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Accessory from Main Olfactory Bulb Mitral Cells
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Many mammals rely on pheromones for mediating social interactions. Recent studies indicate that both the main olfactory system (MOS)
and accessory olfactory system (AOS) detect and process pheromonal stimuli, yet the functional difference between these two chemo-
sensory systems remains unclear. We hypothesized that the main functional distinction between the MOS and AOS is the type of sensory
information processing performed by each system. Here we compared the electrophysiological responses of mitral cells recorded from
the accessory olfactory bulb (AOB) and main olfactory bulb (MOB) in acute mouse brain slices to various stimuli and found them
markedly different. The response of MOB mitral cells to brief (0.1 ms, 1–100 V) stimulation of their sensory afferents remained transient
regardless of stimulus strength, whereas sufficiently strong stimuli evoked sustained firing in AOB mitral cells lasting up to several
minutes. Using EPSC-like current injections (10 –100 pA, 10 ms rise time constant, 5 s decay time constant) in the presence of various
synaptic blockers (picrotoxin, CGP55845, APV, DNQX, E4CPG, and MSPG), we demonstrated that this difference is attributable to distinct
intrinsic properties of the two neuronal populations. The AOB sustained responses were found to be mediated by calcium-activated
nonselective cationic current induced by transient intense firing. This current was found to be at least partially mediated by TRPM4
channels activated by calcium influx. We hypothesize that the sustained activity of the AOS induces a new sensory state in the animal,
reflecting its social context.

Introduction
Mammals rely heavily on molecular communication in mediat-
ing social interactions, such as mating, aggression, and kin rela-
tionships (Keverne, 2002; Brennan and Kendrick, 2006; Shah,
2006). This molecular communication is mediated by semio-
chemicals, such as pheromones, which convey social information
between conspecifics. Semiochemicals are detected by a number
of olfactory subsystems in the nasal cavity (Munger et al., 2009),
of which the best studied are the main olfactory system (MOS)
and the accessory olfactory system (AOS), also known as the
vomeronasal system (Dulac and Torello, 2003).

Sensory input to the MOS and AOS originates from sensory
neurons that reside in the main olfactory epithelium and the
vomeronasal organ, respectively, and projects on to the main
olfactory bulb (MOB) and the accessory olfactory bulb (AOB),
respectively. The sensory terminals synapse on the principal neu-
rons of the bulbs, the mitral and tufted cells, which are their only
outputs (Mori et al., 1999).

In contrast to the traditional view of the AOS as the primary
system mediating the detection of pheromones, recent studies

have directly implicated the MOS (Stowers and Marton, 2005).
Both systems are now known to detect at least partially overlap-
ping sets of stimuli (Spehr et al., 2006). Thus, the functional
difference between these two chemosensory systems is now
unclear.

We previously hypothesized that the main functional distinc-
tion between the MOS and AOS is the type of sensory informa-
tion processing performed by each system (Dulac and Wagner,
2006). It has been difficult to test this hypothesis because there are
only limited data on information processing in the AOB. Several
years ago, however, using in vivo extracellular recordings from
behaving mice, Lou et al. (2003) showed that AOB mitral cells
respond with a prolonged excitation to natural stimuli. Surpris-
ingly, the cells maintained their high firing rate for 10 –30 s after
termination of physical contact with the stimulus.

Persistent firing in response to transient stimuli has been ob-
served in several other brain structures, such as the entorhinal cortex
(Egorov et al., 2002) and subiculum (Yoshida and Hasselmo, 2009).
In most of these cases, a flufenamic acid (FFA)-sensitive, calcium-
activated nonselective cationic current, termed Ican, appears to be
involved (Ghamari-Langroudi and Bourque, 2002; Fransén et al.,
2006; Tahvildari et al., 2008).

In the present study, we compared the responses of MOB and
AOB mitral cells in acute mouse brain slices to similar stimuli.
We found that, unlike MOB mitral cells, AOB neurons respond
to sufficiently strong stimulation of afferent sensory fibers (SFs)
with sustained firing lasting up to several minutes. We also dem-
onstrated that AOB persistent firing responses are mediated by
the Ican current, at least partially carried by TRPM4 channels. We
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revealed that the biophysical mechanism
underlying this response involves pro-
longed activation of Ican via calcium in-
flux stimulated by transient intensive
neuronal activity. We conclude that the
intrinsic properties of MOB and AOB mi-
tral cells are tuned to different types of
information processing. We hypothesize
that the AOB sustained activity allows the
AOS to induce a new sensory state in the
animal according to its social context.

Materials and Methods
Animals. C57BL/6J male mice (Harlan Labora-
tories) were maintained in the SPF mice facili-
ties of the Hebrew University of Jerusalem and
the University of Haifa under veterinary super-
vision, according to National Institutes of
Health standards, with food and water ad libi-
tum and lights on from 7:00 A.M. to 7:00 P.M.
Eight- to 20-week-old mice (25–35 g) were
held in groups of 5–10 mice per cage. All exper-
iments were approved by the Animal Care and
Use Committees of the Hebrew University and
the University of Haifa.

Slice preparation. Mice were anesthetized
(isoflurane; Abbott Laboratories) and killed by
cervical dislocation. Olfactory bulb slices, 300 –
400 �m thick, were prepared as described pre-
viously (Wagner et al., 2006). Coronal, sagittal,
or horizontal planes were used for MOB slices
and semi-coronal (Del Punta et al., 2002) or
sagittal planes for AOB slices, with no differ-
ences in the results. Most experiments were
performed with semi-coronal AOB and hori-
zontal MOB slices. In some experiments (for
example, see Fig. 4), recordings were made
from both MOB and AOB in the same sagittal
slice.

