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Abstract—Most mammals rely on semiochemicals, such as
pheromones, to mediate their social interactions. Recent stud-
ies found that semiochemicals are perceived by at least two
distinct chemosensory systems: the main and accessory olfac-
tory systems, which share many molecular, cellular, and ana-
tomical features. Nevertheless, the division of labor between
these systems remained unclear. Previously we suggested that
the two olfactory systems differ in the way they process sen-
sory information. In this study we found that mitral cells of the
main and accessory olfactory bulbs, the first brain stations of
both systems, display markedly different passive and active
intrinsic properties which permit distinct types of information
processing. Moreover, we found that accessory olfactory bulb
mitral cells are divided into three neuronal sub-populations with
distinct firing properties. These neuronal sub-populations can
be integrated in a simulated neuronal network that neglects
episodic stimuli while amplifying reaction to long-lasting
signals. © 2011 IBRO. Published by Elsevier Ltd. All rights
reserved.

Key words: olfactory system, olfactory bulb, vomeronasal
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Many mammalian species rely on molecular communica-
tion to mediate their social interactions, including mating,
dominance, and kin relationships (Keverne, 2002; Halpern
and Martinez-Marcos, 2003; Brennan and Kendrick, 2006;
Shah, 2006). Such molecules, which are released by one
individual in order to communicate with other individuals,
are termed “semiochemicals”.

The nasal cavity of most mammals contains several
distinct chemosensory structures (Breer et al., 2006), of
which the two most studied are the main olfactory epithe-
lium (MOE) and the vomeronasal organ (VNO). These are
associated with two distinct chemosensory systems: the
main olfactory system (MOS) and the accessory olfactory
system (AOS), respectively. The AOS is also known as the
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vomeronasal system. MOE sensory neurons project to the
main olfactory bulb (MOB), where they synapse upon mi-
tral cells, the bulb’s principal neurons (Mori et al., 1999).
MOB mitral cells then project to various paleocortical areas
and to several limbic nuclei known as the olfactory
amygdala (Scalia and Winans, 1975; Pro-Sistiaga et al.,
2007). Similarly, VNO neurons project to the accessory
olfactory bulb (AOB), where they synapse with AOB mitral
cells (Meisami and Bhatnagar, 1998). These projection
neurons project via several areas of the limbic system,
known as the vomeronasal amygdala, to hypothalamic
nuclei which are associated with reproduction, aggression,
and parental behavior (Scalia and Winans, 1975; Mohe-
dano-Moriano et al., 2007; Pro-Sistiaga et al., 2007).

Traditionally, detection and perception of odors were
assigned to the MOS, whereas the AOS was thought to
sense semiochemicals (Meredith, 1991). However, multi-
ple studies during the last decade implicated the MOS in
semiochemical-elicited responses, throwing this separa-
tion into doubt (reviewed by Stowers and Marton, 2005). It
was also shown that these systems detect at least partially
overlapping sets of stimuli (reviewed by Spehr et al.,
2006). Thus, a general and fundamental question remains:
what is the functional difference between these two che-
mosensory systems?

The MOS and AOS are thought to arise from an evo-
lutionarily common origin in fish (Grus and Zhang, 2006).
Accordingly, they share many molecular, cellular, and an-
atomical features (Mombaerts, 2004). In both systems,
each sensory neuron expresses only one out of a large
store of receptor genes, and all neurons expressing a
given receptor project to the same glomerular targets in the
olfactory bulb, where they terminate upon mitral cells in a
glutamatergic excitatory synapse (Berkowicz et al., 1994;
Chen and Shepherd, 1997; Jia et al., 1999). The mitral
cells are also innervated by two sets of inhibitory interneu-
rons: juxtaglomerular neurons and granule cells (Meisami
and Bhatnagar, 1998; Urban, 2002; Schoppa and Urban,
2003). However, a very significant difference between the
MOS and AOS appears in the wiring scheme of sensory
neurons onto mitral cells. MOS sensory cells expressing
the same receptor typically innervate one pair of glomeruli
in the MOB, thus creating a focused and parsimonious
representation of this receptor in the MOB sensory map
(Mombaerts, 1996). Moreover, MOB mitral cells typically
extend only one apical dendritic tuft into a single glomer-
ulus, and also extend several lateral dendrites onto which
the inhibitory granule cells synapse, thus creating an an-
alytical information-processing system (Mori et al., 1999;
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Urban, 2002; Schoppa and Urban, 2003). In sharp con-
trast, VNO sensory neurons expressing a given receptor
innervate a set of 10-30 glomeruli, distributed among
various domains in the AOB glomerular layer, thus creating
a distributed and complex representation of each receptor
in the AOB (Belluscio et al., 1999; Rodriguez et al., 1999).
Furthermore, AOB mitral cells typically extend a few apical
dendrites to multiple, sometimes remote locations in the
glomerular layer, where they contact as many as 12 differ-
ent glomeruli (Takami and Graziadei, 1991). We have
shown previously (Wagner et al., 2006) that at least a
subset of AOB mitral cells contact glomeruli of several
different types, thus integrating information from several
distinct receptors. This observation, albeit contradicting the
results of one study (Del Punta et al., 2002), was confirmed
recently by two independent works using electrophysiolog-
ical recordings in vivo (Ben-Shaul et al., 2010; Meeks et
al., 2010). Therefore, we hypothesized that the main func-
tional distinction between the MOS and the AOS is com-
putational: each system processes the pheromonal infor-
mation differently (Dulac and Wagner, 2006). However,
whereas MOB information processing is an intensively
studied subject (Mori et al., 1999; Lledo et al., 2005; Wilson
and Mainen, 2006), hardly any data regarding information
processing in the AOB are available to challenge this
hypothesis.

In the present study we used whole-cell recordings of
electrical activity, in conjunction with morphological analy-
sis based on two-photon microscopy in olfactory bulb
slices to show that mitral cells of the main and accessory
olfactory bulbs display strikingly diverse passive and active
intrinsic properties which permit distinct types of informa-
tion processing. Moreover, we show that, in contrast to the
homogeneous population of MOB mitral cells, AOB mitral
cells are divided into three neuronal sub-populations dis-
playing distinct firing properties. As a suggestion for the
role of these neuronal sub-populations we simulated a
hypothetical neuronal network that integrates their firing
responses in a way which neglects episodic stimuli while
responding to long-lasting signals. Such a mechanism may
help the accessory olfactory system decoding the social
context of the animal.

EXPERIMENTAL PROCEDURES
Slice preparation

Animals were maintained in the SPF mice facility of the University
of Haifa under veterinary supervision, according to NIH standards,
with ad libitum food and water supply and lights turned on between
7:00—19:00. All experiments were approved by the Animal Care
and Use Committee of the University of Haifa. Mice aged 3-6
months (males and females) were anaesthetized (isoflurane Ab-
bott Laboratories, Abbott Park IL, USA) and killed by cervical
dislocation. Olfactory bulb slices were prepared as previously
described (Wagner et al., 2006). We used coronal, sagittal, or
horizontal planes for MOB slices and semi-coronal (Del Punta et
al., 2002) or sagittal planes for AOB slices, with no differences in
the results. Most experiments were done on semi-coronal AOB
and horizontal MOB slices. In a few experiments recordings were
made from both MOB and AOB in the same sagittal slice. 300—
400-um-thick slices were equilibrated for atleast 1 hand upto 5 h

in physiological solution containing (mM): 125 NaCl, 25 NaHCO,,
15 glucose, 3 KCI, 2 CaCl,, 1.3 NaH,PO,, and 1 MgCl,, bubbled
with 95% O, and 5% CO, gas mixture, pH 7.4. For electrophysi-
ological recordings slices were submerged in bubbled physiolog-
ical solution within a recording chamber (Warner Inst., Hamden,
CT, USA) which was constantly perfused at a rate of 1-3 ml/min.
All experiments were done at room temperature in the presence of
a blocker of GABA, neurotransmission (50 uM bicuculline, 5 uM
gabazine, or 50 uM picrotoxin, all purchased from (Sigma-Aldrich,
St. Louis, MO, USA or Tocris Bioscience, Ellisville, MO, USA).
When 4-aminopyridine (4AP, Sigma-Aldrich, St. Louis, MO, USA)
was used it was delivered to the recording chamber via the per-
fusion in a final concentration of 0.5 mM.

