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Intrinsic Conductances Actively Shape Excitatory and
Inhibitory Postsynaptic Responses in Olfactory Bulb
External Tufted Cells
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The initial synapse in the olfactory system is from olfactory nerve (ON) terminals to postsynaptic targets in olfactory bulb glomeruli.
Recent studies have disclosed multiple presynaptic factors that regulate this important linkage, but less is known about the contribution
of postsynaptic intrinsic conductances to integration at these synapses. The present study demonstrates voltage-dependent amplifica-
tion of EPSPs in external tufted (ET) cells in response to monosynaptic (ON) inputs. This amplification is mainly exerted by persistent
Na � conductance. Larger EPSPs, which bring the membrane potential to a relatively depolarized level, are further boosted by the
low-voltage-activated Ca 2� conductance. In contrast, the hyperpolarization-activated nonselective cation conductance (Ih ) attenuates
EPSPs mainly by reducing EPSP duration; this also reduces temporal summation of multiple EPSPs. Regulation of EPSPs by these
subthreshold, voltage-dependent conductances can enhance both the signal-to-noise ratio and the temporal summation of multiple
synaptic inputs and thus help ET cells differentiate high- and low-frequency synaptic inputs. Ih can also transform inhibitory inputs to
postsynaptic excitation. When the ET cell membrane potential is relatively depolarized, as during a burst of action potentials, IPSPs
produce classic inhibition. However, near resting membrane potentials where Ih is engaged, IPSPs produce rebound bursts of action
potentials. ET cells excite GABAergic PG cells. Thus, the transformation of inhibitory inputs to postsynaptic excitation in ET cells may
enhance intraglomerular inhibition of mitral/tufted cells, the main output neurons in the olfactory bulb, and hence shape signaling to
olfactory cortex.

Key words: synaptic integration; persistent Na � current; hyperpolarization-activated nonselective cation current; EPSP; IPSP; rebound
depolarization

Introduction
The olfactory system transmits signals directly from peripheral
olfactory receptor neurons (ORNs) to the main olfactory bulb
(MOB) and then to olfactory cortex. Thus, the MOB is the initial
site of integration for olfactory information. The glomerular
layer of the MOB contains numerous discrete, spherical struc-
tures: glomeruli in which axonal terminals of ORNs synapse di-
rectly on mitral/tufted cells, the major output neurons of the
bulb, and on local interneurons called juxtaglomerular (JG) cells.
Each glomerulus receives input from ORNs that express the same
odorant receptor. Recent studies have significantly advanced our
understanding of the complexity of the glomerular synaptic net-
work (Aungst et al., 2003; Hayar et al., 2004a,b, 2005; Murphy et
al., 2005; Wachowiak and Shipley, 2006). JG cells form local cir-
cuits that make dendrodendritic synaptic connections with each
other and with mitral-cell apical dendrites to regulate the transfer

of sensory information from ORNs to output neurons, i.e., the
glomerular input– output function.

External tufted (ET) cells, a subpopulation of JG cells, receive
monosynaptic input from ORNs, and provide monosynaptic glu-
tamatergic input to and receive inhibitory synaptic feedback
from their postsynaptic targets in the glomerular layer, including
most GABAergic periglomerular (PG) cells (Hayar et al., 2004a,
2005; Murphy et al., 2005; Wachowiak and Shipley, 2006). Be-
cause ET cells play such a pivotal role in driving the glomerular
local inhibitory circuits, their synaptic input– output properties
are of importance for sensory encoding. The probability of glu-
tamate release from ORN terminals is unusually high. Feedback
inhibition of glutamate release from ORN terminals is mediated
by activation of presynaptic GABAB and D2 receptors
(Aroniadou-Anderjaska et al., 2000; Ennis et al., 2001). However,
little is known about the contribution of postsynaptic intrinsic
excitability to synaptic integration in ET cells.

We recently reported that ET cells have multiple subthreshold
conductances that cooperatively regulate spontaneous intrinsic
bursting (Liu and Shipley, 2008). Because these intrinsic conduc-
tances, including the persistent sodium current (INaP),
hyperpolarization-activated nonselective cation current (Ih), and
L- and/or T-type calcium-channel-mediated low-voltage-
activated (LVA) calcium current (IL/T), operate at membrane po-
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tentials below action potential threshold,
they may actively shape synaptic integra-
tion in ET cells. Therefore, the aim of the
present study was to determine the roles of
these voltage-gated intrinsic conductances
in shaping subthreshold and suprathresh-
old responses of ET cells to excitatory ol-
factory nerve (ON) inputs and inhibitory
feedback inputs from glomerular local
circuits.

Materials and Methods
Olfactory bulb slices from 5- to 6-week-old
male C57BL/6J mice were prepared as de-
scribed previously (Liu and Shipley, 2008).
Briefly, horizontal slices (350 �m) were cut
with a Leica VT1000 s vibratome in an ice-cold
and oxygenated (95% O2–5% CO2) sucrose-
based artificial CSF (sucrose-aCSF) containing
(in mM) 220 sucrose, 3 KCl, 1.25 NaH2PO4, 2.6
MgSO4, 26 NaHCO3, and 10 glucose. After 30
min incubation in normal aCSF at 30°C, slices
were then transferred to aCSF at room temper-
ature until they were used for experiments.
Normal aCSF was continuously bubbled with
95% O2–5% CO2 and had the following com-
position (in mM): 124 NaCl, 3 KCl, 1.25
NaH2PO4, 1.3 MgSO4, 1.3 CaCl2, 26 NaHCO3,
10 glucose. During experiments, slices were
perfused at 3 ml/min with aCSF equilibrated
with 95% O2–5% CO2 and warmed to 30°C.

Electrophysiological recordings were made
from olfactory bulb ET cells visualized using a
BX50WI (Olympus) fixed-stage upright micro-
scope equipped with near-infrared differential
interference contrast optics. ET cells were visu-
ally preselected by their somatic location within
the deep half of the glomerular layer (GL) or at
the GL– external plexiform layer border, having
relatively large and pear-shaped cell bodies with
one single apical dendrite toward a single glo-
merulus. Physiologically, they were identified
by their distinctive and characteristic bursting
firing of two to five action potentials superim-
posed on a slow depolarizing envelope. In some cases, ET cell identity was
confirmed by biocytin filling and staining.

Current or voltage signals were recorded with a MultiClamp 700B
amplifier (Molecular Devices) and low-pass filtered at 4 kHz, and sam-
pled at 10 kHz with a Digidata 1322A 16-bit analog-to-digital converter
(Molecular Devices) using Clampex 9.2 (Molecular Devices). Patch-
recording electrodes were pulled from standard-wall glass capillary tubes
without filament (Sutter Instrument). Patch pipettes (4 –7 M�) con-
tained (in mM) 5.5 EGTA, 0.5 CaCl2, 120 K-gluconate, 2 MgCl2, 10
Na-HEPES, 3 Mg-ATP, 0.3 Na3-GTP, and 10 Tris-phosphocreatine, and
0.1% biocytin. Osmolarity of the pipette solution for whole-cell record-
ing was adjusted to 285–295 mOsm, pH to 7.3, with KOH. Electrical
stimulation of the ON was delivered by bipolar glass electrodes made
from theta pipettes (Sutter Instrument). The isolated and constant cur-
rent stimulation pulses (100 �s) were triggered by a PG4000A digital
stimulator (Cygnus Technology). Data were analyzed with Clampfit 9.2
(Molecular Devices) and Origin 7.5 (OriginLab)

The liquid junction potential (11–13 mV) was not corrected. Access
resistance was typically �30 M� and not compensated.