Slices were equilibrated for 1–5 h in phys-
iological solution containing the following:
125 mM NaCl, 25 mM NaHCO3, 15 mM glu-
cose, 3 mM KCl, 2 mM CaCl2, 1.3 mM

NaH2PO4, and 1 mM MgCl2, oxygenated by
bubbling through a 95% O2 and 5% CO2

mixture, pH 7.4. For electrophysiological re-
cordings, slices were submerged in oxygenated physiological solution
at room temperature in a recording chamber and perfused at a con-
stant rate of 1–3 ml/min. In most experiments, gabazine (5 �M; Tocris
Bioscience) or picrotoxin (50 �M; Sigma) were applied to the bath
solution to block GABAA receptors. In experiments in which all syn-
aptic receptors were blocked, the recording chamber was perfused
with a blocker blend comprising the following: GABAA receptor an-
tagonist picrotoxin (50 �M), GABAB receptor antagonist CGP55845
[(2S)-3-[(15)-1-(3,4-dichlorophenyl)ethyl]amino-2-hydroxypropyl)
(phenylmethyl)phosphinic acid] (2.5 �M; Tocris Bioscience), NMDA re-
ceptor antagonist APV (50 �M; Tocris Bioscience), AMPA receptor
antagonist DNQX (25 �M; Tocris Bioscience), group I/group II metabo-
tropic glutamate receptor antagonist E4CPG (RS-a-ethyl-4-carboxy-
phenylglycin) (500 �M; Tocris Bioscience), and group III metabotropic
glutamate receptor antagonist MSOP [(RS)-�-methylserine-O-phosphate]
(100 �M; Tocris Bioscience). For blocking voltage-activated calcium chan-
nels (VACCs), slices were incubated for 30 min before recording in physio-
logical solution with 1 �M �-conotoxin GVIA and 100 nM SNX 482 (both
from Alomone Labs) added. To block spiking activity, we used 1 �M tetro-
dotoxin (TTX) (Alomone Labs), whereas 50 �M FFA (Sigma) was used to
block Ican. For depletion of intracellular calcium stores, thapsigargin (2 �M;
Alomone Labs) was added to the bath solution. (RS)-3,5-Dihydroxy-

phenylglycine (DHPG) (Sigma) was delivered locally by pressure pulses
(2-s-long) via a glass pipette containing 200 �M DHPG dissolved in physio-
logical solution.

Electrophysiology. For electrophysiological recordings, we used the fol-
lowing setups: (1) Olympus BX51WIF equipped with motorized stage
and manipulators (Scientifica), recording chamber (RC-26G; Warner
Instruments), pulse generator (Master 8; A.M.P.I.) and isolated stimula-
tor (ISOFlex; A.M.P.I.), and MultiClamp 700B amplifier (Molecular De-
vices); and (2) Olympus BX61WIF equipped with motorized stage and
manipulators (Luigs & Neumann), homemade recording chamber, pulse
generator (Master 8; A.M.P.I.), and AxoClamp 2B and AxoPatch 1D
amplifiers (Molecular Devices).

SFs in the olfactory or vomeronasal nerve layer were electrically stim-
ulated (0.1 ms, 1–100 V) via a concentric bipolar platinum/iridium elec-
trode (FHC). Mitral cells were visualized using infrared differential
interference contrast video microscopy via a 40� water-immersion ob-
jective. Mitral neurons were identified by the location of the cell body, for
MOB neurons strictly in the MOB mitral cell layer and for AOB mitral
cells on the ventral side of the external plexiform layer of the AOB.

Activity was recorded extracellularly with borosilicate pipettes (War-
ner Instruments) filled with physiological solution. Recordings were
made in the loose-patch configuration and voltage-clamp mode. Electri-
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Figure 1. MOB and AOB mitral cells respond differently to SF stimulation. A, B, Extracellularly recorded current traces of the
response of MOB (A) and AOB (B) mitral cells to SF stimulation. Red arrows mark stimuli. C, D, Raster plots of the spiking events for
three stimulus intensities labeled as percentages of just-suprathreshold stimulus strength for MOB (C) and AOB (D) responses. Each
plot comprises five lines representing the responses to five identical stimuli, given 30 s apart. Red arrows mark stimulus times. Note
the spike accumulation in the middle (140%) and bottom (160%) panels of D despite the 30 s ISI, indicating that response duration
is longer than 30 s. E, F, PSTHs of the responses in C and D, respectively. Note the different scales of y-axes. Bin duration, �0.5 s.
G, H, Averaged PSTHs, respectively, for MOB (n � 15, 6 animals) and AOB (n � 13, 9 animals) mitral cells. Data for each cell were
normalized to its maximal response before averaging.
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cal signals were amplified and filtered (low-pass, 5 kHz) via an Axopatch
1D amplifier. Single-unit activity in MOB and AOB mitral cells appeared
as a biphasic wave 1.2 � 0.4 ms peak-to-peak. SF stimuli were delivered
at 30 s interstimulus interval (ISI). Whole-cell recordings were per-
formed using borosilicate pipettes filled with standard intracellular re-
cording solution containing the following (mM): 120 K-gluconate, 14
KCl, 10 Na-gluconate, 10 HEPES, 3 MgATP, 0.5 NaGTP, and 10 phos-
phocreatine (5–12 M�). When BAPTA was used, BAPTA–tetrapotas-
sium (Invitrogen) was dissolved in this solution to a final concentration
of 5 mM. Seal resistance was at least 2 G� and typically 5–10 G�. For
current-clamp and hybrid-clamp recordings, electrical signals were am-
plified using MultiClamp 700B and Axoclamp 2B amplifiers (Molecular
Devices), respectively. For EPSC-like current injections, current ampli-
tude was selected to evoke maximal depolarization (of voltage trajectory)
of 15–20 mV, using 10 pA steps. All EPSC-like currents had a 10 ms rise
time constant and a 5 s decay time constant. In the hybrid-clamp proce-
dure, membrane potential was clamped to �80 mV throughout the ex-
periment, excluding 4 s periods during which the amplifier was switched
to current-clamp mode to deliver a train of current pulses (rate, 20 Hz;
amplitude, 300 pA; width, 10 ms). To obtain I–V curves, we imposed a set
of voltage ramps (from �85 to �50 mV and back, 4 s duration, separated
by 1 s). Two ramps were given before the spike train and seven ramps
after it. All amplified signals were digitized at 2–10 kHz using a National
Instruments board and analyzed using home-made software written in
LabVIEW (National Instruments). All SF stimuli during whole-cell re-
cordings and EPSC-like current injections were applied at 30 –180 s ISI.

Data analysis. Peristimulus time histogram (PSTH) analysis was per-
formed as follows: (1) all spikes recorded during responses to three to five
identical stimuli were represented by their peak times; (2) spike times
were pulled and sorted according to their values; (3) sorted spike times
were distributed to time bins; and (4) the firing frequency was calcu-

lated by dividing the number of spikes in
each bin by its duration and dividing the re-
sult by the number of identical stimuli in-
cluded in the analysis. In all cases, the
category label denotes the lower boundary of
the bin. Voltage trajectories were calculated
by clipping the spikes from three to five re-
sponses to identical stimuli, averaging them,
and smoothing the averaged trace by a mov-
ing average. Threshold stimulus was defined
as a stimulation level yielding response in
approximately half of the stimuli, whereas
just-suprathreshold stimulus was defined as
the minimal level of stimulus required for
consistent response.