Electrophysiology

All recordings were done using Axioskop FS2 microscope
(Zeiss, Thornwood, NY, USA) equipped with Nomarski optics
and epi-fluorescence. Infrared differential interference contrast
(IR-DIC) video-microscopy using IR-sensitive camera (C2400,
Hamamatsu, Japan) was used for targeting the neurons by the
patch pipette. Mitral cells were identified using a 40X water im-
mersion objective by their cell bodies’ strict location in the mitral
cell layer for the MOB and by their cell bodies’ location in the
ventral side of the external plexiform layer for the AOB. Whole-cell
patch current-clamp recordings were done using borosilicate pi-
pettes filled with standard intracellular solution containing (mM):
K-gluconate, 120; KCI, 14; Na-gluconate, 10; HEPES, 10; EGTA,
5; CaCl,, 0.5; MgATP, 3; NaGTP, 0.5; phosphocreatine, 10
(10-15 MQ). When BAPTA was used to block changes in the
intracellular calcium levels, we used similar intracellular solution
with no CaCl, and 5 mM of BAPTA (tetrapotassium salt, Invitrogen
Carlsbad, CA, USA) instead of EGTA. Seal resistance was at least
2 G() and typically 5-8 GQ). Electrical signals were amplified and
filtered (bandpass, 30 kHz) using Axoclamp 2B amplifier (Molec-
ular Devices, Sunnyvale, CA, USA). All amplified signals were
digitized at 2—10-kHz rate using National Instruments board and
analyzed using homemade software written in LabVIEW 7.0 (Na-
tional Instruments, Austin, TX, USA). Current injections were
given at 5 s inter-spike interval (ISI).

Dye filling and morphological analysis

In about 10% of the cases whole-cell recordings were per-
formed with Alexa Fluor 568 (0.5 mg/ml; Invitrogen Carlsbad,
CA, USA) in the intracellular solution in order to label the
recorded cells. In these cases the slice was fixed immediately
after the termination of the recording session using 4% para-
formaldehyde (PFA) in phosphate buffered saline (PBS) for
20-40 min at room temperature, followed by overnight incubation
in 1% PFA in PBS at 4 °C. The following day the labeled slice was
washed three times for 15 min with PBS and imaged using an
Ultima two-photon microscope (Prairie Technologies, Middleton,
WI, USA) equipped with 40X objective (0.8 NA). A femtosecond
laser (Mai-Tai, Spectra-Physics, Santa Clara, CA, USA) was used
to excite the dye at 850 nm. Images (1024 X1024) were acquired
at 1-um steps in the zZ dimension. Reconstructions were per-
formed manually from the complete 3D image stacks using Neu-
rolucidae (MBF Bioscience, Williston, VT, USA).

Data analysis

All statistical differences were calculated using either t-test (when
comparing two populations) or one-way ANOVA (when comparing
three populations) after checking for normal distribution (Kolmogo-
rov—Smirnov). Excel 2003 (Microsoft, Redmond, WA, USA) and
SPSS (IBM, Armonk, NY, USA) 15.0 for Windows were used for
statistical analysis. Threshold stimulus was defined as a stimula-
tion level yielding response in about half of the stimuli, while
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threshold-surpassing stimulus was defined as the minimal level of
stimulus required for consistent response. Membrane time con-
stants were calculated using the pilling method (Rall, 1969). |-V
curves were calculated using the peak voltage response to the
0.8-s long current injections, averaged over four to five stimuli. I-F
curves were calculated by means of dividing the number of spikes
by 0.5 s, which was the length of the current injection, averaged
over three stimuli.

Classification of AOB cells was done according to the follow-
ing rule: for a given cell, the change from first to last instantaneous
firing rates (IFR, the inverse of the inter-spike interval), averaged
over three identical 0.5-s long current injections, was calculated
for each amplitude of the current step. If the changes were uni-
versally positive or negative for all amplitudes, the cell was clas-
sified as facilitating or accommodating, respectively. Otherwise,
the mean change over the three highest amplitudes was calcu-
lated. If the mean change was more than 15% of the cell’'s mean
firing rate, the cell was classified as accommodating or facilitating
according to the direction of the mean change. Otherwise, the cell
was classified as steady.

Time constants for the changes in IFR, after-hyperpolarization
(AHP) and spike height (SH) were calculated by fitting a single
exponent over the length of the stimulus to the relevant values
averaged over three repetitions of any given stimulus amplitude.
Curve fitting was done using MatLab’s least mean square function
Isqcurvefit. In order to avoid outliers when calculating the mean
time constant over all cells, curve fits with a mean square error
greater than one were excluded.

Neuronal network modeling

Neurons in the network were modeled as integrate-and-fire neu-
rons.
The current equation for all classes of AOB mitral cells is:

dv le
C% =—Gleak( V= Eloar) —gsral V—Ex) + A

where g, is the spike-rate adaptation conductance governed by
the equation:

dgsra _

Tsra dt ==Gsra

and I/A is the external input in units of nA/mm?.

When V reaches V,, the neuron fires a spike, g, increases
by an amount Ag,,., (9sra—>9sraTAGsra), and Vis then reset to V..

Parameters shared by all classes of neuron are set as follows:
Vy,=—50 mV; V,.=—60 mV; g,,,,=0.0012 mS/mm?; E,,_,=—60
mV; E,=—75 mV.

The remaining parameters are class specific and set as fol-
lows:

Accommodating. C=0.32 nF/mm?; Ag,,,=0.00045 mS/
mm?; 7,,,=150 ms.

sra”

Steady. C=0.38 nF/mm?; Ag,,,=0 mS/mm?; 7,,,=0 ms.

Facilitating. C=0.7 nF/mm?; Ags.,=—0.00075 mS/mm?;
Tera=150 ms.

The readout neuron receives synaptic inputs of the same
strength from all three of AOB mitral cells, the accommodating
input being inhibitory, and therefore its current equation is of the
form:

dv le
CE:_gleak(V_Eleak)_gsra(V_EK)_gs(_Pa+Ps+Pf)(V_Es)+Z

P,, P, and P; are the open probabilities for accommodating,
steady, and facilitating receptors, respectively, on the readout

neuron. When an AOB mitral cell fires, the open probability is set
to 1 and then decays with a time constant 5.

The leak current, V, and V., are equivalent to those of the
mitral cells and the other parameters are as follows:

C=0.025 nF/mm? Ag,,=0.0022 mS/mm? 7,,=6 ms;
g,=0.001 mS/mm?; the time constants for the open probabilities
of the accommodating, steady, and facilitating receptors are 200
ms, 500 ms, and 500 ms, respectively.

Throughout this paper population results are summarized as
mean=SD values. All error bars reflect SEM values.

RESULTS

Comparison of passive membrane properties
between MOB and AOB neurons

The intrinsic properties of AOB and MOB mitral cells were
analyzed by means of whole-cell recordings in current-
clamp mode, in the presence of GABA, antagonists (see
Experimental procedures) to block inhibitory synaptic feed-
back. Occasionally, the recorded cells were filled with in-
tracellular dye and reconstructed with two-photon micros-
copy (see Experimental procedures). Labeled MOB and
AOB mitral cells are shown in Fig. 1A, C, and their recon-
structed images are shown in Fig. 1B, D, respectively.
Unlike the single extensive dendritic tuft characterizing all
MOB mitral cells (Fig. 1A, red arrowhead), AOB mitral cells
usually show multiple small dendritic tufts projected to the
glomerular layer (Fig. 1C, red arrowheads). The passive
membrane properties of the neurons were investigated in
35 MOB mitral cells from 13 mice and 63 AOB neurons
from 30 mice, by injecting negative current steps (Fig. 1E,
F, upper panels) from a holding potential ranging between
—50 mV and —60 mV. The voltage values at the peak of
the voltage responses (Fig. 1E, F, lower panels) were
plotted as functions of the injected currents (I-V curves,
Fig. 1G, H). For both neuronal populations the differences
in slope between the peak and end I-V curves are, on an
average, less than 2%, confirming a lack of any time-
dependent rectification. Moreover, the resultant linear |-V
curves for both types of neurons indicate that both cell
types show no voltage-dependent rectification within the
membrane potential range of —50 to —100 mV. This rela-
tively rare lack of any rectification in the |-V relationships
suggests very similar specific passive membrane proper-
ties between the two neuronal populations.