The biocytin-filled cells were developed as described previously (Kar-
nup and Stelzer, 1999). Briefly, the paraformaldehyde-fixed slices were
embedded in 10% gelatin and sectioned at 50 �m thickness. The sections
were subsequently reacted with 0.3% H2O2, 0.3% Triton X-100, ABC
complex, 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).

2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide
(NBQX) disodium salt (10 �M), DL-2-amino-5-phosphonovaleric acid (APV;
50 �M), gabazine (10 �M), 3-[[4-(4-chlorophenyl)-4-hydroxypiperidin-l-yl-
]methyl-1H-indole (L-741626; 5 �M), tetrodotoxin (TTX; 1 �M), 4-ethylphe-
nylamino-1,2-dimethyl-6-methylaminopyrimidinium chloride (ZD7288; 10
�M), and (2S)-3-[[(1S)-1-(3,4-dichlorophenyl)ethyl]amino-2-hydroxypropyl-
](phenylmethyl)phosphinic acid (CGP55845; 10 �M) were purchased from
Tocris Bioscience. (1S,2S)-2-(2-(N-[(3-benzimidazol-2-yl)propyl]-N-methyl-
amino)ethyl)-6-fluoro-1,2,3,4-tetrahydro-1-isopropyl-2-naphtyl cyclopropan-
ecarboxylate dihydrochloride (NNC55-0396; 50 �M), nimodipine (20 �M),
1,4-dihydro-2,6-dimethyl-5-nitro-4-(2-[trifluoromethyl]phenyl)pyridine-3-
carboxylic acid methyl ester (Bay K8644; 5 �M), and all other chemicals were
purchased from Sigma-Aldrich. All drugs were bath applied by diluting in
aCSF at the above indicated doses unless otherwise stated.

Results
ON stimulation consistently evokes stable burst-firing
response in ET cells
ET cells were selected on the basis of their morphological features
including somatic location near the deep half of the glomerular
layer and a single primary dendrite extensively ramifying in a

Figure 1. Stable burst-firing response to ON stimulation. A, Two-dimensional reconstruction of a typical biocytin-filled ET cell.
EPL, External plexiform layer; ONL, olfactory nerve layer. B, Typical voltage-clamp recording (holding potential, �60 mV) show-
ing ON-evoked and AMPA/kainate receptor-mediated EPSCs with constant and short latency. C, Current-clamp recording of the
same cell showing ON-evoked subthreshold EPSPs and suprathreshold burst-firing responses that were blocked by NBQX (10 �M).
D, Plotting EPSP amplitude against stimulus intensity shows the step-like input– output relationship of subthreshold responses
from a typical cell. Inset, Current-clamp recording of EPSPs in response to ON stimuli with incremental intensities corresponding
to colored solid points. E, Input– output relationship from the same cell in voltage clamp. F, Bar graph showing the number of cells
with the number of EPSP steps evoked by incremental stimulus intensities (n � 19). G, Input– output relationship of supra-
threshold responses from four cells showing that spike number per response does not continue to increase with incremental
intensity of ON stimulation. H, Latency of the first spike within each burst-firing response decreases with incremental ON stimu-
lation intensity. I, Plot of the number of spikes per response to ON stimulation with an intensity of 100 �A remains very stable over
20 min.
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single glomerulus (Fig. 1A), by their ability to spontaneously
generate rhythmic bursts of action potentials, and by the fact that
all ET cells receive excitatory monosynaptic inputs from the ON
(Hayar et al., 2004a,b; Liu and Shipley, 2008). In voltage clamp

with the holding potential at �60 mV, ON
stimulation evoked EPSCs in ET cells with
a constant latency (1.9 � 0.1 ms, n � 20)
(Fig. 1B). In current clamp, EPSPs or burst
of action potentials were evoked by sub-
threshold or suprathreshold ON stimula-
tion, respectively (Fig. 1C). These synaptic
responses were completely abolished by
NBQX (10 �M), indicating that they are
mainly mediated by AMPA receptors.

In assessing the subthreshold synaptic
input– output relationship, we found that
the EPSP amplitude increased with inten-
sity of stimulation in a highly nonlinear
manner (n � 19 cells). As shown by a rep-
resentative recording in Figure 1D and in-
set, no EPSPs were detected until stimulus
intensity reached 9 �A, above which EP-
SPs of two distinct amplitudes were re-
corded before suprathreshold burst-firing
synaptic responses. EPSPs with stable am-
plitude of �6 mV were evoked by stimuli
with intensity between 9 and 14 �A. At
�15 �A, the EPSP amplitude jumped to
�15 mV, and this amplitude was main-
tained until the stimulus intensity reached
�20 �A, at which point spike firing was
triggered. EPSPs of two discrete amplitudes
were evoked by increased stimulus intensity
in 11 of 19 cells (Fig. 1F). A similar input–
output relationship was obtained in voltage
clamp (Fig. 1E). We interpret this as attrib-
utable to presynaptic recruitment of discrete
olfactory nerve fascicles (Feinstein and

Mombaerts, 2004; Mombaerts, 2006) with increased stimulus
intensity.

In contrast, the input– output relationship of suprathreshold

Figure 2. Persistent Na � conductance amplifies subthreshold postsynaptic excitatory responses and produces temporal summation. A, Typical recording showing that EPSC is completely
blocked by NBQX (10 �M). B, Inverted NBQX-sensitive EPSC from A. C, Comparison of two simEPSPs evoked by injecting the inverted EPSC in B from the same cell with holding potential at either �55
(black) or �75 mV (green). D, Pooled data from five cells showing that amplitude (left) and decay time constant (right) of simEPSP at �55 mV is significantly greater than at �75 mV (n � 5). E,
Comparison of two simEPSPs from the same cell at �55 mV before (black) and after (red) TTX (1 �M). F, Plots showing both amplitude (left) and decay (right) of simEPSP from five cells at �55 mV
are reduced by TTX (1 �M; n � 5). G, Comparison of responses to injection of a train of five inverted EPSCs at 40 Hz before (black) and after (red) TTX (1 �M). H, Plots showing that TTX significantly
reduces the peak amplitude (left; n � 5) of the second to the fifth simEPSPs and the integrated area (right; n � 5) under five simEPSPs evoked by the train of inverted EPSCs. Error bars indicate SEM.
*p � 0.05; **p � 0.01.

Figure 3. Voltage dependence of suprathreshold and subthreshold postsynaptic responses. A, B, Current-clamp recordings
showing the effect of holding membrane potential (from �53 to �69 mV; 2 mV increments) on suprathreshold postsynaptic
firing responses to ON stimulation (A) and subthreshold simEPSPs evoked by an inverted EPSC (20 pA) injection in the absence
(black) or presence (red) of 1 �M TTX (B). C, Plot of six cells showing that ON-evoked spikes per response significantly increase with
membrane depolarization in the range from �59 to �53 mV. D, E, Plots showing that both amplitude (D) and half-width (E) of

simEPSPs from five cells are significantly reduced by TTX (1 �M) in the voltage range from �57 to �53 mV. *p � 0.05; **p �
0.01. Error bars indicate SEM.
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responses was relatively linear and stable in terms of spikes/re-
sponse versus stimulus intensity. Once the stimulus intensity
reached threshold for burst firing, increasing shock strength de-
creased the latency of the initial spike but did not significantly
increase the number of spikes per response (Fig. 1G,H). In all 24
cells tested, suprathreshold responses evoked by stimuli of con-
stant intensity were stable (Fig. 1 I), demonstrating reliable trans-
mission at the ON3ET cell synapse.