RNA preparation and qPCR. After decapi-
tation, brains were frozen at �80°C for sev-
eral hours, embedded in OCT compounds
(Sakura), and sectioned (500 �m). The AOB
and the MOB were punched using 1 mm
puncher. Punches were frozen in �80°C for
2–3 d. Punches from two to three mice were
used for each RNA sample, and the experi-
ment was repeated four times. RNA extrac-
tion was performed using TRI Reagent
(Sigma) according to the instructions of the
manufacturer. RNA concentration was quanti-
fied using nanodrop (ND-1000; Thermo
Fisher Scientific). RNA (60 ng) was reverse
transcribed to cDNA using the High Capacity
RNA to cDNA kit (Applied Biosystems) ac-
cording to the instructions of the manufac-
turer. cDNA samples were either used
immediately or frozen in �20°C for 1–3 d be-
fore real-time qPCR was performed. qPCR was
performed in triplicates using fast SYBR green
master mix and a STEP-One Plus PCR system
(Applied Biosystems). The hypoxanthine-
guanine phosphoribosyltransferase gene was

used as an endogenous control, and the results were verified using a
second endogenous control gene: TATA binding protein. cDNA equiv-
alent to 20 ng of total RNA (for examined genes and 10 ng for endoge-
nous controls) was added to a 10 �l total reaction mixture with sequence
specific primers at final concentration of 330 nM. Primers were used at a
final concentration of 300 nM in a 10 �l final reaction volume. Thermo-
cycling conditions were as follows: 95°C for 20 s, followed by 40 cycles of
95°C for 3 s and annealing at 60°C for 30 s. The specificity of the ampli-
fication products was verified by melting curve. The efficiency of each set
of primers was validated using calibration curves. Only primers with
amplification efficiencies of 90 –110% were used. Quantification cycle
(Cq) analysis was done using the automatic algorithm of the qPCR soft-
ware (STEP-One version 2.1; Applied Biosystems). A negative template
control and RNA transcribed without reverse transcriptase were used as
negative controls. The difference between the negative controls and the
target genes examined was never less than five cycles.

Immunohistochemistry. After anesthesia and cervical dislocation, mice
(8 –10 weeks of age) were perfused with ice-cold PBS, followed by 4%
paraformaldehyde (PFA). Brains were removed and kept in 1% PFA and
30% sucrose overnight at 4°C. The brains were frozen at �80°C for
several hours, embedded in OCT compounds, and then sectioned
(35– 40 �m thickness). The samples were washed three times for 5 min
with PBS and incubated with a blocking solution (20% NGS and 0.5%
Triton X-100 in PBS) for 2 h, and then incubated overnight at room
temperature in blocking solution (2% NGS in PBS) with primary anti-
body (1:100, 1:200) (Alomone Labs). Three PBS washes were followed by
1.5 h of incubation with the second antibody in the dark (GFP-
conjugated anti-rabbit, 1:200; Invitrogen). The slices were washed three
times for 5 min with PBS and then incubated for 1 min with Hoechst
(1:5000). Slices were mounted on slides, dried for 30 min, and covered
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Figure 2. Selective block of AOB sustained responses was mediated via GABAA receptors. A, C, Extracellularly recorded current
traces of the responses of MOB mitral cells to SF stimulation before (A) and during (C) application of 2.5 �M gabazine to the
recording chamber. B, D, Same for AOB mitral cell before (B) and during (D) application of 2.5 �M gabazine. E, PSTHs (each
averaging 5 responses to identical stimuli) of the responses of the MOB mitral cell shown in A and C before (black) and during (gray)
gabazine application. The MOB response remained transient after blockade of GABAA receptors. Stimulus strength was 1000% of
just-suprathreshold level. Bin duration,�0.5 s. F, PSTHs of the responses of the AOB mitral cell shown in B and D before (black) and
during (gray) gabazine application. This AOB neuron belonged to the 28% of AOB neurons displaying prolonged inhibition after the
initial transient firing response. The excitatory response was sustained after blockade of GABAA receptors. Stimulus strength was
250% of just-suprathreshold level. Note the different scales of y-axes between E and F.
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with Antifade (Invitrogen) and a coverslip. Pic-
tures were taken using a confocal microscope
(Eclipse C1; Nikon) and adjusted with the NIS-
elements software (Nikon).

Statistics. Unless mentioned otherwise, all
statistical differences were calculated using t
test after checking for normal distribution
(Kolmogorov–Smirnov test). z-Score analysis
was calculated in time bins of 0.5 s for each of
spontaneously active AOB mitral cells by cal-
culating (Fi � Fps)/SDps, where Fi is the mean
(of five repetitions) firing frequency at the ith
bin, Fps is the mean prestimulus firing fre-
quency and SDps is the SD of prestimulus firing
frequency.

Results
MOB and AOB mitral cells respond
differently to SF stimulation
Extracellular recordings from mitral cells
in acute slices of the olfactory bulb re-
vealed that MOB cells typically respond to
a brief (0.1 ms) SF stimulation with high-
frequency burst, lasting for 1–3 s (Fig.
1A), whereas the response of AOB neu-
rons was characterized with a prolonged
low-frequency firing (Fig. 1B). It should
be noted that only 44% of MOB mitral
cells recorded extracellularly in the acute
brain slices fired spontaneously (0.4 � 1.2
Hz, n � 15), whereas 94% of AOB mitral
cells were usually spontaneously active
(1.4 � 1.9 Hz, n � 18).

Figure 1, C and D, shows the responses
of MOB and AOB cells to different stimu-
lus intensities (expressed as percentage of
just-suprathreshold level). The firing fre-
quency of MOB neurons increased with
stimulus intensity, whereas response du-
ration was only slightly affected (maximal duration, 3.6 � 1.4 s;
n � 15). In the AOB cells, weak stimuli elicited a short response of
up to 1 s and consisting of only few spikes at low frequency (Fig.
1D, top raster plot). The frequency of this initial response, which
increased monotonically with stimulus intensity, saturated at
�40 Hz. Beyond a certain stimulus strength, however, the initial
response was followed by a remarkably prolonged increase in
firing rate (10 –30 s at �50% above baseline; Fig. 1D). These
differences can be seen in individual PSTHs in Figure 1, E and F.

The significance of the difference in the duration between the
two types of responses is summarized in Figure 1, G and H, which
shows the normalized averaged responses of MOB and AOB mi-
tral cells to saturating SF stimuli. Whereas the poststimulus spik-
ing activity of MOB cells is consistently higher than the baseline
for only �3 s (80% of cells completely ceased firing at 4 s), AOB
mitral cells show persistent activity that is higher than baseline
(�50%) for at least 10 s after stimulation. A z-score analysis show
that AOB mitral cells retain a mean z-score of �10 for at least 10 s
after stimulation.