The input resistance (R;,) of each cell was calculated
from the slope of the peak I-V curve. The distributions of
R,, values for MOB (Fig. 11, red bars) and AOB (Fig. 1I,
blue bars) mitral cells show a striking difference: on an
average, the R,, of AOB neurons is ~2.5 times that of
MOB neurons (299+135 M(Q) and 733496 M() for MOB
and AOB, respectively). This highly significant difference
(P<1078) could result from differences in specific mem-
brane properties or it could reflect size differences be-
tween the neuronal types. Therefore, we calculated the
membrane time constant, r,,,, of each cell (see Experimen-
tal procedures). As shown in Fig. 1J, the two populations
have similar time constants (P>0.1): average time con-
stants of 45.3+23.5 and 42.5+16.1 ms were calculated for
AOB and MOB, respectively. Thus, the difference in input
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Fig. 1. MOB and AOB mitral cells display distinct passive membrane properties. (A, C) Two-photon Z-stack images of dye-filled MOB (A) and AOB (C) mitral
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of the cells shown in (A, C). (E, F) Membrane-potential responses (lower panels) to hyperpolarizing current injections (upper panels) applied to MOB (E) and
AOB (F) neurons. Note the total lack of time-dependent rectification. (G, H) |-V curves of the cells shown in (E, F). Note the linear relationships in both cells
and the significantly higher R,, of the AOB cell (H). (I) Distributions of R;, values for MOB neurons (red bars, n=35) and AOB neurons (blue bars, n=63).
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regression (slope=0.64) had an R? value of 0.92, indicating a good correlation between the two methods. (L) Mean values (error bars=SD) of the membrane
area for MOB and AOB mitral cells, as calculated from the electrical properties and morphological reconstructions. The number of cells in each group is
indicated at the bottom of each bar. For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.
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resistance was attributed to size differences. We further
examined this conclusion by calculating the membrane
area, on the common assumption of a specific capacitance
of 1 wF/cm?. Indeed, we found that the average membrane
area of MOB mitral cells—16,031+6940 um?—is 2.2 times
that of AOB mitral cells—7240+3333 um?. By dividing the
cell conductance by the membrane area we calculated the
specific membrane conductance. The average specific
membrane conductance of MOB mitral cells is 0.27=0.11
wS/cm?, very similar (P>0.1) to that of AOB neurons—
0.28+0.20 uS/cm?.

In order to get an independent measure of the size dif-
ference between the two neuronal types we calculated the
dendritic membrane area from the morphological reconstruc-
tion of each of the dye-filled cells (eight AOB and three MOB
neurons). As shown in Fig. 1K, the membrane area calcu-
lated from the cell morphology is highly correlated (R?=0.92)
with that calculated from the cell capacitance. The ratio be-
tween the morphologically calculated membrane areas of
AOB (9139+3638 um?) and MOB (24,572+11,747 um?)
mitral cells is 2.7, similar to the ratio calculated from the
electrical capacitances of the cells (Fig. 1L).

Thus, the smaller membrane area of AOB neurons en-
dows them with a much higher input resistance than that of
MOB neurons. This feature is expected to make AOB neu-
rons responsive to weaker currents than MOB mitral cells.

Comparison of firing responses between MOB and
AOB neurons

The firing response of a neuron to a given stimulus is
influenced by its passive membrane properties but is de-
termined mainly by its intrinsic firing properties. Therefore,
we compared the intrinsic firing properties of AOB and
MOB mitral cells. Using depolarizing current steps (0.5-s
long) from a holding potential of about —60 mV, we con-
structed the current-firing frequency (I-F) relationships of
the neurons. At this stage the firing frequency was calcu-
lated by dividing the number of spikes by the current step
duration, and plotted against the current step amplitude.
Fig. 2 shows results for typical MOB (Fig. 2A, B) and AOB
(Fig. 2C, D) mitral cells. The MOB cell responds to thresh-
old-surpassing current injections with a relatively high-
frequency burst of action potentials (Fig. 2A). Increasing
the injected current significantly increases the frequency of
the action potentials (Fig. 2B) until saturation is reached,
usually between 70 and 120 Hz. The results are summa-
rized in Fig. 2E. The initial phase of the I-F curve displays
a characteristic step-like function of the injected current,
which reflects the absence of low-frequency firing. This
characteristic feature is emphasized in Fig. 2G, where the
normalized I-F curves of three other MOB mitral cells are
superimposed. In contrast, AOB cells show a smoothly
monotonic dependence of the firing frequency on the injected
current, even at its lower range (Fig. 2F, H). Threshold-
surpassing stimuli (Fig. 2C) elicit only one to three action
potentials, which appear after a significant delay. Increasing
the stimulus intensity (Fig. 2D) causes a train of spikes that
lasts for the duration of the current pulse. It should be noted
that despite the two to three times higher input resistance of

AOB mitral cells, the current threshold is only 26% higher in
MOB neurons (25.3=17.7 pA and 20.1£10.3 pA for MOB
and AOB mitral cells, respectively), which suggests a lower
voltage threshold for MOB cells. The distributions of the rates
of threshold-surpassing and the maximal firing responses to
depolarizing current steps are shown in Fig. 2I, J, respec-
tively. Both parameters are significantly (P<10~7) higher in
MOB cells (threshold surpassing—15.9£6.7 Hz; maximal—
84.0£19.8 Hz; n=21) than in AOB neurons (threshold sur-
passing—4.7+2.2 Hz; maximal—32.3+£9.2 Hz; n=65). The
almost non-overlapping ranges of firing exhibited by the two
neuronal populations are evident in the pairs diagram (Fig.
2K), in which the threshold-surpassing and maximal values
for each cell are connected with red and blue lines for MOB
and AOB neurons, respectively. Thus, AOB mitral cells seem
to be tuned for firing activity within a very different dynamic
range than MOB mitral cells.

The dynamics of firing responses of MOB neurons to
constant stimuli

Along with the distinct firing rates, we noticed a few more
properties of the firing response which markedly differ
between AOB and MOB mitral cells, especially for stronger
stimuli. As exemplified in Fig. 2B, D, while the firing response
of MOB mitral cells reach a steady state in its spike height
(SH), after-hyperpolarization (AHP) and instantaneous firing
rate (IFR) at a very early stage of the response, many AOB
mitral cells display monotonous changes in all three param-
eters throughout the firing response. We decided to analyze
these differences in higher details. First we analyzed these
properties in MOB mitral cells. Fig. 3A shows the voltage
response of a typical MOB neuron to a depolarizing current
step of 100 pA while in Fig. 3B the changes along the
response in the IFR (top), AHP (middle), and SH (bottom)
are plotted. As manifested, from the first spike to the last
spike there is an increase in the IFR, hyperpolarization of
the SH and a depolarization of the AHP. Moreover, a
steady state in all three parameters is reached with a time
constant <150 ms (IFR: 113.0£58.8 s; AHP: 69.4+40.3 s;
SH: 117.5%294.0 s). Fig. 3C shows the distribution of dif-
ferences between the last and first IFRs, along three iden-
tical stimuli of 100 pA for each MOB mitral cell. As dis-
played, the differences are normally distributed around
mostly positive values (15.9+24.5 Hz), with only 22% of all
traces showing a (mostly slight) reduction of firing rate
along the current step. The distribution of differences be-
tween the last and first AHP (Fig. 3D) shows a very similar
pattern, a normal distribution around relatively small posi-
tive values (4.56+2.8 mV). While the difference between
the last and first SH (Fig. 3E) show multi-peak distribution,
only 18% of the population show (<2 mV) depolarization of
SH along the current step (—4.0+4.0). These results sug-
gest again that MOB mitral cells are relatively homoge-
neous in their intrinsic membrane properties. Moreover, as
seen in Fig. 3F, the IFR (blue circles) and AHP (green
triangles) averaged over all MOB responses to 100-pA
stimuli show comparable time courses, with time constants
of 103+46.6 ms and 59.11=30 ms, respectively, which are
close to the time course of the change in SH (105.5+71.0,
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Fig. 2. MOB neurons are more excitable than AOB neurons. (A, C) Superimposed threshold (red traces) and threshold-surpassing (black traces) responses
of MOB (A) and AOB (C) neurons to depolarizing current steps (0.5 s) from a baseline potential of about —60 mV. Note the all-or-none burst of the MOB
neuron, in contrast to the graded (one to three spikes) response of the AOB neuron. (B, D) Responses of the same neurons to near-maximal current
injections. Note the rapid steady state in IFR, SH, and AHP achieved in the MOB neuron (B), in contrast to the prolonged modulation of all three parameters
in the AOB neuron (D). (E, F) I-F relations for the cells shown above. Note the step-like initial phase and high maximal rate (>100 Hz) of the MOB I-F curve
(E), in contrast to the monotonic rise and low maximal rate (<50 Hz) of the AOB I-F curve (F). (G, H) Superimposed I-F curves of three other MOB (G) and
AOB (H) neurons, normalized to their maximal values. (1, J) Distributions of minimal (I) and maximal (J) firing rates for AOB (blue) and MOB (red) mitral cells.
In both parameters a statistically significant difference (P<10~7, one-tail t-test) was found between the two neuronal types. (K) A pairs diagram showing the
threshold-surpassing and maximal firing rates for each cell connected by red lines for MOB mitral cells and blue lines for AOB neurons. For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.