Persistent sodium conductance boosts synaptic response and
enhances summation
ET cells have an INaP that is active at resting membrane potential,
approximately �55 mV (without correction of junction poten-
tial), and increases with membrane depolarization (Hayar et al.,
2004b; Liu and Shipley, 2008). Thus, INaP might be engaged by
excitatory synaptic ON inputs. TTX blocks INaP, but because it
also blocks the transient sodium current (INaT) that is required
for action potentials, TTX completely eliminates ON-evoked
synaptic responses in ET cells. Thus, to investigate the influence
of INaP on excitatory synaptic inputs, we devised an alternative
strategy, viz., we examined the voltage changes of ET cells in
response to simulated EPSPs (simEPSPs) before and after appli-
cation of TTX and in the presence of NBQX and APV to eliminate
spontaneous excitatory synaptic events. EPSPs were simulated by
applying a current command derived from an inverted averaged
EPSC recorded from a typical ET cell in response to ON stimula-
tion (Fig. 2A–C). This current command had amplitude of 32.4
pA and a rise time (20 – 80%) of 0.3 ms, and its decay is well fitted
by a single exponential with time constant of 3.5 ms.

We first compared simEPSPs at both �75 mV, a membrane
potential at which INaP is inactive, and at �55 mV, at which it is
active. As shown in Figure 2C, the simulated EPSP at �55 mV
exhibited a larger amplitude and slower decay time constant than

at �75 mV. Pooled data from five cells showed that simEPSPs had
an amplitude of 1.5 � 0.16 mV at �75 mV compared with 2.1 �
0.18 mV (Fig. 2D, left) (n � 5, p � 0.01) at �55 mV, and a decay
time constant of 37.3 � 6.1 ms at �55 mV compared with 9.6 �
1.2 ms (Fig. 2D, right) (n � 5, p � 0.01) at �75 mV. This suggests
that there is voltage-dependent amplification of synaptic re-
sponses. Because INaP activates at approximately �60 mV (with-
out adjustment for the average junction potential of 11–13 mV)
(Hayar et al., 2004b; Liu and Shipley, 2008), INaP might contrib-
ute to synaptic amplification. To test this, simEPSPs were mea-
sured before and after application of TTX. As shown in Figure 2,
E and F, at �55 mV TTX significantly reduced both amplitude
(Fig. 2F, left) (n � 5, p � 0.05) and decay time constant (Fig. 2F,
right) (n � 5, p � 0.01), respectively. In contrast, neither the
amplitude nor decay of simEPSPs was affected by TTX when the
membrane potential was held at �75 mV (Fig. 2E, inset). These
results support the conclusion that INaP amplifies excitatory syn-
aptic transmission from ONs to ET cells.

In addition to increasing the amplitude of EPSPs, INaP also
prolonged their decay time, suggesting that this conductance
plays a role in the summation of multiple synaptic inputs. There-
fore, we investigated the voltage responses to injected trains of
five inverted EPSCs at 40 Hz (Fig. 2G). Temporal summation was
measured in two ways: (1) the increase in peak amplitude of the
second to fifth simEPSPs relative to that of the first; and (2) the
integrated area under the train of simEPSPs. In the control condi-
tion, the relative peak amplitude of the second and fifth simEPSPs
were 135.4 � 5.2% (n � 5, p � 0.001) and 165.4 � 7.6% (n � 5,
p � 0.001), respectively, indicating a significant temporal sum-
mation. TTX (5 min) significantly reduced the peak of all simEP-
SPs, with amplitudes of 106.2 � 4.7% (Fig. 2H, left) (n � 5, p �
0.05) and 102.9 � 8.0% (n � 5, p � 0.01) for the second and fifth

simEPSPs, respectively. TTX also reduced the integrated area un-

Figure 4. Low-voltage-activated Ca 2� conductance voltage-dependently boosts subthreshold synaptic responses. A, Current-clamp recording showing that ON-evoked EPSP is boosted by Bay
K8644 (Bay K; 5 �M, 5 min) in the presence of 10 nM TTX. Replacing Bay K8644 with both NNC55-0396 (NNC; 50 �M) and nimodipine (20 �M) for 10 min not only reverses the amplificatory effect but
further attenuates EPSP compared with control. B, Plots showing that amplitude (left) and half-width (right) of ON-evoked EPSPs from five cells are significantly and reversibly enhanced by Bay
K8644 (5 �M, 5 min) with holding potential at �65 mV. Note both amplitude and half-width of EPSPs after the replacement of Bay K8644 with both NNC55-0396 (50 �M) and nimodipine (20 �M)
for 10 min are significantly smaller than in control. C, Current-clamp recordings showing that large but not small simEPSPs are enhanced by Bay K8644 (5 �M, 5 min). D, Pooled data from five cells
showing that both the amplitude (left) and half-width (right) of large (top) but not small (bottom) simEPSPs are enhanced by Bay K8644 (5 �M, 5 min) with the holding potential at �55 mV. E,
Current-clamp recording showing that large but not small simEPSPs are attenuated by nimodipine (20 �M, 10 min). F, Graphs showing that both the amplitude (left) and half-width (right) of large
(top) but not small (bottom) simEPSPs from five cells are reduced by NNC55-0396 (50 �M, 10 min) with the holding potential at �55 mV. G, Recording showing that large but not small simEPSPs are
attenuated by NNC55-0396 (50 �M, 10 min). Nim., Nimodipine. H, Plots showing that both amplitude (left) and half-width (right) of large (top) but not small (bottom) simEPSPs from five cells are
reduced by nimodipine (20 �M, 10 min) with the holding potential at �55 mV. Error bars indicate SEM. **p � 0.01; ***p � 0.001.

10314 • J. Neurosci., October 8, 2008 • 28(41):10311–10322 Liu and Shipley • Conductances Shaping Postsynaptic Responses in ET Cells



der the train of simEPSPs from 469.5 � 12.0 to 260.9 � 42.0
mV � ms (Fig. 2H, right) (n � 5, p � 0.01). Together, these results
strongly suggest that INaP plays an active role in temporal sum-
mation as well as amplification of excitatory synaptic events.

Both subthreshold simEPSPs and ON-evoked suprathreshold
firing responses exhibit voltage-dependent amplification
Because the EPSP integral is thought to be a more important
determinant of whether an EPSP initiates an action potential
than its peak amplitude (Jack et al., 1983), the voltage-dependent
amplification of both duration and peak amplitude of subthresh-
old simEPSPs suggests that INaP boosts not only subthreshold but
also suprathreshold synaptic responses of ET cells to ON inputs.
To test this, we recorded suprathreshold firing responses to ON
stimulation followed by simEPSP experiments in each cell with the
membrane potential held at nine different levels from �53 to
�69 mV (2 mV/step). In the suprathreshold response experi-
ments, the spike number per response to each ON stimulus was
used to assess the response strength. As shown in Figure 3, A and
C, spike number per response significantly increased when the
membrane holding voltage increased from �57 to �53 mV, in-
dicating a voltage-dependent amplification of suprathreshold fir-
ing responses.