This sustained response of AOB cells was observed in 72% of
the recorded cells (13 of 18). In the remainder, the initial 0.5–1 s
excitatory response was followed by a prolonged inhibitory
phase, manifested as an abrupt termination of firing (Fig. 2B; F,
black bars) or a decrease in firing rate below the spontaneous level
(data not shown). Here an inhibitory process may have curtailed

the response. Blocking GABAA receptors by gabazine (a specific
blocker of GABAA receptors) revealed the sustained excitatory
response characteristic of the other AOB cells (Fig. 2D,F, gray
bars, n � 3 of 3). Thus, the induction of the prolonged response
of AOB mitral cells to SF input appears to be controlled by the
local GABAergic network of the AOB.

In contrast, blocking GABAA neurotransmission in the MOB
(Fig. 2A,C,F) caused a twofold increase in the intensity of the
responses to SF stimulation (to 233 � 59% of the control re-
sponse, n � 3 of 3) without prolonging response duration beyond
3– 4 s (3.0 � 0.5 s). Thus, the rather restricted duration of MOB
responses is independent of GABAA-mediated neurotransmis-
sion. To prevent any effect of GABAA-mediated neurotransmis-
sion, all additional experiments were performed in the presence
of GABAA blockers (gabazine or picrotoxin).

Intracellular recordings from MOB and AOB mitral cells
using the whole-cell configuration confirmed these response
differences. The typical response of MOB mitral cells to SF
stimulation comprised a burst of spikes superimposed on an
extended depolarization (Fig. 3 A, C,E). Even for threshold
stimuli, MOB cells responded with an all-or-nothing high-
frequency burst of spikes (Fig. 3A) that terminated consider-
ably before the end of the protracted EPSP (Fig. 3C,E). In
contrast, the response of AOB mitral cells consisted of an
initial brief response appearing at low stimulus intensities

Figure 3. Differences between MOB and AOB responses to SF stimulation were preserved in whole-cell recordings. A, B,
Whole-cell recordings of the responses of MOB (A) and AOB (B) mitral cells to threshold stimuli. Subthreshold (black) and suprath-
reshold (green) responses are superimposed. The typical burst response of MOB cells was evident even for low-intensity stimula-
tion. Note the voltage ramp underlying the MOB response. The baseline membrane potential is indicated for each trace. C, E,
Responses of the MOB cell in A to just-suprathreshold (C) and high (E) stimulation levels, labeled as percentages of just-
suprathreshold stimulus strength. Firing terminated abruptly well before the decline of the underlying voltage ramp. Spikes are
trimmed at 0 mV. D, F, Responses of the AOB cell in B to just-suprathreshold (D) and higher (F ) stimulation strengths. The
responses changed from a transient response in D to sustained firing in F. Spikes are trimmed at 0 mV. G, PSTH of the responses in
A, C, and E. The response duration remained relatively constant, contrasting with the highly dynamic range of the peak firing rate.
H, PSTH of the responses in B, D, and F. The sustained response strengthened with increasing stimulus intensity. Note the different
scales of y-axes between G and H.
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(Fig. 3 B, D), followed by a prolonged depolarization, which
was activated above a certain threshold and supported an ele-
vated firing rate (Fig. 3F ). These differences are summarized
in the PSTHs in Figure 3, G and H.

The different MOB and AOB mitral cell
responses result from different
intrinsic properties
The differences between the responses of
AOB and MOB mitral cells to SF stimula-
tion may have resulted from differences in
either their synaptic input or their intrin-
sic properties. To distinguish between
these two possibilities, we measured the
responses of these cells to intracellularly
injected depolarizing currents that mim-
icked their prolonged evoked EPSCs. We
then examined the responses to this cur-
rent in the presence of synaptic blockers.

EPSC-like current injections preserve the
different response types of MOB and AOB
mitral cells
Several studies exploring the synaptic
response in MOB mitral cells evoked by
SF stimulation have reported a pro-
longed excitatory component, ranging
from 200 ms to 5 s (Chen and Shepherd,
1997; Aroniadou-Anderjaska et al.,
1999; Isaacson, 1999; Salin et al., 2001;
Christie and Westbrook, 2006; Ennis et
al., 2006; De Saint Jan and Westbrook,
2007). Our preliminary voltage-clamp
recordings confirmed the existence of a
similarly prolonged component of the
evoked EPSCs in both MOB and AOB
mitral cells (data not shown). We there-
fore injected current pulses shaped to
mimic this EPSC: a fast rise time of 10
ms, followed by slow decay over 5 s,
varying only the peak amplitude.

The typical responses of MOB and
AOB mitral cells, recorded in the same
slice, to weak and strong EPSC-like cur-
rents are shown in Figure 4. These re-

sponses resembled the mitral cell responses to SF stimulation.
MOB cells responded with robust transient firing superimposed
on a prolonged voltage ramp (Fig. 4A). The frequency of the
firing response increased with current intensity, but the duration
of the response was limited to only few seconds (Fig. 4C). In
contrast, in the AOB cells, low-amplitude EPSC-like current elic-
ited a transient firing response, whereas a stronger current elic-
ited firing lasting at least 15 s (Fig. 4B,D).

The responses to EPSC-like currents (peak amplitude se-
lected to elicit maximal voltage responses of 15–20 mV) were
measured in 43 AOB neurons (29 preparations) and 20 MOB
neurons (16 preparations). Figure 4, E and F, shows their
averaged PSTHs and mean voltage trajectories (see Materials
and Methods). The average PSTH for MOB mitral cells re-
vealed that firing frequency reached a maximal mean rate of
�35 Hz and decayed rapidly. AOB mitral cells fired at approx-
imately half this maximal rate, but their firing showed a much
longer decay. The normalized trajectory of the mean mem-
brane potential underlying the firing response of MOB mitral
cells generally followed the time course of the injected current
(Fig. 4 E). In contrast, the trajectory of the response recorded
from AOB neurons showed a prolonged overshoot, relative to
the injected current, with a much slower decay.