not shown) along these stimuli. The rapid steady state The dynamics of firing responses of AOB neurons to
achieved with a similar time course in all three parameters constant stimuli

suggests a dynamic most likely governed by the transient

A-type potassium current previously shown to be active In contrast to the relatively homogeneous population of
with similar dynamics in MOB mitral cells (Chen and Shep- MOB neurons, AOB mitral cells show much more hetero-
herd, 1997; Balu et al., 2004; Christie and Westbrook, geneous responses to depolarizing current steps. The fir-

2006). ing rates of some neurons consistently decline along the
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Fig. 3. MOB mitral cells uniformly and rapidly reach a steady state in their firing response to constant stimulus. (A) A voltage response (above) of a
typical MOB mitral cell to a 100-pA depolarizing current step (below). Note the stable firing following the fourth spike. (B) The IFR (upper panel), AHP
(middle panel), and SH (lower panel) values of the response shown in (A), averaged over three identical stimuli, plotted over time. Note that all
parameters reach steady state in less than 150 ms. (C) The distribution of the difference between the first and last IFR (AIFR) for all MOB cells
recorded while responding to 100-pA stimuli. Note the positive values measured in about 80% of traces, manifesting increase in firing rate along
stimulation. (D) Same for difference between first and last AHP (AAHP) values. (E) Same for difference between first and last SH (ASH) values. (F)
IFR (blue circles, left axis) and AHP (green triangles, right axis) values, averaged over 50-ms time bins for all responses of MOB mitral cells to 100-pA
stimuli and plotted against time. Note the comparable time course for both parameters. Error bars represent standard error. For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.

current steps while others always show progressively in-
creasing firing rate. A third population of neurons has a
steady firing response with no consistent change of their
firing rates. Thus, we divided the 63 AOB neurons ana-
lyzed above and another cohort of 63 AOB mitral cells
(altogether 126 cells) according to the modulation of their
spiking responses (see Experimental procedures) into
three groups: accommodating, steady, and facilitating
(40%, 23%, and 37% of the cells, respectively). For com-
parison, division of MOB mitral cells according to the same
criteria gave only 8% accommodating cells and 15%
steady neurons while 77% of the cells were classified as
facilitating. Fig. 4 shows the voltage responses (Fig. 4A—C)
of a typical cell for each group to a 100-pA depolarizing

current step and (Fig. 4D-F) the modulation of their IFR
(top), AHP (middle) and SH (bottom) along the current
step. The distribution of the differences between the first
and last IFR values (AIFR) for all recorded AOB mitral
cells, each represented by three identical stimuli of 100 pA,
is shown in Fig. 5A. This distribution exhibits three distinct
peaks around the values around —5 Hz, 0 Hz, and +5 Hz,
supporting the existence of three distinct neuronal sub-
populations of AOB mitral cells. The separate distributions
of AIFR of the three sub-populations are shown in Fig. 5B,
manifesting the highly significant (see legend) differences
between the three neuronal types. Obviously, the relations
between the IFR, AHP, and SH appear to be much more
complicated in AOB mitral cells than in MOB neurons. For
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Fig. 4. AOB mitral cells show various firing patterns in response to identical stimuli. (A—C) Voltage responses (above) of typical accommodating (A),
steady (B), and facilitating (C) AOB mitral cells to identical 100-pA depolarizing current steps (below). (D—F) The IFR (upper panel), AHP (middle panel)
and SH (lower panel) values of the responses shown in (A—C), respectively, each averaged over three identical stimuli and plotted over time of the
current step. Note the similar changes in AHP and SH between the cells, despite the clear differences in IFR dynamics.

example, as manifested in Fig. 5C, while accommodating
and steady cells show very similar distributions of differ-
ences between last and first SH values (ASH), a signifi-
cantly (see legend) different distribution, biased towards
less negative values, is displayed by facilitating cells.
Moreover, as exemplified in Fig. 4A, B, even in the case of
AOB accommodating and steady cells the AHP gets grad-
ually depolarized along the current step. This is summa-
rized in Fig. 5D where the distributions of the differences
between the last and first AHP (AAHP) along the re-
sponses to 100-pA injected current steps recorded from all
three neuronal sub-populations of AOB mitral cells are
plotted. As revealed, despite significant (see legend) dif-
ferences between all three neuronal sub-populations in
this property, all the cells show depolarization of the AHP
along the stimulation. Therefore, at least for a significant
number of AOB neurons, that is the accommodating and
steady neurons, the change in AHP along the stimulus is
not in accord with the change in firing rate. Indeed, when
we plotted AIFR as a function of AAHP for all traces (not
shown), we found a positive correlation in the cases of
MOB neurons (R=0.5192) and of AOB facilitating cells
(R=0.5038), whereas a negative correlation was found
for accommodating cells (R=—0.2354) and no correlation
for steady cells (R=—0.0031). These results suggest that
of all three categories of AOB mitral cells only in the case
of facilitating cells there may be an association between
the change in AHP and the change in firing rate along the
current step while for the rest of AOB mitral cells, the
change in IFR along stimulation seems to be determined

by other intrinsic properties of the cells. This conclusion is
supported by comparison of the dynamics of these
changes between the three neuronal sub-populations. As
seen in Fig. 6A, accommodating and facilitating cells dis-
play significantly (P<<0.0001) different time courses of the
changes in mean IFR along 100-pA current steps, where
accommodating cells reach a steady state with a time
constant of 49.1 ms while facilitating cells gradually in-
crease their firing rate along the pulse without reaching a
clear steady state (time constant=295.1 ms). In contrast,
the changes in mean AHP along the 100-pA current step
show (Fig. 6B) very similar (P>0.1) time course between
both sub-populations, with time constants of 172.9 ms and
195.4 ms, respectively. Similarly, when the time constants
of the changes in these two parameters were separately
calculated for all accommodating (blue dots) and facilitat-
ing (red triangles) AOB mitral cells for all levels of stimu-
lations it was found that facilitating cells have a much
higher time constants in the IFR throughout the stimulation
range (Fig. 6C) whereas, as evident from Fig. 6D, a slight
(but significant—P<0.05) difference between these sub-
populations as regards to the time constant of the changes
in AHP can be seen only for stimuli stronger than 150 pA.

The distinct sub-populations of AOB mitral cells respond
differently to changes in intracellular calcium level

Overall these results clearly suggest different intrinsic
properties of the three neuronal sub-populations. We
checked if there are any differences between them in
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three peaks around the values of —5 Hz, 0 Hz, and +5 Hz, indicating three distinct types of responses. (B) Distributions of the AIFR values of the same
responses as in (A), divided between the three sub-populations of AOB neurons (blue—accommodating, green—steady, brown—facilitating). All three
distributions show statistically significant difference from each other (one-way ANOVA—F, ,,,,=79.861, P<0.001; Bonferroni post-hoc analysis,
P<0.001). (C) Same (as in B) for ASH values. Note the bias of facilitating cells towards less negative values. This difference made facilitating cells
statistically different (one-way ANOVA—F, ,,,,=16.554, P<<0.001; Bonferroni post-hoc analysis, P<0.001) from the other two population which were
found statistically indifferent from each other (Bonferroni post-hoc analysis, P>0.5). (D) Same (as in B) for AAHP values. Note the bias of
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statistically significant (one-way ANOVA—F , ,,,,=17.177, P<0.001; Bonferroni post-hoc analysis, £<0.01). For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.