In the simEPSP experiments, the amplitude of the inverted
EPSC command was reduced to 20 pA to minimize the probabil-
ity of simEPSP-evoked action potentials at holding potential of
�53 mV. As shown in Figure 3, B, D, and E, when the membrane
holding potential was increased from �69 to �53 mV (especially
from �57 to �53 mV), simEPSPs exhibited an incremental
change in both amplitude and duration. TTX (5 min) signifi-

cantly reduced both amplitude and half-
width of simEPSPs at voltages from �57 to
�53 mV. The voltage range of this effect
and its TTX sensitivity further implicates
INaP as a key contributor to the amplifica-
tion of excitatory synaptic responses.

The voltage range of simEPSP amplifi-
cation overlaps with that of suprathresh-
old response amplification, indicating an
active role of INaP in amplifying ET cell su-
prathreshold responses to ON inputs.

The low-voltage-activated Ca 2�

conductance voltage-dependently
amplifies subthreshold synaptic
responses
ET cells have a prominent Ca 2� conduc-
tance that is activated at approximately
�50 mV (without correction of junction
potential) and has biophysical and phar-
macological features of both T- and L-type
Ca 2� currents (Liu and Shipley, 2008). To
activate LVA Ca 2� conductance, relatively
large EPSP amplitude is required, but once
engaged, this current may boost EPSP am-
plitude sufficient to reach the threshold for
action potentials. Thus, experiments were
performed in the presence of 10 nM TTX,
which shifted the threshold of action po-
tentials to a relatively positive level but did
not abolished synaptic transmission. In
this condition, with membrane potential
held at �65 mV, ON stimulation was ad-

justed to evoke EPSPs (Fig. 4A) with amplitudes of 13.9 � 0.9 mV
(n � 5) (Fig. 4B, left) and half-widths of 14.8 � 0.8 ms (n � 5)
(Fig. 4B, right). After 5 min of treatment with Bay K8644, an
L-type Ca 2� channel activator that enhances LVA Ca 2� currents
in ET cells (Liu and Shipley, 2008), both the amplitude and half-
width of EPSPs increased significantly (Fig. 4B), suggesting that
LVA Ca 2� conductance can amplify excitatory synaptic trans-
mission in ET cells. Replacement of Bay K8644 with a T-type
Ca 2� channel blocker, NNC55-0396, and an L-type Ca 2� chan-
nel blocker, nimodipine, in the same cells significantly decreased
both the amplitude (Fig. 4B, left) and half-width (Fig. 4B, right)
of EPSPs to 9.4 � 0.3 mV (n � 5, p � 0.01 compared with
control) and 12.5 � 0.7 ms (n � 5, p � 0.001 compared with
control), respectively, further suggesting that an LVA Ca 2� con-
ductance is actively engaged and contributes to synaptic re-
sponses evoked by ON-input.

Because the minimal membrane potential of ET cells is about
�55 mV rather than �65 mV, and because EPSPs evoked by ON
inputs (especially weak inputs) may not always reach 10 mV, we
assessed the role of LVA Ca 2� conductance in shaping synaptic
responses at a holding potential of �55 mV with simulated EPSPs
whose amplitude could be varied by changing the amplitude of
the injected EPSC. Two sets of inverted EPSCs with amplitudes of
50 and 100 pA were applied to each ET cell before and after drug
treatment in the presence of NBQX and APV, but without TTX.
In the first set of experiments, Bay K8644 (5 min) increased both
the amplitude and half-width of the simEPSPs (Fig. 4C,D, top)
evoked by the larger EPSC command, but had no effect on simEP-
SPs evoked by the smaller EPSC command (Fig. 4C,D, bottom).

Figure 5. T-type Ca 2� conductance amplifies suprathreshold synaptic responses. A, Current-clamp recording of suprathres-
hold postsynaptic responses to ON-stimulation before (left) and after (right) NNC55-0396 (50 �M, 10 min) treatment with holding
potential at �60 mV. B, Pooled data from five cells showing that NNC55-0396 turns burst-firing (right) into single-spike-firing
(left) suprathreshold responses. C, Plot showing the effect of sequentially bath-applied gabazine (10 �M), CGP55845 (10 �M), and
L-741626 (5 �M) on the spikes per suprathreshold response. D, Pooled data from five cells showing that bath application of mixed
blockers (10 �M gabazine, 10 �M CGP55845, and 5 �M L-741626) for 10 min significantly increases spikes per suprathreshold
synaptic response; addition of NNC55-0396 (NNC; 50 �M, 10 min) in the presence of the blocker mixture still reduces spikes per
suprathreshold synaptic response in the same cells. Bar graphs in D represent average value. ***p � 0.001.
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Either NNC55-0396, a selective T-type
channel blocker (Fig. 4E,F), or nimodip-
ine, a selective L-type channel blocker (Fig.
4G,H) significantly reduced both the am-
plitude and half-width of the larger

simEPSP (Fig. 4F,H, top), with little effect
on the smaller sEPSPs (Fig. 4F,H, bot-
tom), indicating that T- and/or L-type
channel-mediated LVA Ca 2� conduc-
tance boosts only large EPSPs, which de-
polarizes cell membrane to at least �50
mV (without correction of junction po-
tential) and is consistent with our previous
study (Liu and Shipley, 2008). Together,
these results demonstrate that L- and/or
T-type channel-mediated LVA Ca 2� cur-
rents actively amplify large excitatory syn-
aptic responses in ET cells to ON input
that depolarize the membrane to the acti-
vation voltage for these conductances.

The LVA Ca 2� conductance boosts
suprathreshold synaptic responses
We next examined the role of LVA Ca 2�

conductance in suprathreshold synaptic
responses. Exposure to NNC55-0396, a se-
lective T-type Ca 2� channel blocker, for
10 min reduced ON-evoked spike bursts to
single spikes in all ET cells tested (Fig.
5A,B) (n � 5), indicating that T-type
Ca 2� conductance amplifies suprathresh-
old synaptic responses to ON input. This
was not attributable to presynaptic effects
because the paired-pulse ratio (PPR), the
amplitude ratio of the second to the first
EPSCs (EPSC2/EPSC1) evoked by two
consecutive ON stimuli with an interval at
50 ms, was unaffected by NNC55-0396 (Fig. 6H, top) (0.69 �
0.03 in control vs 0.68 � 0.06 after NNC, n � 5).

ET cells provide monosynaptic, glutamatergic input to (Hayar
et al., 2004a; Liu and Shipley, 2008) and receive feedback synaptic
inputs from local, intraglomerular GABA/dopaminergic PG cells
(Hayar et al., 2005). Blocking GABAA receptors modulates spon-
taneous bursting activity in ET cells (Hayar and Ennis, 2007). The
GABAA receptor blocker gabazine significantly increased the
number of spikes in response to ON stimulation, but adding the
GABAB receptor blocker CGP55845 and then dopamine (DA) D2

receptor blocker L-741626 did not further change the suprath-
reshold synaptic responses (Fig. 5C). However, the effects of
blocking T-type Ca 2� conductance with NNC55-0396 on su-
prathreshold synaptic responses was not caused by an effect on
local circuits because, if NNC55-0396 reduced GABA release
from PG cells, the number of spikes per response should increase
rather than decrease. This conclusion was further supported by
experiments in which slices were exposed to a mixture of the
three blockers, gabazine, CGP55845, and L-741626 for 10 min
before NNC55-0396 treatment. As expected, the spikes per re-
sponse to ON stimulation increased (n � 5, p � 0.001) (Fig. 5D)
in the mixture. However, NNC55-0396 (10 min) still signifi-
cantly reduced spikes per response (Fig. 5D). These results indi-
cate that intrinsic T-type Ca 2� conductance actively boosts su-
prathreshold synaptic responses in ET cells.