Figure 4. The different MOB and AOB responses to SF stimulation were preserved by EPSC-like current injections. A, B, Mem-
brane potential responses (top panels) to injections of low (red) and high (blue) EPSC-like depolarizing currents (bottom panels).
The MOB cells showed little variation in response duration (A), whereas AOB cell responses changed from a transient to a sustained
firing (B). Both cells were recorded from the same sagittal OB slice. C, D, PSTHs from responses to four amplitudes of EPSC-like
current injections for the MOB (C) and AOB (D) neurons. Note the almost constant duration of the MOB response and the prolonged,
stimulus-dependent duration of the AOB response. Inset gives level of injected current. Note the different scales of y-axes between
C and D. E, Mean PSTHs for 20 MOB (red, 16 animals) and 43 AOB (blue, 29 animals) mitral cells, each represented by three
consecutive responses to the same stimulus. MOB neurons showed a much higher instantaneous firing frequency, which also
terminated more quickly than the prolonged firing of the AOB cells. F, Mean trajectories of the membrane potential underlying the
responses in E for MOB (red) and AOB (blue) mitral cells. The trajectories were normalized and superimposed on the normalized
injected current trace (gray) showing their different dynamics. The MOB trajectory generally followed the injected current, whereas
the AOB trajectory showed a prolonged overshoot decaying with a much slower time constant than the injected current. Holding
current (pA): MOB, �70.0 � 51.0; AOB, �6.4 � 12.4. EPSC-like current amplitude (pA): MOB, 78.4 � 26.7; AOB, 52.9 � 27.6.

Table 1. Statistical analysis (unpaired t test) of electrophysiological parameters
characterizing the responses of MOB and AOB mitral cells to EPSC-like current
injections

Parameter MOB AOB Significance

Baseline membrane
potential (mV) �61.65 � 2.7 �59.6 � 5.16 t(63) � 1.8, p � 0.08

Input resistance (M�) 240 � 110 880 � 430 t(63) � 6.9, p � 0.001
Maximal voltage response

(mV) 17.8 � 3.9 17.5 � 4.5 t(63) � 0.8, p � 0.39
Maximal firing rate (Hz) 50.6 � 16.8 24.6 � 7.6 t(63) � 8.03, p � 0.001
Time constant of the decay in

firing rate (s) 1.23 � 0.6 5.0 � 1.3 t(63) � 13.08, p � 0.001
Duration of the firing

response (s) 4.0 � 1.5 17.1 � 4.2 t(63) � 14.96, p � 0.001

Baseline membrane potential, Averaged over 0.5 s before stimulation; Input resistance, the slope of the I–V curve;
Maximal voltage response, maximal value of the voltage trajectory; Maximal firing rate, calculated from the PSTH
using 100 ms bins; Time constant of the decay in firing rate, calculated by fitting an exponent to the PSTH (1 s bins)
starting at maximal value; Duration of the firing response, poststimulus time of the last spike, which was not
preceded by �3 s without spikes.
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The quantitative parameters summa-
rized in Table 1 were used for statistical
comparison of the responses of the two
neuronal types to EPSC-like currents. The
amplitude of the EPSC-like currents in-
jected into MOB mitral cells to elicit peak
voltage response was just 40% higher than
required in AOB neurons despite the lat-
ter having approximately three times
higher input resistance. This was to be ex-
pected considering the higher excitability
of MOB mitral cells (Zibman et al., 2011),
which was also reflected in their approxi-
mately two times higher maximal firing
response. MOB and AOB mitral cells dif-
fered markedly in the time constant of the
decay in firing rate and the duration of
firing (Table 1), with the AOB mitral cells
having an approximately four times lon-
ger time constant of decay and duration of
firing than MOB mitral cells.

The responses of MOB and AOB mitral
cells to EPSC-like currents were unaffected
by blocking GABA and glutamate
receptors
MOB and AOB mitral cells have been shown
previously to be capable of activating their
own glutamate receptors by depolarization-
induced release of glutamate from their recip-
rocal synapses with GABAergic granule cells
(Aroniadou-Anderjaska et al., 1999; Isaac-
son, 1999; Salin et al., 2001; Castro and
Urban, 2009). It is thus possible that stimu-
lating a single mitral cell activated the local
network. We therefore studied the re-
sponses of these cells to EPSC-like cur-
rents in the presence of synaptic blockers
(see Materials and Methods) that block the GABAB, AMPA,
NMDA, and metabotropic glutamate receptors, in addition to
the GABAA receptor that is blocked anyway. As exemplified in
Figure 5, the synaptic blockers did not affect the responses of
either MOB (Fig. 5A,B) or AOB (Fig. 5E,F) mitral cells. The
same conclusion is drawn from a comparison of the PSTHs (Fig.
5C,G) and voltage trajectories (Fig. 5D,H) of the two neuronal
populations before and during application of the synaptic block-
ers. Statistical analysis of the parameters detailed in Table 1 con-
firms that there is no significant change in the responses of MOB
and AOB mitral cells to EPSC-like currents during application of
the synaptic blockers.

That is, EPSC-like currents elicited different responses in
MOB and AOB mitral cells resembling their responses to SF stim-
ulation, even when GABA and glutamate receptors were blocked.
We concluded that the differences in response profiles of the two
neuronal types were mainly attributable to their different cellular
properties rather than dissimilar network properties.

The biophysical mechanism that generates prolonged firing
in AOB mitral cells
The prolonged response of AOB mitral cells depends on
intracellular free calcium
The involvement of free intracellular calcium ions in the genera-
tion of mitral neuron responses was examined using 5 mM

BAPTA in the patch pipette to reduce the level of free calcium in

the recorded neuron. Figure 6, A and B, shows the similarity
between the responses of MOB mitral cells to EPSC-like currents
with and without BAPTA. Moreover, the magnitude and dynam-
ics of the responses of these cells, i.e., their PSTHs and their
response trajectories, were unaffected by the presence of BAPTA
(Fig. 6C,D). Indeed, of all the parameters used for statistical anal-
ysis (Table 1), only the maximal voltage response was signifi-
cantly higher with BAPTA, probably because of the lower
activation of calcium-dependent potassium channels.

In contrast, in AOB mitral cells, the presence of BAPTA sig-
nificantly shortened both the firing duration (from 15.0 � 3.6 to
5.5 � 1.9 s, t(18) � 7.25, p � 0.001) and the time constant of the
decay in firing rate (from 4.8 � 1.3 to 3.0 � 1.0 s, t(18) � 3.56, p �
0.005; Fig. 6E--G). Moreover, the superimposed normalized tra-
jectories of the AOB responses in both conditions (Fig. 6H)
showed a markedly faster fall of the voltage response in the pres-
ence of BAPTA. We therefore concluded that free intracellular
calcium concentration plays a major role in the prolonged re-
sponse of AOB mitral cells.