terms of passive membrane properties, but found nothing blocker of voltage-activated potassium conductances, to
significant (see legend) either in capacitance (Fig. 6E) or induce widening of the spikes in AOB mitral cells. Indeed,
input resistance (Fig. 6F). Thus, it is the active properties, as shown in Fig. 7C, D, the spike width at half its amplitude
most likely voltage- or calcium-activated conductances, is about twice as large in the presence of 4AP (Fig. 7D) as
which cause the different firing properties of the distinct compared to the control condition (Fig. 7C) for all three
sub-populations of AOB mitral cells. Indeed, out of 10 neuronal sub-populations. In the presence of 4AP the
neurons recorded with 5 mM of the calcium chelator mean spike width shifts from 3.73 ms, 3.85 ms, and 3.47
BAPTA in the pipette solution, none was found to be ms to 6.63 ms, 6.73 ms and 6.70 ms for accommodating,
accommodating (80% of the cells were facilitating and 20% steady, and facilitating cells, respectively. This doubling of
steady), as compared to the 40% accommodating cells the spike width is expected (Bondy et al., 1987; Cole et al.,
found without BAPTA. This BAPTA-induced shift is also 1996) to significantly enhance calcium entry into AOB
manifested in Fig. 7A where AIFR values of all the re- mitral cells during spiking activity through voltage-activated
sponses of AOB mitral cells to 100-pA current injections in calcium channels (Dong et al., 2009). Hence, it is predicted
the presence of 5 mM of BAPTA are distributed. As ap- to slow down the firing of accommodating cells due to
parent, only <15% of the traces show spike accommoda- increased activation of their assumed calcium-activated
tion, as compared to 42% without BAPTA (Fig. 5A). Nev- potassium conductance, while leaving firing activity of AOB
ertheless, as regards to facilitating cells the presence of facilitating mitral cells relatively intact. Indeed, as seen in
BAPTA did not cause any significant change in their IFR Fig. 7E, the firing rate of accommodating AOB mitral cells
(Fig. 7B, red triangles) along the response to 100-pA cur- along 100-pA current steps in the presence of 4AP is about
rent steps, compared to the control condition (Fig. 7B, blue 50% lower than in the control condition. In contrast, 4AP
dots). These results suggest that the spiking accommoda- has only a minor effect on the firing rate of facilitating cells
tion exhibited by accommodating cells is caused by activity (red empty triangles), as compared to the control condition.
of a calcium-activated conductance which is not expressed Similarly, Fig. 7F shows that while the presence of 4AP
by facilitating cells. causes a significant (>5 mV) hyperpolarization of the AHP

In order to further explore this possibility we used a low at accommodating, as compared to control cells, it has no

concentration (0.5 mM) of 4AP, a rather non-selective effect on the AHP of facilitating cells. Altogether these data
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Fig. 6. The distinct sub-populations of AOB mitral cells show similar dynamics of some firing parameters and different dynamics of others. (A)
Mean IFR values, averaged over 50-ms time bins, for accommodating (blue dots) and facilitating (red triangles) AOB mitral cells, plotted over
time of response to 100-pA current steps. Note the rapid steady-state achieved by accommodating cells as opposed to no steady state achieved
for facilitating cells. A statistically significant difference (P<0.01, paired t-test) was found between both sub-populations. (B) Mean AHP values,
averaged over 50-ms time bins, for accommodating (blue dots) and facilitating (red triangles) AOB mitral cells, plotted over time of response
to 100-pA current steps. Note the similar dynamics between the two neuronal sub-populations (P>0.1, paired t-test). (C) Mean time constants
for the changes in IFR during responses of accommodating (blue dots) and facilitating (red triangles) AOB mitral cells to depolarizing current
steps, plotted as a function of the injected current level. Note the significant (P<0.01, paired t-test) differences between the two neuronal
sub-populations. (D) Mean time constants for the changes in AHP during responses of accommodating (blue dots) and facilitating (red triangles)
AOB mitral cells to depolarizing current steps, plotted as a function of the injected current level. Note the similarity between sub-populations
below 140 pA. Nevertheless, over all values both populations were found to be significantly different (P<<0.05, paired t-test). (E) The various
sub-populations of AOB mitral cells (blue—accommodating, green—steady, brown—facilitating) show similar (one-way ANOVA, F, 5,,=0.379,
P>0.5) mean capacitance values. (F) The various sub-populations of AOB mitral cells show similar (one-way ANOVA, F, ;,,=0.406, P>0.5)
mean input resistance values. For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.
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Fig. 7. Firing responses of the distinct sub-populations of AOB mitral cells are differentially affected by manipulations of the intracellular calcium level. (A)
Distribution of AIFR values of the responses of AOB mitral cells to 100-pA current steps, recorded with 5 mM of the calcium chelator BAPTA in the intracellular
solution. Note that in <15% of the cases a negative value, indicating spike accommodation, was found. (B) Mean IFR values recorded from facilitating cells,
averaged over 50-ms time bins and plotted over time of response to 100-pA current steps, in the presence (red triangles) and absence (blue dots) of BAPTA
in the intracellular solution. Note the similarity (P>0.1, paired t-test) between the results in both conditions. (C) The distributions of spike width between the
distinct sub-populations of AOB mitral cells in the control condition. Note the close similarity between them. (D) The distributions of spike width between the
distinct populations of AOB mitral cells (n=16) in the presence of 0.5 mM 4AP in the bath solution. Note the doubling of the spike width as compared to the
control condition (C) for all neuronal sub-populations. The widening of the spike in the presence of 4AP is expected to increase calcium entry to the cells
during firing. (E) Mean IFR values recorded from accommodating (blue, n=10) and facilitating (red, n=4) cells, averaged over 50-ms time bins and plotted
over time of response to 100-pA current steps, in the presence (empty symbols, dashed lines) and absence (filled symbols, continuous lines) of 4AP in the
bath solution. Note ~50% reduction in IFR of accommodating caused by 4AP presence, as opposed to its negligible effect on facilitating cells. (F) Same as
in (E) for AHP values. Again note the significant hyperpolarization of the AHP caused by 4AP presence for accommodating cells, as opposed to the lack of
influence of 4AP on facilitating cells. For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.

suggest that accommodating AOB mitral cells are influ- current. As manifested, all cells display similarplotted as a
enced by calcium-activated conductance which is not func- function of the level of the injected first and last IFRs till the
tional in facilitating cells. Hence, these neuronal sub-pop- level of about 50 pA, beyond which accommodating cells
ulations are probably genuinely distinct. show a last IFR which is progressively smaller than the first

IFR whereas facilitating cells show the opposite trend. One
A neur<?na| network of the three sub-populations of interpretation of the prolonged modulation of the firing
AOB mitral cells response of AOB mitral cells along a constant stimulus is
Fig. 8A shows the first (blue dots) and last (green triangles) that these neurons are capable of encoding the stimulus
IFRs averaged over all accommodating (left panel), steady duration. A possible computational function for the AOB
(middle panel), and facilitating (right panel) AOB mitral mitral cells is indicated by exploring what happens when

cells, plotted as a function of the level of the injected the output of the three sub-populations are linearly inte-
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Fig. 8. A simulated neuronal network containing the various sub-population of AOB mitral cells show the capacity to attenuate its response to episodic
stimuli while fully responding to continuous stimuli. (A) First (blue dots) and last (green triangles) IFRs of the responses of accommodating (left), steady
(middle), and facilitating (right) AOB mitral cells to depolarizing current steps, plotted as a function of the injected current level. (B) Linear summation
of the I-F curves shown in (A), with a negative value given to the responses of accommodating cells. Note the shallow rise of the resultant first IFR
(blue dots) with stimulus level, as opposed to the steep rise of the last IFR (green triangles) with stimulus strength. (C) A scheme describing the
simulated neuronal network composed of three integrate-and-fire input neurons (accommodating, steady, and facilitating) and an integrate-and-fire
readout neuron. Note the direct inhibition from the accommodating neuron as opposed to the direct excitation from the steady and facilitating neurons.
(D) The firing response of the readout neuron of the simulated network plotted as a function of time for three levels of stimulus strength, as marked
in the legend. Note that for all three stimulation levels, there is no response earlier than 250 ms from the beginning of stimulation. The transition to
firing response starts earlier for stronger stimuli and the final steady state is proportional to the stimulus level. For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.
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grated into a single output cell. Since accommodating
neurons slow their firing rate along the stimulation while
facilitating cells accelerate it, such integration would
weaken or even abolish the information regarding the stim-
ulus duration. However, if one of these neuronal sub-
populations is connected to the output cell through an
inhibitory synapse the information regarding stimulus du-
ration should be enhanced. Accordingly, a simple overlay
of the I-F curves of the three sub-populations of AOB mitral
cells shown in Fig. 8A, in which the mean outputs of the
facilitating and steady cells are summed and the mean output
of the accommodating cells is subtracted, reveals (Fig. 8B) a
steady, low, first IFR (blue dots) which is almost independent
of stimulus amplitude and a higher last IFR (green triangles)
that increases linearly with the amplitude of the stimulus. In
order to further check this possibility we simulated a network
which is schematically illustrated in Fig. 8C. The network
consists of four integrate-and-fire neurons: an accommodat-
ing neuron, a steady neuron, a facilitating neuron in the AOB,
and a hypothetical readout neuron that receives synaptic
input from the three AOB neurons. The three AOB neurons
were modeled to match the mean I-F curves of the three
sub-populations of AOB mitral cells. For simplicity sake, the
accommodating cell directly inhibits the readout cell although
in reality any such inhibition would require an intermediary
inhibitory interneuron since all AOB mitral cells are glutama-
tergic (Quaglino et al., 1999).