Given that LVA Ca 2� conductance is at least partially medi-

ated by L-type Ca 2� channels (Liu and Shipley, 2008), we next
examined the effect of blocking L-type Ca 2� channels on ON-
evoked suprathreshold synaptic response in ET cells. After 10
min of exposure to the L-type blocker nimodipine, ON stimuli
triggered only single spikes in all five cells tested (Fig. 6B,E). This
was completely reversed by 10 min of washout of nimodipine and
the addition of Bay K8644 (Fig. 6C,F). The PPR of ON-evoked
EPSCs was not affected by nimodipine (Fig. 6H, bottom) (0.66 �
0.1 in control vs 0.67 � 0.1 after 15 min nimodipine, n � 5),
indicating that the effect of nimodipine on suprathreshold syn-
aptic response is not caused by presynaptic action. Nimodipine
still significantly reduced the spikes/response (Fig. 6G) in the
mixture of synaptic blockers (gabazine, CGP55845, and
L-741626). This argues against a network origin of nimodipine
effect on the suprathreshold synaptic responses and indicates that
an intrinsic L-type Ca 2� conductance amplifies suprathreshold
synaptic spiking responses to ON input in ET cells.

Consistent with a role of L-type Ca 2� conductance, Bay
K8644 (10 min) dramatically increased the number of spikes in
each response to ON stimuli (Fig. 7, compare A,D to B,E). After
replacing Bay K8644 with nimodipine for 15 min, spike number
per response decreased (Fig. 7C,F). The similar boosting effect of
Bay K8644 on suprathreshold synaptic responses in the presence
of GABAA, GABAB, and D2 blockers excludes a network contri-
bution (Fig. 7G).

In attempt to test the effect of Bay K8644 on presynaptic trans-

Figure 6. Blocking L-type Ca 2� conductance attenuates suprathreshold synaptic responses. A–C, Current-clamp recordings
showing postsynaptic responses to suprathreshold ON-stimulation in the same cell before (A), after nimodipine (20 �M) treat-
ment for 10 min (B), and after replacing nimodipine with Bay K8644 (5 �M) for 10 min (C). D–F, Pooled data from five cells
showing the spikes per suprathreshold response before (D), after nimodipine treatment for 10 min (E), and after washout of
nimodipine with addition of Bay K8644 for 10 min (F ). G, Plot showing the increment of spikes per response in five cells by mixture
of synaptic blockers (10 �M gabazine, 10 �M CGP55845, and 5 �M L-741626) for 10 min. Nimodipine (nim.; 20 �M, 10 min)
significantly decreases spikes per suprathreshold response in the presence of blocker mixture in the same cells. Bar graphs
represent the average values. H, Recording of paired-pulse EPSCs with interpulse interval at 50 ms before (left) and after NNC55-
0396 (NNC; 50 �M; top right) or nimodipine (20 �M; bottom right) treatment for 10 min (holding potential, �60 mV). ***p �
0.001.
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mitter release, we found that Bay K8644 (5 min) significantly
reduced ON-evoked EPSC PPR in ET cells (Fig. 7H, insets). After
replacing Bay K8644 with nimodipine for 15 min, PPR recovered.
The PPR reduction by Bay K8644 may be attributable to in-
creased glutamate release from ON terminals or to increased
GABA and/or dopamine released from PG cells in the glomerular
local circuits, or both. As shown in the insets in Figure 7H, Bay
K8644 had little effect on the amplitude of the first EPSC in
response to paired-pulse stimulation (204.4 � 21.4 pA in control
vs 206.3 � 26.3 pA after Bay K8644, n � 5), suggesting no direct
effect on glutamate release from ON terminals. Therefore, we
tested the second possibility by treating slices with the GABAB

blocker CGP55845 and the D2 blocker L-741626 for 10 min be-
fore Bay K8644. In this condition, Bay K8644 (5 min) did not

affect the PPR (Fig. 7I) (0.74 � 0.10 in
control vs 0.73 � 0.10 after Bay K8644,
n � 5, p � 0.05), This suggests that Bay
K8644 enhances ON-evoked PPR in ET
cells by increasing GABA and/or dopa-
mine release from PG cells in local circuits.
In this scenario, the first stimulation
causes PG cells to release more GABA
and/or dopamine, which inhibits subse-
quent glutamate release from the ON ter-
minals in responses to the second stimula-
tion, thus reducing the amplitude of the
second EPSC.

The possibility that Bay K8644 en-
hances GABA release from PG cells is also
suggested by its effect on the afterhyperpo-
larization (AHP) in ET cells after burst-
firing responses to ON stimulation. As
shown in Figure 7J, Bay K8644 signifi-
cantly boosted AHP from 137.9 � 15.5 to
452.3 � 31.4 mV � ms (n � 5, p � 0.001).
The GABAA receptor blocker gabazine re-
duced this AHP (Fig. 7K,L), and in this
condition the remaining AHP was unaf-
fected by Bay K8644 (5 min) (Fig. 7K,L).
This suggests that activation of GABAA re-
ceptors underlies majority of the AHP af-
ter each burst-firing response to ON stim-
ulation, and that its increase after Bay
K8644 is attributable to increased GABA
release onto ET cells. Together, all of these
results support the idea that L- and/or
T-type-mediated intrinsic LVA conduc-
tance in ET cells can amplify both sub-
threshold and suprathreshold synaptic re-
sponses to ON inputs.

Ih plays a role in integrating excitatory
synaptic responses to ON input
TTX reduced both the amplitude and de-
cay time constant of simEPSPs at �55 mV.
However, the decay time constant (18.8 �
2.7 ms, n � 5) of simEPSPs at �55 mV in
the presence of TTX is still longer than that
(9.6 � 1.2 ms, n � 5, p � 0.05) at �75 mV
(Fig. 8A, inset). This suggests that in addi-
tion to INaP, other voltage-dependent con-
ductances active near resting membrane
potential contribute to synaptic integra-

tion. One candidate is the hyperpolarization-activated nonselec-
tive cation current, Ih. ET cells have a prominent Ih current,
which plays an important role in setting their minimal membrane
potential and input resistance and in the generation of spontane-
ous bursting (Liu and Shipley, 2008). Because this current is ac-
tive at membrane potentials below �45 mV, we tested its poten-
tial role in shaping synaptic responses. As shown in Figure 8B,
blocking Ih with ZD7288 increased both the amplitude and decay
time constant of ON-evoked EPSP, suggesting that Ih contributes
to the voltage-dependent difference in decay time constant of

simEPSPs between �55 and �75 mV. To further investigate this
current, we again used simEPSPs so that its role in shaping EPSP
could be tested in the presence of TTX with the holding potential
at �55 mV, the average minimal membrane potential for most

