blockade terminated spontaneous bursting,
which indicates an essential role of I in the burst mechanism.
Envelope duration and spikes per burst were both significantly
increased by BayK. Nimodipine shortened but did not eliminate
spontaneous bursting. This may be attributable to incomplete
block of L-type channels by nimodipine at the dose (20 uMm) used
in the present study. Because higher doses of nimodipine produce
nonselective effects on other types of Ca*>* channels, they were
not tested (Randall and Tsien, 1997). Alternatively, T-type chan-
nels may contribute sufficient conductance to support bursting
in the absence of L-type channels. It is also possible that T-type
and L-type channels cooperate such that T-type channels are
primarily involved in launching the burst envelope, whereas
L-type channels provide an additional depolarizing boost and
also prolong burst duration.

Role of BK conductance in burst termination

In addition to the generation of LTSs, Ca®" currents elevate cy-
tosolic Ca®", which can influence membrane conductances
through Ca**-dependent channels. There is strong immunore-
activity for both BK and SK channels in the glomeruli (Sailer et

BK channels regulate spontaneous burst termination. A, Current-clamp recording showing that IBTX (200 nm)
increases both envelope duration and spikes per burst (traces below expanded timescale) of spontaneous bursting. B-E, Graphs
showing the effect of IBTX on burst frequency (B), depolarizing envelope duration (C), spikes per burst (D), and MMP (E) of the cell
in A. F=1, Mean values of burst frequency, duration of depolarizing envelope, spikes per burst, and MMP from five cells before
(control) and 10 min after IBTX; four cells before (control) and 10 min after apamin (300 nu), a specific SK channel blocker; and five
cells before (control) and 10 min after bicuculline (30 um), a blocker of apamin-insensitive SK channels, respectively. Error bars

multiple conductances (Fig. 12) cooperate
to generate spontaneous, autonomous
rhythmical bursting in mouse ET cells.
These intrinsic, voltage-gated conduc-
tances may function coordinately in the
following way: Iy,p, which is active at
MMP depolarizes the membrane potential
toward the activation voltage of I, . Acti-
vation of these Ca®* currents cooperates
with I,p to generate a depolarizing enve-
lope, which triggers a burst of action potentials via transient Na *
channels (I,r). Action potentials induce Ca** influx through
high-voltage-activated Ca>* channels (I;yv,), thus further in-
creasing cytosolic Ca>". The combination of elevated intracellu-
lar Ca®* and membrane depolarization activates Ik, which ter-
minates bursting and contributes to the repolarization of action
potentials. The membrane hyperpolarization by Iy activates the
inward current I, which resets MMP and initiates the next burst
cycle by cooperating with Iy,p to depolarize the cell membrane.
Three of these conductances, I, Iy,p, and I, have previously
been implicated in burst generation in a wide variety of neurons
(Crill, 1996; Huguenard, 1996; Pape, 1996; Perez-Reyes, 2003;
Robinson and Siegelbaum, 2003). Spontaneous as well as
network-dependent bursting is generally thought to involve
T-type channels. L-type Ca** channels have not been reported to
playarole in spontaneous bursting activity. A novel finding of the
present study thus is that L-type Ca>" channels play key roles in
the autonomous bursting of ET cells. A second novel aspect of ET
cell bursting is the role of BK channels. Iy was hypothesized to
play a role in fast rhythmic bursting in a multiconductance com-
putational model of cortical pyramidal cells (Traub et al., 2003),
but the present study provides the first experimental evidence
that Iy plays a key role in the mechanism of bursting. Our data
indicate that Iy regulates burst duration by terminating the de-
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Figure 12.  Multiple conductances cooperatively regulate bursting in ET cells. / is active at
MMP. Depolarization produced by /, increases the activation of persistent sodium channels
(Ixap ), further depolarizing the membrane to the activation threshold(s) for L- and/or T-type
Ca* channels, which trigger Ca®* influx (/,,7) and cooperate with /y,,» to evoke a depolarizing
envelope. The depolarizing envelope activates transient sodium channels (/y,;) generating a
burst of action potentials. Action potentials open high-voltage activated (/4 ) Ca®* channels,
which further increase cytosolic Ca®* [Ca®™; concentration. The combination of increased
[Ca?*];and membrane depolarization opens the large-conductance Ca* -dependent potas-
sium channels, /g, which contributes to action potential repolarization, burst termination, and
membrane hyperpolarization, thus reactivating /.

polarizing envelope. Indeed, these two currents may go hand-in-
hand: The slow inactivation of I; may necessitate the requirement
of Ca®"-voltage-dependent outward current such as Iy to ter-
minate the burst.

ET cells spontaneously burst in frequency range of 0.2—8 Hz
(Hayar et al., 2004a). Each ET cell has its own stable intrinsic
burst frequency within this range. The voltage-dependent con-
ductances that regulate the burst cycle (In,p, It1> Izx and I)) did
not express sufficient variability of strength or kinetics across cells
to account for the 25-fold variability in interburst intervals exhib-
ited by the ET cell population. Thus, an important question is
what mechanism(s) determine the interval between burst cycles?
One possibility is the involvement of slowly inactivating outward
currents. The interplay between such currents and the opposing
actions of I, and I,p might account for variable interburst inter-
vals and thus different autonomous bursting frequencies among
different ET cells. This and other possible mechanisms await
investigation.

Functional implications

ET cells play a pivotal role in glomerular circuitry. They receive
monosynaptic ON inputs and provide monosynaptic glutama-
tergic input to SA and GABAergic PG cells (Hayar et al., 2004b).
Thus, ET cells provide the principal sensory-evoked excitatory
drive on the two major inhibitory circuits in the glomerular net-
work: (1) the ON—ET— PG intraglomerular circuit, which in-
hibits postsynaptic targets in the same glomerulus; and (2) the
ON—ET—SA— PG interglomerular circuit, which inhibits tar-
gets in distant glomeruli. Both circuits strongly determine how
glomerular activity regulates information conveyed to more cen-
tral olfactory targets by mitral/tufted cells (Aungst et al., 2003;
Wachowiak and Shipley, 2006). Each of the conductances that
regulate the ET cell burst cycle is subject to modulation (Nicoll et
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al., 1990) by neurotransmitters/neuromodulators present in glo-
meruli, including dopamine, serotonin, acetylcholine, and gluta-
mate via mGluRs (metabotropic glutamate receptors) (Shipley et
al., 2004). Modulation of these conductances could significantly
influence intraglomerular and interglomerular inhibition and
thus the impact of the olfactory bulb on higher levels of odor
processing.
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