The model AOB cells are stimulated by 800-ms current
steps between 50 pA and 150 pA, parallel to those used in
the experiments described above, and the response of the
readout neuron is calculated by averaging the instanta-
neous firing rates over a 100-ms time window, shifted
over the length of the stimulus in 50-ms increments. As
shown in Fig. 8D, where the firing rate over time is
plotted for 50-pA, 100-pA, and 150-pA stimuli, the firing
responses have a sigmoidal shape, with the transition
occurring earlier for stronger stimuli, although only after
200 ms even for 150-pA stimulation. Moreover, the firing
rate of the readout neuron is kept below 10 Hz over the
initial 300 ms across the whole range of inputs while
over the last 300 ms the firing rate increases as a
function of the input strength from 10 Hz to 30 Hz. This
type of neuronal network, therefore, attenuates its re-
sponse to short stimuli whereas the response to persis-
tent stimuli is enhanced.

DISCUSSION

In this study we have shown that MOB and AOB mitral
cells in acute brain slices differ markedly in their mem-
brane and firing properties. In terms of their intrinsic prop-
erties MOB mitral cells comprise a relatively homogeneous
population which is highly excitable, despite their moderate
input resistance. Given a constant stimulus the firing re-
sponse of these cells seems to rapidly reach a steady state
proportional to the stimulus amplitude, regardless of its
duration. In contrast, AOB mitral cells display much higher
input resistance but significantly lower excitability and are
a lot more divergent in their firing response that either

accelerates, slows, or remains steady along a constant
stimulus.

The electrophysiological properties of MOB mitral cells
were intensively studied both in vitro (Chen and Shepherd,
1997; Carlson et al., 2000; Heyward et al., 2001; Debar-
bieux et al., 2003; Rubin and Cleland, 2006; Balu and
Strowbridge, 2007; Padmanabhan and Urban, 2010) and
in vivo (Cang and Isaacson, 2003; Rinberg et al., 2006) in
multiple studies. In contrast, electrophysiological studies of
AOB mitral cells are rare and usually concentrated on their
synaptic properties (Jia et al., 1999; Taniguchi and Kaba,
2001; Ma and Lowe, 2004; Sugai et al., 2005; Araneda and
Firestein, 2006; Castro and Urban, 2009). Here we show
for the first time that despite the many similarities be-
tween the two bulbs, MOB and AOB mitral cells differ
markedly in their intrinsic properties. One very important
difference between these neuronal populations is the
input resistance, which is almost three times higher in
AOB than in MOB mitral cells. This difference exists
despite the similar specific passive membrane proper-
ties, which includes the common lack of time-dependent
rectification, as reflected by the similar membrane time
constant. The mean values of input resistance and
membrane time constant of MOB mitral cells found by us
are comparable to values found in other in vitro studies
(Balu and Strowbridge, 2007) but are higher than those
found using in vivo recordings (Cang and Isaacson,
2003). We show by both electrophysiological and mor-
phological analyses that it is the much larger size of their
membrane area which underlies the smaller input resis-
tance of MOB mitral cells. The size difference is proba-
bly due to the much more elaborated dendritic tuft of
MOB mitral cells, as compared to the simpler and
smaller tufts of AOB mitral cells (Larriva-Sahd, 2008).

One would expect that the much higher input resis-
tance of AOB mitral cells would make them more excitable
by current injection than MOB mitral cells. Our findings,
however, show a different reality. The minimal level of
current injection needed to excite MOB mitral cells (held
around —60 mV) is similar to that needed to cause firing in
AOB cells. Moreover, MOB mitral cells usually respond
even for threshold stimuli with a burst of spikes while AOB
threshold responses comprise a single or few spikes only.
These firing properties of MOB neurons are probably due
to activation of a ramp potential, most likely mediated by
persistent sodium conductance, which underlie their firing
responses (Rubin and Cleland, 2006; Balu and Strow-
bridge, 2007). The higher excitability of MOB neurons is
also reflected by their much higher maximal mean firing
response which in many cases surpasses 100 Hz,
whereas AOB neurons are limited in their mean firing
response to significantly lower values, usually not more
than 50 Hz. Thus, these neuronal types seem capable of
responding to stimuli of similar magnitudes in different
dynamic ranges.

The internal dynamics of the firing response is another
important aspect that differs markedly between MOB and
AOB mitral cells. Whereas MOB neurons rapidly (<200
ms) reach a steady state in their firing rate, the firing
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response of many AOB neurons is consistently modulated
throughout the 0.5-s long current step. Thus, the response
of MOB neurons to constant stimuli contains information in
the time domain only at early stages (<200 ms) of stimu-
lation. This characteristic of MOB mitral cells fits the sniff-
ing behavior underlying mammalian olfaction, which ap-
parently limits the stimulus duration according to sniffing
rate which in behaving mice was found to be in the range
of 5-8 Hz (Kepecs et al., 2006; Schoenfeld and Cleland,
2006; Scott, 2006). The tight correlation between the dy-
namics of the IFR, SH, and AHP in MOB cells suggests
that transient A-type potassium currents are involved in the
early modulation of their firing response, in agreement with
multiple studies that showed an important contribution of
this type of current to firing activity of MOB mitral cells
(Wang et al., 1996; Chen and Shepherd, 1997; Balu et al.,
2004; Christie and Westbrook, 2006; Balu and Strow-
bridge, 2007).

We found relatively uniform dynamics in the responses
of MOB mitral cells to constant stimuli. These results do
not contradict the recent work by Padmanabhan and Ur-
ban (Padmanabhan and Urban, 2010), whose findings, in
some cells, of bursting responses to constant stimuli may
reflect the lack of EGTA in the internal solution. Addition-
ally, the observation of more heterogeneous responses to
complex stimuli than to fixed stimuli is not surprising
(Kretzberg et al., 2001) given the affect on the membrane
capacitance which continuously fluctuates with the com-
plex form of the current. In contrast, in response to a fixed
stimulus, the membrane capacitance is allowed to fully
charge leading to steadier firing. Significantly, a principal
component analysis of spike trains resulting from complex
stimuli showed no contribution of slow co-varying elements
indicating the absence of slow, spike-frequency adapta-
tion. This is in agreement with our finding of a rapidly
achieved steady state.

Compared to MOB mitral cells, AOB neurons are much
more heterogeneous in the modulation of their firing re-
sponse in time which divides them into three neuronal
sub-populations: accommodating, facilitating, and steady.
By analyzing the various features of their firing responses
to depolarizing current steps we have shown that while
these sub-populations exhibit similar passive membrane
characteristics, they significantly differ in their intrinsic ac-
tive properties. Specifically, we have shown that accom-
modating responses depend on free intracellular calcium,
hence are probably mediated by calcium-activated con-
ductance that may characterize accommodating cells, as
opposed to the sub-population of facilitating cells. This
possibility is further supported by the markedly different
reactions of accommodating and facilitating neurons to the
presence of 4AP, which strongly decrease the IFR and
hyperpolarize the AHP during responses of accommodat-
ing cells, while exerting no effect on facilitating cells. Since
the 4AP-induced increase of spike width is expected to
enhance calcium-activated responses, the different reac-
tions of accommodating and facilitating AOB mitral cells to
its presence support a differential expression of calcium-
activated conductances between these sub-populations.

Nevertheless, the question of whether these neuronal sub-
populations represent genuine, intrinsically distinct neuro-
nal categories of AOB mitral cells or just a differential
expression of specific conductance remains open. Regard-
less of their category, however, the prolonged modulation
of the firing responses of most AOB neurons suggests that
they are capable of coding the stimulus duration in their
firing response.

Whereas the role of the mammalian AOS in the detec-
tion of pheromones and other semiochemicals was estab-
lished long ago (Wysocki, 1979; Halpern, 1987; Meredith,
1991), a growing number of recent studies found a central
role for the MOS in responses of mammals to pheromones
(see Introduction). These studies have raised an essential
question: what is the functional difference between these
systems with regard to pheromone detection? This ques-
tion has been debated in several recent review articles
(Restrepo et al., 2004; Baxi et al., 2006; Spehr et al., 2006;
Baum and Kelliher, 2009).