Figure 7. Activation of L-type Ca 2� conductance boosts suprathreshold postsynaptic responses. A–C, Current-clamp record-
ings of suprathreshold synaptic response before (A, black), after Bay K8644 (Bay K; 5 �M) for 5 min (B, red), and after replacement
of Bay K8644 by nimodipine (Nim; 20 �M) for 15 min (C, green). D–F, Pooled data from five cells showing spikes per supra-
threshold response before (D, black), after Bay K8644 treatment for 10 min (E, red), and after replacing Bay K8644 with nimodip-
ine for 15 min (F, green). G, Graph showing that exposure to the mixture of synaptic blockers (10 �M gabazine, 10 �M CGP55845,
and 5 �M L-741626 for 10 min) increases spikes per suprathreshold response; addition of Bay K8644 (5 �M, 5 min) further
increases spikes per response. H, Plot showing that Bay K8644 significantly reduces the PPR in all five cells tested; reduced PPR is
reversed by washout of Bay K8644 with the addition of nimodipine for 15 min in all three cells tested. Inset, Voltage-clamp
recordings of paired EPSCs (interpulse interval 50 ms) before (black) and after (red) Bay K8644 (5 �M, 5 min). Note that the
amplitude of the first EPSC from the paired-pulse EPSCs in the inset is not affected by Bay K8644 (5 �M, 10 min). I, Paired-pulse
EPSCs before (black) and after (red) Bay K8644 (5 �M, 10 min) in the presence of both CGP55845 (10 �M) and L-741626 (5 �M). J,
Comparison of the AHP after suprathreshold responses before (black) and after (red) Bay K8644 (5 �M, 5 min) in the absence of
gabazine. K, Comparison of the AHP after suprathreshold responses in the same cell before (black), after gabazine (5 �M, 10 min;
cyan), and after Bay K8644 (5 �M, 5 min; red) in the presence of gabazine. L, Graphs showing that the average AHP area integral
is significantly reduced by gabazine but not affected by Bay K8644 in the presence of gabazine (n � 5 cells). **p � 0.01; ***p �
0.001. N.S., Not significant.
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ET cells. In this condition, blocking Ih with
ZD7288 significantly increased the inte-
grated area under simEPSP (Fig. 8C,D
right) with little effect on simEPSP ampli-
tude (Fig. 8D, left).

Because its main impact is on the decay
of EPSPs, Ih may play a role in EPSP sum-
mation. Next, we determined the effect of
blocking Ih on multiple simEPSPs in re-
sponse to a train of five EPSCs at 40 Hz. As
shown in Figure 8, E and F, in the presence
of TTX, the relative amplitude of the sec-
ond and fifth simEPSPs were 103.4 � 3.0%
and 100.8 � 5.2%, respectively, indicating
no summation. However, treatment with
ZD7288 (10 min) increased the relative
amplitude of the second and the fifth

simEPSPs to 128.8 � 4.5% (n � 5, p �
0.05) and 144.5 � 5.1% (n � 5, p � 0.01)
(Fig. 8F, left), respectively. The integrated
area under multiple simEPSPs was also dra-
matically increased (Fig. 8F, right). These
results indicate that Ih reduces temporal
summation of subthreshold excitatory
synaptic responses.

What is the role of Ih in suprathreshold
synaptic responses to ON stimulation? As
shown in Figure 9, ZD7288 (10 min) hy-
perpolarized cells and significantly re-
duced spikes per burst in response to each
ON stimulation (Fig. 9A–C), confirming
the active role of Ih in setting membrane
potential (Liu and Shipley, 2008). Because
blocking Ih increased EPSP duration (Fig.
8), the broadened EPSPs, if they have any
influence on the suprathreshold firing re-
sponses, should increase rather than de-
crease the spikes/response. Thus, the re-
duction in spikes/response in the presence
of ZD7288 might simply be attributable to
membrane hyperpolarization, which at-
tenuates suprathreshold synaptic firing responses by terminating
INaP (Fig. 3). Consistent with this idea, when the membrane po-
tential was restored to its original level by injected current in the
presence of ZD7288, the number of spike per response signifi-
cantly increased (Fig. 9B,C).

Because Ih plays a role in transmitter release at some synapses
(Southan et al., 2000; Mellor et al., 2002), it was necessary to
determine whether presynaptic effects contributed to the ob-
served changes in suprathreshold postsynaptic responses. To as-
sess this, we examined PPR of ON-evoked EPSCs before and after
ZD7288. Blocking Ih had no effect on the ON-evoked PPR (Fig.
9D) (0.68 � 0.06 control vs 0.68 � 0.06 after ZD7288, n � 5),
indicating that Ih does not engage in presynaptic transmitter re-
lease from ON terminals and confirming its active role in shaping
suprathreshold postsynaptic responses.

Ih can transform inhibitory inputs to postsynaptic excitation
in ET cells
Thus far, we have considered excitatory synaptic input because
the membrane depolarization produced by EPSPs engages the
inward currents mediated by INaP, IT/L, and Ih. In contrast to INaP

and IT/L, however, Ih is an inward current that is activated by

membrane hyperpolarization such as occurs in response to in-
hibitory inputs. ET cells receive inhibitory input from GABAergic
PG cells in the glomerular local circuit (Hayar et al., 2004a, 2005;
Hayar and Ennis, 2007). As shown in Figure 10, in voltage clamp,
both ON-evoked and spontaneous IPSCs were revealed by hold-
ing the cells at �20 (Fig. 10A) or 0 mV (Fig. 10A,B). The com-
plete elimination of these IPSCs by gabazine (Fig. 10A,B) shows
that they are mediated by GABAA receptors.

Do hyperpolarizing IPSPs activate Ih in ET cells, and if so,
what are the functional consequences? To address this question,
we used the simulated IPSP (simIPSP) approach. An average IPSC
was taken from the spontaneous IPSCs in a typical ET cell held at
0 mV (Fig. 10B,C). This average IPSC has an amplitude of 32 pA,
a peak rise time (20 to 80%) of 0.3 ms, and is well fitted by a single
exponential function with a decay time constant of 4.3 ms. This
IPSC (Fig. 10C) was then inverted and applied as a current-clamp
command to evoke simulated voltage responses (simIPSPs) in ET
cells. Injection of a single inverted IPSC triggered rebound burst-
firing responses in 1 of 10 cells tested (data not shown). However,
injection of two inverted IPSCs paired at 50 Hz evoked burst-
firing responses in 7 of 10 cells (Fig. 10D). A 50 Hz train of five
inverted IPSCs evoked burst-firing responses in 10 of 10 ET cells

Figure 8. Blocking Ih prolongs EPSPs and produces temporal summation. A, Comparison of simEPSPs from the same cell with
holding potential at �55 or �75 mV in the presence of TTX (1 �M). Inset, The decay time constant of simEPSPs from five cells at
�55 mV is significantly higher than that from the same cells at �75 mV. B, Comparison of ON-evoked EPSPs from the same cell
before (black) and after ZD7288 (10 �M, 10 min; red). C, Comparison of simEPSPs from the same cell held at �55 mV before (black)
and after ZD7288 (10 �M, 10 min; red). D, Graphs showing that the area integral (right) but not the amplitude (left) of single

simEPSPs from five cells is increased by ZD7288 (ZD). E, Trains of five simEPSPs (40 Hz) from the same cell at �55 mV before (black)
and after (red) ZD7288 (10 �M, 10 min). F, Graphs showing both the relative amplitudes (normalized to the first, left) of and the
integrated area (right) under multiple simEPSPs from five cells are significantly increased by ZD7288. *p � 0.05; **p � 0.01. N.S.,
Not significant.
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(data not shown). These findings indicate that inhibitory inputs
can elicit a rebound excitatory response in ET cells.