The prolonged response of AOB mitral cells is FFA sensitive
Calcium-dependent sustained responses have been reported in
several areas of the brain and in most cases were found to depend
on an FFA-sensitive calcium-activated nonselective cationic cur-
rent known as Ican (for review, see Major and Tank, 2004). FFA
(50 �M) was added to the bath, and the responses of AOB and
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Figure 5. Blocking GABA and glutamate receptors did not affect the responses of MOB and AOB mitral cells to EPSC-like current
injection. A, B, Typical voltage responses of MOB mitral cells to injection of EPSC-like currents (shown below) before (A) and during
(B) addition of the blend of GABA and glutamate receptor blockers to the bath solution. C, Mean PSTHs of the responses of four MOB
cells (3 animals) recorded before (red) and during (blue) addition of the blocker blend to the bath solution. D, Mean voltage
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(shown below) before (E) and during (F ) addition of the blocker blend to the bath solution. G, Mean PSTHs of the responses of six
AOB cells (5 animals) recorded before (light blue) and during (light green) adding the blocker blend to the bath solution. Note the
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MOB mitral neurons to EPSC-like currents were examined. As
shown in Figure 7, there is a striking resemblance between the
results obtained with FFA and those obtained with BAPTA (Fig.
6). As exemplified in their typical responses (Fig. 7A,B) and an-
alyzed in their PSTHs (Fig. 7C) and voltage trajectories (Fig. 7D),
there is almost no significant effect of FFA on MOB mitral cells,
besides a slight increase in their maximal voltage response (from
17.66 � 3.2 to 23.94 � 8.0 mV) and in the duration of their firing
responses (from 2.42 � 1.3 to 4.48 � 2.3 s). In contrast, AOB
mitral cells exhibit a significant reversible shortening of their
response (Fig. 7E,F), also clearly manifested by their PSTHs (Fig.
7G) and voltage trajectories (Fig. 7H), in the presence of FFA.
Indeed, we found a statistically significant decrease in both the
firing duration (from 18.8 � 15.1 to 8.3 � 2.8 s, t(18) � 2.46, p �
0.05) and the time constant of the decay in firing rate (from 6.1 �
2.4 to 3.5 � 0.8 s, t(18) � 2.91, p � 0.001) of AOB neurons in the
presence of FFA. Thus, an FFA-sensitive, calcium-dependent
current, most likely Ican, appears to underlie the prolonged re-
sponses of AOB mitral cells to EPSC-like currents.

Relationships between firing activity and inward current along the
prolonged response of AOB mitral cells
To examine the role of firing of the AOB neurons in inducing and
maintaining their prolonged depolarization, we recorded the re-
sponses of AOB mitral cells to EPSC-like currents before and

during application of TTX (1 �M). TTX
almost completely blocked the prolonged
depolarization induced by EPSC-like cur-
rent injection (Fig. 8A,B). Thus, it is
mainly the spiking activity that triggers
the prolonged depolarization. To study
the contribution of the low-frequency fir-
ing characterizing most of the prolonged
depolarization, hyperpolarizing current
steps were used to prevent firing for vari-
ous durations (Fig. 8C--F), starting 1 s af-
ter stimulus onset. Using this paradigm,
we could prevent firing along most of the
response, without interfering with the
consequences of the intense firing charac-
terizing its early stage. As manifested in
the PSTHs shown in Figure 8G–J, al-
though the hyperpolarizations effectively
silenced the cell, there was no decrease in
response duration. Moreover, after the si-
lencing periods, the firing rate returned
back to its expected value. Thus, the initial
firing was apparently sufficient to induce
the prolonged depolarization.

The inward current underlying the
prolonged depolarization was measured
using hybrid-clamp methodology, which
enables instantaneous switching between
current- and voltage-clamp modes. The
prolonged response in AOB neurons was
triggered by a train of spikes in current-
clamp mode, and the following current
was measured in voltage-clamp mode
(holding potential, �80 mV). Such an ex-
periment is shown in Figure 9A. A train of
action potentials (4 s, 20 Hz) elicited a
slowly rising prolonged inward current in
the recorded cell. This current, ranging
from 5 to 20 pA, could last for �120 s.

The associated change in conductance was calculated to fur-
ther characterize the prolonged current. Membrane voltage was
clamped with voltage ramps (from �85 to �50 mV and back
during 4 s) before and at various times during the prolonged
response (Fig. 9B), and the current was measured. An I--V curve
was then plotted for each ramp (Fig. 9C). The change in mem-
brane conductance was calculated from the slopes of the curves
before and 10 s after the spike train, and the reversal potential of
the current response was estimated from their intersection (Fig.
9C). An average increase of 12 � 6% (n � 6) in membrane
conductance was found in all the experiments. The reversal po-
tential averaged �36 � 10 mV, ranging from �47 to �25 mV.
This reversal potential suggested a nonselective cationic current
and fitted the reversal potential of Ican measured in other brain
areas (Aoyagi et al., 2002; Teruyama and Armstrong, 2007).

The calcium dependence of the prolonged inward current was
examined in slices incubated with blockers of N- and R-type
VACC blockers (1 �M �-conotoxin GVIA, 100 nM SNX 482).
These channels have been shown previously to mediate �95% of
firing-activated calcium influx in AOB mitral cells (Dong et al.,
2009). Figure 9D shows the average results from nine cells incu-
bated with the blockers (continuous line) and nine control cells
(dotted line). Although cells in the control condition responded
to the spike train with the characteristic prolonged inward cur-
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Figure 6. The response of AOB, but not MOB, mitral cells to EPSC-like current injection depended on free intracellular calcium
level. A, B, Typical voltage responses of MOB mitral cells to injection of EPSC-like currents (shown below) in the absence (A) and
presence (B) of BAPTA (5 mM) in the intracellular solution. C, Mean PSTHs of the responses of 10 MOB cells recorded without BAPTA
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both conditions. E, F, Typical voltage responses of AOB mitral cells to injection of EPSC-like currents (shown below) in the absence
(E) and presence (F ) of BAPTA (5 mM) in the intracellular solution. G, Mean PSTHs of the responses of 10 AOB cells recorded without
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rent, cells incubated with calcium channel
blockers showed a transient outward cur-
rent. These responses were quantified by
calculating the integral of the current
from 2–34 s after the spike train separately
for each cell (data not shown). These cal-
culations showed a highly significant dif-
ference (Mann–Whitney U test, p � 0.01)
between the control cells (�0.15 � 0.02
nC, n � 9) and those recorded after incu-
bation with VACC blockers (0.04 � 0.06
nC, n � 9). To examine the potential role
of intracellular calcium stores in the pro-
longed current response, we depleted
these stores using thapsigargin (2 �M). As
depicted in Figure 9E (left), there is no
significant difference between the mean
integral of the current induced by a spike
train in the absence (green) and presence
(magenta) of thapsigargin. In contrast,
when a puff of the mGluR1 agonist DHPG
was used to stimulate the cells (right),
thapsigargin induced a significant reduc-
tion in the prolonged current induced by
DHPG.