We previously proposed (Dulac and Wagner, 2006)
that although the two systems may be activated by at least
partially overlapping sets of pheromonal cues, they pro-
cess this information in different ways and thereby address
different aspects of it. These distinct informational aspects
may converge in brain areas (such as the amygdala) that
form a common target for the two systems (Pro-Sistiaga et
al., 2007). This proposition was initially based on several
differences between the MOS and the AOS with regard to
their connectivity. First, while the MOB projects to multiple
cortical areas which may serve most of the processing load
in the MOS, the AOB projections bypass the cortex and
project to effector areas such as the hypothalamus either
directly or via the “vomeronasal amygdala” (Halpern and
Martinez-Marcos, 2003). This connectivity scheme sug-
gests a more prominent role for the AOB in sensory infor-
mation processing by the AOS. Second, whereas MOE
sensory neurons that express the same receptor usually
project to only two MOB glomeruli (Mombaerts, 1996; Zu-
fall and Munger, 2001), VNO sensory neurons expressing
a given receptor were shown to innervate many (10-30)
glomeruli in the AOB, thus creating a distributed and com-
plex sensory map (Belluscio et al., 1999; Rodriguez et al.,
1999; Wagner et al., 2006). Third, in the MOB each mitral
cell receives direct excitatory sensory information from
only one receptor type, through its single dendritic tuft
which innervates a single glomerulus (Chen and Shep-
herd, 2005; Lledo et al., 2005; Wilson and Mainen, 2006).
This wiring scheme seems to support an analytical infor-
mation flow in which the information elicited in a given
“line”, by activation of a certain receptor, is processed
discretely, with the exception of lateral inhibitory interac-
tions (Mori et al., 1999; Urban, 2002; Lowe, 2003; Schoppa
and Urban, 2003; Arevian et al., 2008). This scheme
makes the MOB best suited for dissecting the pheromonal
blend into its individual components and analyzing each of
them separately. In contrast, we showed that AOB mitral
cells, with their multiple dendritic tufts, receive input from
several types of receptors, and thereby integrate excitatory
sensory information arriving from various “lines” (Wagner
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et al., 2006). This observation contradicts previous work
(Del Punta et al., 2002) but was recently confirmed by in
vivo electrophysiological recordings for at least some of
the AOB mitral cells (Ben-Shaul et al., 2010; Meeks et al.,
2010). The integrative scheme suggested by us (Dulac
and Wagner, 2006) makes the AOB more suited for pro-
cessing the more complex qualities of the pheromonal
blend, such as co-existence of several given components,
which may indicate a proper social context rather than
trigger a specific response.

Another dimension in which sensory information may
be integrated is time. In contrast to sensory responses in
the MOE which are dominated by the discrete sniffing
events (Kepecs et al., 2006), the time course of sensory
responses in the vomeronasal organ is thought to be de-
termined by slower pumping activity (Meredith et al., 1980)
which allows sensory integration along an extended time
window (Meredith, 1994). Indeed, recordings made from
AOB mitral cells of behaving mice investigating conspecif-
ics revealed responses that were delayed but extended for
10-30 s after the termination of physical contact with the
stimulus (Luo et al., 2003). Here we show that the firing
responses of AOB mitral cells to a constant stimulus are
modulated along at least several hundreds of milliseconds,
hence may encode information regarding the duration of
prolonged stimuli. Moreover, we have constructed a hypo-
thetical neuronal network, comprised of the three types of
AOB mitral cells found by us and a readout neuron tar-
geted by all of them, that integrates its input in time such
that its response to a constant stimulus is strongly atten-
uated at the early (<200 ms) stage of the stimulus but is
later fully compliant with input strength. It is important to
keep in mind that this model lacks the various types of
AOB interneurons, hence cannot be considered as a real-
istic simulation of AOB activity. Instead, the model serves
as a suggestion for the type of information processing that
may take place between the three neuronal sub-popula-
tions of AOB neurons, according to their intrinsic proper-
ties. This type of neuronal network may support a safety
mechanism in the AOS that prevents the animal from
responding to transient events, but enhances its response
when the proper social context occurs. Such a social con-
text could be the presence of a conspecific which would
provide a rich source of pheromonal cues for a sufficiently
long time.

CONCLUSIONS

MOB and AOB mitral cells differ markedly in their passive
and active intrinsic properties. Regarding passive proper-
ties, AOB mitral cells display higher input resistance than
MOB mitral cells, mainly reflecting their smaller membrane
area. Regarding active properties, the two types of mitral
cells show very distinct dynamic range of firing responses,
with MOB neurons displaying much higher values of
minimal and maximal firing rates. Thus, MOB mitral cells
are much more excitable than AOB mitral cells. The two
populations of neurons significantly differ in their internal
dynamics of firing responses to constant stimuli. While

MOB mitral cells rapidly reach a steady state, the firing
responses of many AOB neurons are modulated over
extended time window. AOB mitral cells may be catego-
rized into three neuronal sub-populations: accommodat-
ing, facilitating, and steady, according to the dynamics
of their firing responses. These neuronal sub-popula-
tions differ in their intrinsic firing properties but not in
their passive membrane properties. A neuronal network
which integrates these neuronal sub-populations may
serve as a safety mechanism attenuating the response
to episodic stimuli while fully compliant with prolonged
stimulation.

Acknowledgments—This work was supported by the Interdisci-
plinary Center for Neural Computation (ICNC), Israel, by the Israel
Science Foundation (grant no. 1082/07) and by the National In-
stitute for Psychobiology in Israel (grant no. 237-07-08). Partial
support provided by the Gatsby Charitable Foundation. We thank
Dr. Yosef Yarom for his great help in this study.

REFERENCES

Araneda RC, Firestein S (2006) Adrenergic enhancement of inhibitory
transmission in the accessory olfactory bulb. J Neurosci 26:3292—
3298.

Arevian AC, Kapoor V, Urban NN (2008) Activity-dependent gating of
lateral inhibition in the mouse olfactory bulb. Nat Neurosci 11:
80-87.

Balu R, Larimer P, Strowbridge BW (2004) Phasic stimuli evoke pre-
cisely timed spikes in intermittently discharging mitral cells. J Neu-
rophysiol 92:743-753.

Balu R, Strowbridge BW (2007) Opposing inward and outward con-
ductances regulate rebound discharges in olfactory mitral cells.
J Neurophysiol 97:1959-1968.

Baum MJ, Kelliher KR (2009) Complementary roles of the main and
accessory olfactory systems in mammalian mate recognition. Annu
Rev Physiol 71:141-160.

Baxi KN, Dorries KM, Eisthen HL (2006) Is the vomeronasal system
really specialized for detecting pheromones? Trends Neurosci
29:1-7.

Belluscio L, Koentges G, Axel R, Dulac C (1999) A map of pheromone
receptor activation in the mammalian brain. Cell 97:209-220.
Ben-Shaul Y, Katz LC, Mooney R, Dulac C (2010) /n vivo vomeronasal
stimulation reveals sensory encoding of conspecific and allospe-
cific cues by the mouse accessory olfactory bulb. Proc Natl Acad

Sci U S A 107:5172-5177.

Berkowicz DA, Trombley PQ, Shepherd GM (1994) Evidence for glu-
tamate as the olfactory receptor cell neurotransmitter. J Neuro-
physiol 71:2557-2561.

Bondy CA, Gainer H, Russell JT (1987) Effects of stimulus frequency
and potassium channel blockade on the secretion of vasopressin
and oxytocin from the neurohypophysis. Neuroendocrinology
46:258-267.

Breer H, Fleischer J, Strotmann J (2006) The sense of smell: multiple
olfactory subsystems. Cell Mol Life Sci 63:1465—-1475.

Brennan PA, Kendrick KM (2006) Mammalian social odours: attraction
and individual recognition. Philos Trans R Soc Lond B Biol Sci
361:2061-2078.

Cang J, Isaacson JS (2003) In vivo whole-cell recording of odor-
evoked synaptic transmission in the rat olfactory bulb. J Neurosci
23:4108-4116.

Carlson GC, Shipley MT, Keller A (2000) Long-lasting depolarizations
in mitral cells of the rat olfactory bulb. J Neurosci 20:2011-2021.

Castro JB, Urban NN (2009) Subthreshold glutamate release from
mitral cell dendrites. J Neurosci 29:7023-7030.



66 S. Zibman et al. / Neuroscience 189 (2011) 51-67

Chen WR, Shepherd GM (1997) Membrane and synaptic properties of
mitral cells in slices of rat olfactory bulb. Brain Res 745:189-196.

Chen WR, Shepherd GM (2005) The olfactory glomerulus: a cortical
module with specific functions. J Neurocytol 34:353-360.

Christie JM, Westbrook GL (2006) Lateral excitation within the olfac-
tory bulb. J Neurosci 26:2269-2277.

Cole WC, Clement-Chomienne O, Aiello EA (1996) Regulation of
4-aminopyridine-sensitive, delayed rectifier K™ channels in vascu-
lar smooth muscle by phosphorylation. Biochem Cell Biol 74:439—
447.