We then investigated whether Ih was required for this excita-
tory effect of IPSPs. Exposure to ZD7288 (5 min) abolished the
burst-firing responses after simIPSPs (Fig. 10D). This was not
attributable to the membrane hyperpolarization caused by
ZD7288 treatment because restoring the membrane potential to
its control level by current injection did not restore simIPSP-
evoked bursting (Fig. 10D). The role of Ih in mediating this effect
was further analyzed by examining the rebound depolarization
after simIPSPs. To observe rebound depolarization without action
potentials, and to determine the effect of blocking Ih, cells were
held at �65 mV by current injection. In this condition, injection
of two inverted IPSCs (50 Hz) evoked a rebound depolarization
(2.2 � 0.1 mV, n � 5), which was completely eliminated by
ZD7288 (10 min) treatment (0.04 � 0.06 mV, n � 5, p � 0.001)
(Fig. 10E, inset), indicating that Ih can convert inhibitory input
into excitatory response in ET cells by mediating rebound
depolarization.

Discussion
ET cells play a pivotal role in the glomerular network. They
receive monosynaptic ON input and provide the major exci-
tatory drive on intraglomerular and interglomerular inhibi-
tory circuits. We recently demonstrated that several voltage-
dependent conductances function cooperatively to regulate
autonomous, rhythmical spontaneous bursting in external
tufted cells (Liu and Shipley, 2008). Because these same con-
ductances are active at or near resting membrane potential,
they might play roles in the integration of synaptic inputs.
Indeed, the present study demonstrates that three subthresh-
old inward conductances significantly shape postsynaptic re-
sponses in ET cells to subthreshold and suprathreshold ON
and inhibitory inputs: (1) INaP amplifies and strongly en-
hances temporal summation of EPSPs. (2) ILVA mediated by L-

and/or T-type Ca 2� channels boosts both subthreshold and
suprathreshold excitatory postsynaptic responses. (3) Ih atten-
uates excitatory postsynaptic response and reduces temporal
summation. (4) In addition, Ih transforms hyperpolarizing
inhibitory inputs to postsynaptic rebound excitation. Thus, in
addition to their essential roles in regulating spontaneous
bursting behavior, intrinsic conductances significantly deter-
mine the impact of sensory and inhibitory synaptic inputs to
ET cells.

INaP amplifies and strongly enhances temporal summation of
postsynaptic responses to sensory input
The present study revealed a marked voltage-dependent amplifi-
cation of subthreshold EPSPs in ET cells. The amplifying mech-
anism has rapid onset but slower decay kinetics. Using simEPSPs,
we were able to demonstrate that Na� conductance accounts for
most of the amplification of both amplitude and duration of
subthreshold EPSPs. ET cells have a prominent persistent sodium
current, INaP (Hayar et al., 2004b; Liu and Shipley, 2008). The lack
of specific blockers to INaP and INaT makes it impossible to differ-
entiate their separate roles in subthreshold postsynaptic re-
sponses but, two points strongly argue that INaP is the key ampli-
ficatory current: (1) INaP has the relatively negative activation
voltage required to amplify subthreshold EPSPs; (2) its fast acti-
vation and slow inactivation correspond well to the observed
amplification of both amplitude and duration of subthreshold
EPSPs. The ability of INaP to significantly prolong EPSP duration
suggested that it might enhance temporal summation of multiple
subthreshold EPSPs. Indeed, we confirmed that there is pro-
nounced, TTX-sensitive temporal summation of EPSPs in ET
cells. These results are consistent with previous studies indicating
that INaP can amplify EPSPs and enhance temporal summation in
other neurons (Stuart and Sakmann, 1995; Lipowsky et al., 1996;
Andreasen and Lambert, 1999; González-Burgos and Barrion-
uevo, 2001).

By amplifying subthreshold EPSPs, INaP should increase the
reliability of suprathreshold responses. Indeed, the voltage-
dependent amplification of both subthreshold and suprathresh-
old postsynaptic responses correlated very well in the voltage
range in which INaP is active. Thus, INaP not only boosts sub-
threshold EPSPs, but also amplifies suprathreshold postsynaptic
firing responses to ON inputs.

ILVA contributes to both subthreshold and suprathreshold
excitatory postsynaptic responses
ET cells have a prominent low-voltage-activated conductance
that is mediated by T- and/or L-type channels (Liu and Shipley,
2008). In contrast to INaP, the ability of this LVA Ca 2� conduc-
tance to amplify subthreshold EPSPs depends on EPSP amplitude
and resting membrane potential (Deisz et al., 1991; Markram and
Sakmann, 1994; Stuart and Sakmann, 1995; Gillessen and Alzhei-
mer, 1997; Urban et al., 1998; Andreasen and Lambert, 1999).
Consistently with this, we found that ILVA does not amplify small
EPSPs. However, when the amplitude of either simEPSPs or ON-
evoked EPSPs drives the membrane potential �50 mV, the syn-
aptic response is strongly boosted by ILVA. The simplest explana-
tion for this is that the depolarization caused by small simEPSPs is
insufficient to reach the threshold of ILVA because our previous
study showed that LVA Ca 2� spikes activate at approximately
�50 mV. Thus, ILVA amplifies large EPSPs and enhances sum-
mated EPSPs when the membrane potential is sufficiently
depolarized.

ILVA also amplifies suprathreshold postsynaptic responses.

Figure 9. Effects of blocking Ih on suprathreshold synaptic responses. A, B, Current-clamp
recordings of suprathreshold postsynaptic response to ON stimulation before (A, black), after
ZD7288 (ZD; 10 �M, 10 min; B, red), and after ZD7288 plus maintained 30 pA depolarizing
current injection (B, green). C, Graph showing that the spike number per suprathreshold re-
sponse from five cells is significantly reduced by ZD7288 alone, but is increased by ZD7288 with
compensation of membrane potential change. D, Paired-pulse EPSCs from the same cell holding
at �60 mV before (black) and after ZD7288 (10 �M, 10 min; red). Error bars indicate SEM. *p �
0.05; ***p � 0.001.

Liu and Shipley • Conductances Shaping Postsynaptic Responses in ET Cells J. Neurosci., October 8, 2008 • 28(41):10311–10322 • 10319



Pharmacological block of ILVA significantly decreased the num-
ber of action potentials produced by ON synaptic input. Enhanc-
ing ILVA with Bay K8644 significantly increased the number of
action potentials produced by each synaptic input. These effects
were not attributable to presynaptic mechanisms or network
contributions. Thus, direct activation of ILVA in ET cells enhances
their suprathreshold as well as subthreshold responses.

Role of Ih in integrating excitatory postsynaptic responses
In contrast to the amplificatory roles of INaP and ILVA, Ih attenu-
ates subthreshold EPSPs, mainly by increasing their rate of decay,
an effect consistent with studies in other mammalian CNS neu-
rons (Schwindt and Crill, 1997; Magee, 1998; Williams and Stu-
art, 2000; Angelo et al., 2007). Activation of Ih reduces ET cell
input resistance (Liu and Shipley, 2008) so that the same amount
of synaptic current produces briefer membrane depolarization.
However, this does not explain why blocking Ih increased the
amplitude of ON-evoked EPSPs, but not small simEPSPs. EPSPs
reach their peak very quickly (�10 ms), during which time, be-
cause of its slow activation and deactivation kinetics, Ih is not
appreciably recruited. Thus, the amplitudes of smaller simEPSPs
may be less influenced by Ih than those of larger ON-evoked
EPSPs. Consistent with its main effect on EPSP decay, Ih, as ex-
pected, reduced temporal summation of multiple simEPSPs.