We conclude that the prolonged re-
sponses of AOB mitral cells were caused
by Ican activation, triggered by calcium
influx that was induced by intensive but
transient firing in these cells.

TRPM4 channels are involved in the
prolonged responses of AOB mitral cells
The identity of the channel mediating
Ican in the mammalian brain is contro-
versial, and several TRP channels, mainly
from the TRPC and TRPM subfamilies,
were implicated in various brain regions
(Yan et al., 2009; Teruyama et al., 2011; Zhang et al., 2011). To
identify which TRP channel is involved in the responses of AOB
mitral cells, we combined molecular, immunohistochemical, and
electrophysiological methods, the results of which are summa-
rized in Figure 10. First, we have screened the Allen Brain Atlas
(http://mouse.brain-map.org) and revealed nine TRPC and
TRPM candidates expressed in the AOB mitral cells (TRPC1,
TRPC3, TRPC5, TRPC6, TRPC7, TRPM2, TRPM4, TRPM5, and
TRPM7). Of them, we have chosen, based on their expression
pattern and previous works, five genes for expression analysis
using qPCR. As depicted in Figure 10A, qPCR analysis of mRNA
levels shows that, of the five candidate TRP channels, the most
significant difference between the AOB and MOB was found in
the expression of the TRPM4 gene. Immunohistochemical stain-
ing for the TRPC5, TRPC6, TRPM4, and TRPM5 channels also
revealed a qualitative difference between the MOB and AOB only
in the case of TRPM4. As displayed in Figure 10B, whereas in
both bulbs mitral cells express TRPM4 in their soma (yellow
arrows), only AOB mitral cells extensively express the channel in
their dendritic tufts, located in the glomerular layer (red arrows).
Therefore, we focused our analysis on the TRPM4 channel, using
electrophysiological recordings in the absence and presence of
9-phenanthrol (100 �M), a specific blocker of TRPM4 (Grand et
al., 2008). As shown in Figure 10, C and D, the duration of the
typical prolonged response of an AOB neuron to EPSC-like cur-

rent was drastically reduced in the presence of the blocker. This
result was confirmed in population analysis of eight cells, show-
ing that both the firing response (Fig. 10E) and the underlying
voltage trajectory (Fig. 10F) are significantly shortened by block-
ing the TRPM4 channel. Statistical analysis revealed that both the
response duration (t(7) � 3.71, p � 0.01) and firing decay time
(t(7) � 2.66, p � 0.05) are significantly reduced by the presence of
9-phenanthrol. These effects are similar to the effects of BAPTA
(Fig. 6) and FFA (Fig. 7) on the AOB prolonged responses. Thus,
we suggest that TRPM4 is involved in mediating the prolonged
Ican-mediated response in AOB mitral cells.

Discussion
We demonstrated that MOB and AOB mitral cells recorded from
acute brain slices differ markedly in their responses to brief elec-
trical stimulation of afferent SFs. Whereas MOB mitral cells re-
spond with a robust but always transient firing, AOB mitral cells
display milder responses but might respond with persistent firing
when strongly stimulated. Using injections of EPSC-like cur-
rents, we showed that the different behaviors displayed by MOB
and AOB mitral cells in response to similar stimuli are caused by
their distinct intrinsic properties. Moreover, we found that the
sustained responses of AOB mitral cells are mediated by FFA-
sensitive calcium-activated nonselective cationic current (Ican).
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This current seems to be at least partially conducted via TRPM4
channels.

Prolonged responses of AOB mitral cells
In vivo studies demonstrated that, whereas the response of MOB
mitral cells is locked to the time of stimulation (Cang and Isaac-
son, 2003; Davison and Katz, 2007), the firing rate of AOB mitral
cells remained above the base level for 10 –30 s (Luo et al., 2003).
It was suggested that a peripheral mechanism involving slow li-
gand clearance from the VNO lumen underlies the AOB ex-
tended responses (Luo et al., 2003). It was also shown that VNO
sensory neurons may respond to stimuli with persistent firing
(Ukhanov et al., 2007). Nonetheless, our results suggest that the
prolonged firing of AOB mitral cells at least partially reflects their
specific electrophysiological properties. We further propose that
a short train of spikes causes a massive calcium influx into AOB
mitral cells, which in turn induces a prolonged inward current
that depolarizes the cell for an extended period. The slow dynam-
ics of this inward current remain unexplained. We excluded the
possibility that it is attributable to a positive feedback loop be-
tween firing activity, calcium influx, and inward current. Other

possible mechanisms are the biophysical properties of the under-
lying conductance, the dynamics of free intracellular calcium, or
the dynamics of a possible biochemical pathway that link the
elevated calcium to the activation of the inward current.

The biophysical mechanism underlying persistent firing in
AOB mitral cells
Our conclusion that Ican is involved in the prolonged response of
AOB mitral cells is based on three findings. First, a significant
reduction in the persistent activity was observed in the presence
of BAPTA, suggesting calcium dependence. Second, the esti-
mated reversal potential of the conductance change ranged from
�20 and �40 mV, suggesting a nonselective cationic current
(Teruyama and Armstrong, 2007). Third, FFA, a well known
blocker of Ican (Partridge and Valenzuela, 2000), blocked the
prolonged firing. FFA is not a very specific Ican blocker and has
been reported to affect other currents, as well (Wang et al., 2006).
However, the low effective concentration (50 �M) we used
strongly supports the involvement of Ican. The identity of the
channel mediating Ican is controversial, and several TRP chan-
nels are candidates in various neuronal systems (Hofmann et al.,
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2003; Demion et al., 2007; Mironov, 2008;
Wang et al., 2011). Especially, TRPC5 and
TRPC6 were found to mediate carbachol-
induced Ican in the cerebral cortex (Yan et
al., 2009), whereas TRPM4 and TRPM5
were implicated in the supraoptic nucleus
(SON) (Armstrong et al., 2010). Here we
provided electrophysiological evidence
for the involvement of TRPM4 in the
Ican-mediated responses of AOB mitral
cells. It should be noted that our results
does not exclude the possibility that other
TRP channels also participate in these
responses.