Debarbieux F, Audinat E, Charpak S (2003) Action potential propaga-
tion in dendrites of rat mitral cells in vivo. J Neurosci 23:
5553-5560.

Del Punta K, Puche A, Adams NC, Rodriguez |, Mombaerts P (2002)
A divergent pattern of sensory axonal projections is rendered
convergent by second-order neurons in the accessory olfactory
bulb. Neuron 35:1057—-1066.

Dong C, Godwin DW, Brennan PA, Hegde AN (2009) Protein kinase
Calpha mediates a novel form of plasticity in the accessory olfac-
tory bulb. Neuroscience 163:811-824.

Dulac C, Wagner S (2006) Genetic analysis of brain circuits underlying
pheromone signaling. Annu Rev Genet 40:449—-467.

Grus WE, Zhang J (2006) Origin and evolution of the vertebrate
vomeronasal system viewed through system-specific genes.
Bioessays 28:709-718.

Halpern M (1987) The organization and function of the vomeronasal
system. Annu Rev Neurosci 10:325-362.

Halpern M, Martinez-Marcos A (2003) Structure and function of the
vomeronasal system: an update. Prog Neurobiol 70:245-318.
Heyward P, Ennis M, Keller A, Shipley MT (2001) Membrane bistability

in olfactory bulb mitral cells. J Neurosci 21:5311-5320.

Jia C, Chen WR, Shepherd GM (1999) Synaptic organization and
neurotransmitters in the rat accessory olfactory bulb. J Neuro-
physiol 81:345-355.

Kepecs A, Uchida N, Mainen ZF (2006) The sniff as a unit of olfactory
processing. Chem Senses 31:167-179.

Keverne EB (2002) Mammalian pheromones: from genes to behav-
jour. Curr Biol 12:R807-R809.

Kretzberg J, Egelhaaf M, Warzecha AK (2001) Membrane potential
fluctuations determine the precision of spike timing and synchro-
nous activity: a model study. J Comput Neurosci 10:79-97.

Larriva-Sahd J (2008) The accessory olfactory bulb in the adult rat: a
cytological study of its cell types, neuropil, neuronal modules, and
interactions with the main olfactory system. J Comp Neurol 510:
309-350.

Lledo PM, Gheusi G, Vincent JD (2005) Information processing in the
mammalian olfactory system. Physiol Rev 85:281-317.

Lowe G (2003) Electrical signaling in the olfactory bulb. Curr Opin
Neurobiol 13:476—-481.

Luo M, Fee MS, Katz LC (2003) Encoding pheromonal signals in the
accessory olfactory bulb of behaving mice. Science 299:1196—
1201.

Ma J, Lowe G (2004) Action potential backpropagation and multiglo-
merular signaling in the rat vomeronasal system. J Neurosci
24:9341-9352.

Meeks JP, Arnson HA, Holy TE (2010) Representation and transfor-
mation of sensory information in the mouse accessory olfactory
system. Nat Neurosci 13:723-730.

Meisami E, Bhatnagar KP (1998) Structure and diversity in mamma-
lian accessory olfactory bulb. Microsc Res Tech 43:476—-499.
Meredith M (1991) Sensory processing in the main and accessory
olfactory systems: comparisons and contrasts. J Steroid Biochem

Mol Biol 39:601-614.

Meredith M (1994) Chronic recording of vomeronasal pump activation
in awake behaving hamsters. Physiol Behav 56:345-354.

Meredith M, Marques DM, O’Connell RO, Stern FL (1980) Vomerona-
sal pump: significance for male hamster sexual behavior. Science
207:1224-1226.

Mohedano-Moriano A, Pro-Sistiaga P, Ubeda-Banon I, Crespo C,
Insausti R, Martinez-Marcos A (2007) Segregated pathways to the
vomeronasal amygdala: differential projections from the anterior
and posterior divisions of the accessory olfactory bulb. Eur J Neu-
rosci 25:2065—-2080.

Mombaerts P (1996) Targeting olfaction. Curr Opin Neurobiol 6:
481-486.

Mombaerts P (2004) Genes and ligands for odorant, vomeronasal and
taste receptors. Nat Rev Neurosci 5:263—-278.

Mori K, Nagao H, Yoshihara Y (1999) The olfactory bulb: coding and
processing of odor molecule information. Science 286:711-715.

Padmanabhan K, Urban NN (2010) Intrinsic biophysical diversity
decorrelates neuronal firing while increasing information content.
Nat Neurosci 13:1276—-1282.

Pro-Sistiaga P, Mohedano-Moriano A, Ubeda-Banon |, Del Mar Ar-
royo-Jimenez M, Marcos P, Artacho-Perula E, Crespo C, Insausti
R, Martinez-Marcos A (2007) Convergence of olfactory and vome-
ronasal projections in the rat basal telencephalon. J Comp Neurol
504:346-362.

Quaglino E, Giustetto M, Panzanelli P, Cantino D, Fasolo A, Sassoe-
Pognetto M (1999) Immunocytochemical localization of glutamate
and gamma-aminobutyric acid in the accessory olfactory bulb of
the rat. J Comp Neurol 408:61-72.

Rall W (1969) Time constants and electrotonic length of membrane
cylinders and neurons. Biophys J 9:1483—-1508.

Restrepo D, Arellano J, Oliva AM, Schaefer ML, Lin W (2004) Emerg-
ing views on the distinct but related roles of the main and acces-
sory olfactory systems in responsiveness to chemosensory signals
in mice. Horm Behav 46:247-256.

Rinberg D, Koulakov A, Gelperin A (2006) Sparse odor coding in
awake behaving mice. J Neurosci 26:8857—8865.

Rodriguez |, Feinstein P, Mombaerts P (1999) Variable patterns of
axonal projections of sensory neurons in the mouse vomeronasal
system. Cell 97:199-208.

Rubin DB, Cleland TA (2006) Dynamical mechanisms of odor process-
ing in olfactory bulb mitral cells. J Neurophysiol 96:555-568.

Scalia F, Winans SS (1975) The differential projections of the olfactory
bulb and accessory olfactory bulb in mammals. J Comp Neurol
161:31-55.

Schoenfeld TA, Cleland TA (2006) Anatomical contributions to odorant
sampling and representation in rodents: zoning in on sniffing be-
havior. Chem Senses 31:131-144.

Schoppa NE, Urban NN (2003) Dendritic processing within olfactory
bulb circuits. Trends Neurosci 26:501-506.

Scott JW (2006) Sniffing and spatiotemporal coding in olfaction. Chem
Senses 31:119-130.

Shah NM (2006) Nursing behavior: remembrance of things past. Curr
Biol 16:R842-R844.

Spehr M, Spehr J, Ukhanov K, Kelliher KR, Leinders-Zufall T, Zufall F
(2006) Parallel processing of social signals by the mammalian
main and accessory olfactory systems. Cell Mol Life Sci 63:
1476-1484.

Stowers L, Marton TF (2005) What is a pheromone? Mammalian
pheromones reconsidered. Neuron 46:699—-702.

Sugai T, Miyazawa T, Yoshimura H, Onoda N (2005) Developmental
changes in oscillatory and slow responses of the rat accessory
olfactory bulb. Neuroscience 134:605—-616.

Takami S, Graziadei PP (1991) Light microscopic Golgi study of
mitral/tufted cells in the accessory olfactory bulb of the adult rat.
J Comp Neurol 311:65-83.

Taniguchi M, Kaba H (2001) Properties of reciprocal synapses in the
mouse accessory olfactory bulb. Neuroscience 108:365-370.
Urban NN (2002) Lateral inhibition in the olfactory bulb and in olfaction.

Physiol Behav 77:607—612.

Wagner S, Gresser AL, Torello AT, Dulac C (2006) A multirecep-
tor genetic approach uncovers an ordered integration of VNO
sensory inputs in the accessory olfactory bulb. Neuron 50:697—
709.



S. Zibman et al. / Neuroscience 189 (2011) 51-67 67

Wang XY, McKenzie JS, Kemm RE (1996) Whole-cell K" currents in Wysocki CJ (1979) Neurobehavioral evidence for the involvement of
identified olfactory bulb output neurones of rats. J Physiol 490 the vomeronasal system in mammalian reproduction. Neurosci
(Pt 1):63-77. Biobehav Rev 3:301-341.

Wilson RI, Mainen ZF (2006) Early events in olfactory processing. Zufall F, Munger SD (2001) From odor and pheromone transduction to
Annu Rev Neurosci 29:163-201. the organization of the sense of smell. Trends Neurosci 24:191-193.

(Accepted 14 May 2011)
(Available online 26 May 2011)