Ih transforms inhibitory inputs to postsynaptic
excitatory responses
A novel function of Ih in ET cells is to transform inhibitory inputs
into excitatory rebound burst firing. ON stimulation elicits

monosynaptic EPSCs followed by a burst of GABAA receptor-
mediated IPSCs in ET cells. This feedback inhibition from PG
cells may play a role in terminating the spike burst (Hayar et al.
2005). Thus, when ET cells are at relatively depolarized mem-
brane potentials, feedback from PG cells provides classic inhibi-
tion. However, near the minimal membrane potential of ET cells,
where Ih is active, a short barrage of IPSPs produces a rebound
burst-firing response that is abolished by the Ih blocker ZD7288.
Therefore, Ih may play an important role in transforming inhib-
itory inputs to postsynaptic excitation by mediating rebound de-
polarization. ET cells express high levels of �3 subunits of the
GABAA receptor (Panzanelli et al., 2005), which mediate slow
IPSCs (Bosman et al., 2002) and thus could expand the frequency
spectrum of IPSP summation. IPSP summation further facilitates
the inhibition-to-excitation transformation by Ih. Thus, inhibi-
tory inputs can result in either classic inhibition or excitation in
the form of rebound bursting, depending on the membrane po-
tential of the ET cell when the IPSPs occur.

Functional implications
ET cells receive monosynaptic ON input and provide excitatory
burst input to �70% of the GABAergic PG cells in a glomerulus
triggering GABA release (Aungst et al., 2003; Hayar et al., 2004a,
2005; Shao et al., 2008). This rhythmic, spontaneous ET cell drive
on PG cells generates a level of extracellular GABA, which pre-
synaptically inhibits sensory inputs via GABAB receptors on ON
terminals (Aroniadou-Anderjaska et al., 2000; Wachowiak et al.,
2005). This presynaptic inhibition appears to have a significant
tonic component because of the steady pool of released GABA

Figure 10. Ih transforms inhibitory inputs to postsynaptic excitation. A, Voltage-clamp recordings of ON-evoked EPSCs from the same cell with holding potential at either �20 or 0 mV before
(black) and after (red) gabazine (10 �M, 10 min) showing GABAA receptor-mediated IPSCs. Note that the IPSC onset latency is longer than that of the EPSC. B, Voltage-clamp recordings of
spontaneous synaptic currents from the same cell with holding potential at �55, 0, or 0 mV in the presence of gabazine (10 �M, 10 min) showing inward spontaneous EPSCs and GABAA

receptor-mediated outward spontaneous IPSCs (sIPSCs). C, Top, Superimposed sIPSCs from B with holding potential at 0 mV; the red trace represents the average IPSC. Bottom, An inverted average
IPSC from the top (left) and two inverted IPSCs paired at 50 Hz (right) are used as simIPSCs to evoke voltage responses. D, Current-clamp recordings showing that a rebound burst response (black)
evoked by injection of the two simIPSCs in C to an ET cell at �55 mV is eliminated by ZD7288 (10 �M; red). Note that restoring the hyperpolarized membrane potential caused by ZD7288 to control
level does not restore the rebound burst-firing response (green). E, Comparison of responses to two simIPSCs injected in the same cell held at �65 mV before (black) and after (red) ZD7288 (10 �M,
10 min) showing that the rebound depolarization is completely abolished by ZD7288. Inset, Graph showing that the rebound depolarization evoked by a train of two simIPSCs from five cells is
completely eliminated by ZD7288. Error bars indicate SEM. ***p � 0.001.
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and the relatively slow-onset, slow-offset GABAB receptors on the
ON terminals (Aungst et al., 2003; Pírez and Wachowiak, 2008)
(Z. Shao, A. C. Puche, E. Kiyokage, G. Szabo, M. T. Shipley,
unpublished observations). In contrast, GABA released from PG
cells by spontaneous and ON-evoked ET bursts activates GABAA

receptors on the apical dendrites of MT cells. Because GABAA

receptors are rapid, postsynaptic inhibition may be more strongly
influenced by phasic sensory inputs than presynaptic inhibition. The
ET cell is the key player in both presynaptic and postsynaptic inhibi-
tion, providing both spontaneous and sensory driven input to the
majority of the glomerular inhibitory interneurons. Its remarkable
capacity to amplify and potently summate sensory inputs makes this
cell the gatekeeper to glomerular network operations.

The glomerular network appears to be optimally organized to
impose brief temporal windows within which MT cells can be
excited by rhythmic ON inputs. Odors are sampled by sniffing.
During a sniff, activity in olfactory nerve terminals increases dur-
ing a temporal window with a rise time of �100 ms (Spors et al.,
2006; Verhagen et al., 2007). ET cells receive asynchronous
monosynaptic ON inputs throughout this window. The amplifi-
cation of EPSP duration mediated by ET cell intrinsic conduc-
tances is ideally suited to provide strong temporal summation of
asynchronous sensory synaptic inputs during sniffing. Asynchro-
nous sensory inputs are thus converted to all-or-none ET cell
bursts, which in turn drive PG cells to generate presynaptic and
postsynaptic intraglomerular inhibition. Higher-frequency sniff-
ing attenuates presynaptic ON inputs more than does lower-
frequency sniffing (Verhagen et al., 2007; Pírez and Wachowiak,
2008). Interestingly, temporal summation of ON inputs by ET
cells would amplify higher-frequency inputs more than lower-
frequency inputs. Postsynaptic summation might thus compen-
sate for presynaptic attenuation in an inverse frequency-
dependent manner; this might optimize postsynaptic inhibition
across a range of sniff frequencies. Thus, the same intrinsic con-
ductances that regulate spontaneous rhythmical bursting of ET
cells actively shape their responses to excitatory and inhibitory
inputs in ways that significantly impact intraglomerular inhibi-
tory circuits that regulate MT cell output to olfactory cortex.

Feedback inhibitory synaptic inputs to ET cells can reduce the
strength of the excitatory burst. However, the present results
showed that inhibitory inputs arriving between bursts are trans-
formed to excitatory rebound responses. This would reset burst
frequency and could function to synchronize bursting among ET
cells. The transformation of inhibitory inputs to postsynaptic
excitation may also impact interglomerular network operations.
Recent findings indicate that some DAergic/GABAergic PG cells
have dendrites that extend to multiple distant glomeruli (Kiyok-
age et al., 2007; Kosaka and Kosaka, 2007; Pírez and Wachowiak,
2008). If these interglomerular inhibitory connections target ET
cells, they could trigger Ih-dependent, rebound excitation. Rebound
excitation of ET cells would cause glutamatergic excitation of PG
cells resulting in the release of GABA, which inhibits MT cells. Con-
sistent with this intriguing possibility, interglomerular inhibition of
MT cells is eliminated by GABAA antagonists, as expected, and also
by blockers of glutamatergic transmission (Aungst et al., 2003).
Thus, IPSP-triggered, Ih-dependent rebound excitation of ET cells
could amplify interglomerular inhibition of MT cells.
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