The involvement of TRPM4 is also
supported by several lines of similarity be-
tween our data and the results reported
for vasopressinergic SON neurons. First,
the reversal potential of the prolonged in-
ward current measured by us is similar to
the Ican reversal potential in SON neu-
rons (Teruyama and Armstrong, 2007).
In contrast, in other brain areas, such as
the entorhinal cortex, in which TRPC5 or
TRPC6 seem to dominate, a more depo-
larized reversal potential was measured
(Gee et al., 2003; Zhang et al., 2011). Sec-
ond, unlike the self-sustained firing found
to be mediated by TRPC channels in the
entorhinal cortex, both the AOB and SON
neurons produce persistent firing activity
that is spontaneously terminated after
several tens of seconds. This difference
may be related to the high calcium conductance of TRPC as op-
posed to TRPM channels (Venkatachalam and Montell, 2007;
Birnbaumer, 2009). Third, Ican involvement in sustained neuro-
nal activity in the cortex has been associated with the activation of
metabotropic receptors, such as the M1 muscarinic or mGluR1
metabotropic glutamate receptors (Gee et al., 2003; Yoshida et al.,
2008; Zhang and Séguéla, 2010; Rahman and Berger, 2011). In
the AOB and the SON, in contrast, Ican is readily activated in the
absence of metabotropic receptor agonists. Nevertheless, because
application of mGluR1 agonist (DHPG) caused Ican induction in
AOB mitral cells (Fig. 9F), it is possible that in vivo mGluR1
activation facilitates the generation of prolonged firing when
AOB mitral cells are stimulated by synaptic inputs.

Regulation of Ican induction
Persistent activity in the AOB appears closely regulated by synap-
tic transmitters, such as GABA. In 25–30% of the AOB neurons,
the initial transient excitatory phase was followed by a prolonged
GABAA-mediated inhibition. In these cells, blocking GABAA re-
ceptors exposed the typical sustained response of the AOB mitral
cells. Thus, activity of the local GABAergic network appears ca-
pable of preventing the transition of AOB mitral cells from the
transient to the sustained mode of response. This may serve to
avoid sustained activity in the presence of certain combinations
of pheromones, which may be related to specific social contexts
or individuals. Moreover, acetylcholine, known to regulate Ican-
dependent persistent activity in various brain areas (Fransén et
al., 2006; Zhang and Séguéla, 2010; Rahman and Berger, 2011),
was shown recently to affect the excitability of AOB mitral cells
(Smith and Araneda, 2010). It is therefore tempting to hypothe-

size that Ican activity is a highly regulated central element of AOB
physiology on which multiple neuromodulatory pathways con-
verge to determine the behavioral and endocrine effects of AOS
activity.

Differences between AOB and MOB mitral cells
The differences in the intrinsic properties of the two mitral cell
populations suggest that they operate in different modes. The
short burst of intense firing closely related to the input seen in the
MOB mitral cells indicates that MOB neurons analyze the com-
ponents of a processed semiochemical blend. In contrast, the
long-lasting lower-frequency firing of AOB neurons suggests that
AOB neurons integrate these components to perceive the social
context.

This hypothesis is further supported by the very different cir-
cuitry in the MOBs and AOBs. Through its single dendritic tuft
that innervates a single glomerulus, each MOB mitral cell receives
direct excitatory sensory information from only one receptor
type (Chen and Shepherd, 2005; Lledo et al., 2005; Wilson and
Mainen, 2006). In contrast, we showed previously (Wagner et al.,
2006) that AOB mitral cells, with their multiple dendritic tufts,
receive input from several glomeruli innervated by various types
of VNO receptor neurons. Based on these differences in neuronal
responses and circuitry, we suggest (Dulac and Wagner, 2006)
that the MOB is best suited for dissecting a pheromonal blend
into its individual components and analyzing them separately,
whereas the AOB is more suited for an integrative processing of
the pheromonal information.

In summary, we describe for the first time persistent activity in
AOB mitral cells after brief SF stimulation. This activity is asso-

A

B

D

C

E

Figure 9. Analysis of Ican induction after a spike train in AOB mitral cells. A, The hybrid-clamp protocol. A burst of spikes was elicited in
current-clamp mode by a depolarizing current pulse train (duration, 4 s; rate, 20 Hz; amplitude, 300 pA; width, 10 ms), followed by a switch
to voltage-clamp mode. The hybrid-clamp modes are indicated in the bar above. The dashed line gives the baseline current. The stimulus
train induced a transient outward current followed by a slow prolonged inward current of �10 pA. B, The protocol for measuring the
reversalpotentialoftheprolongedcurrent.Severalvoltagerampsweregivenbeforeandafterthespiketrain(markedbyagreenbar).C, I–V
curves before and after the pulse train, using the ramps color coded in B. The conductance was calculated from the change in slope between
the curves, and the reversal potential was calculated from the intersection of their extrapolated linear fits. D, The averaged current after the
pulse train (green bar) to AOB mitral cells in the control condition (dotted line, 9 cells) and in slices incubated with blockers of N- and R-type
VACCs (continuous line, 9 cells). E, The inverse of the charge transferred in the prolonged current from 2 to 34 s after spike train (left) in
control conditions (green, 8 cells) and after intracellular calcium stores depletion by thapsigargin (magenta, 3 cells) or after a DHPG puff
(right) in the same conditions (control, 10 cells; thapsigargin, 6 cells). Bars and error bars represent mean � SEM; Mann–Whitney U test,
*p � 0.05.
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ciated with a specific ionic conductance under strict neuronal
control. We hypothesize that this activity induces a certain sen-
sory state in the olfactory system that encodes the social context
of the animal.
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Figure 10. The persistent firing response of AOB mitral cells involves TRPM4 channels. A, The ratio between AOB and MOB
mRNA levels of five TRP candidate genes. TRPM4 shows the most significant difference with approximately twofold higher mRNA
level in the AOB. Results average three independent experiments, each done in triplicate. B, Immunohistochemical staining of AOB
(left) and MOB (right) slices to TRPM4. Although both structures show TRPM4 expression in the soma of their mitral cells (yellow
arrows, higher magnification below), only the AOB shows intense signal in the glomerular layer (red arrows), most likely because
of TRPM4 expression in the dendritic tufts of the mitral cells. C, D, Typical voltage responses of an AOB mitral cell to injection of
EPSC-like currents (80 pA) in the absence (C) and presence (D) of 9-phenanthrol (100 �M) in the intracellular solution. E, Mean
PSTHs of the responses of eight AOB cells (7 animals) recorded before (blue) and during (red) the presence of 9-phenanthrol (100
�M) in the bath solution. The TRPM4 blocker significantly reduces the prolonged firing response of the cells. F, Mean voltage
trajectories of the responses analyzed in E in both conditions. The trajectory fell significantly faster in the presence of
9-phenanthrol.
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