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Synaptic Integration of Olfactory Information in Mouse
Anterior Olfactory Nucleus

Huimeng Lei,"2 Richard Mooney,> and Lawrence C. Katz'-!
"Howard Hughes Medical Institute and 2Department of Neurobiology, Duke University Medical Center, Durham, North Carolina 27710

Individual odorants activate only a small fraction of mitral cells in the mouse main olfactory bulb (MOB). Odor mixtures are represented
by a combination of activated mitral cells, forming reproducible activation maps in the olfactory bulb. However, how the activation of a
cohort of narrowly tuned mitral cells by odor mixtures is read out synaptically by neurons in higher-level olfactory structures, such as the
anterior olfactory nucleus (AON), is mostly unknown. In the current study, we used intracellular and extracellular recordings to examine
and compare responses of AON neurons and MOB mitral cells to a panel of structurally diverse odorants presented either as mixtures or
as individual components. We found that a majority of individual AON neurons could be synaptically activated by several mixtures of
structurally dissimilar components and by several dissimilar components in an effective mixture. The suprathreshold response of an
AON neuron to an effective mixture often exceeded the sum of its suprathreshold responses to all of the components in that mixture,
indicating a nonlinear combinatorial interaction. In contrast to the broad responsiveness of AON neurons, the majority of mitral cells
were activated by only one or two components in a single mixture. The broader responsiveness of AON neurons relative to mitral cells
suggests that individual AON neurons synaptically integrate several functionally distinct mitral cell inputs.
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Introduction

Natural odorants important to intraspecies communication,
food source localization, and predator detection are complex
mixtures comprising hundreds of components. Therefore, the
olfactory system must solve the competing challenges of detect-
ing individual components and forming a coherent representa-
tion of the olfactory object. In the rodent main olfactory bulb
(MOB), individual mitral cells respond to one or, at most, a few
structurally similar components of complex natural or artificial
odorant mixtures (Lin da etal., 2005, 2006). This finding suggests
that initial stages of olfactory processing involve decomposition
of a complex mixture into a combination of individual odor fea-
tures (Wilson, 2000b; Haberly, 2001). However, humans have
limited ability to discriminate individual components in odor
mixtures (Livermore and Laing, 1996) and instead perceive com-
plex mixtures as unitary olfactory objects. This quality of olfac-
tory perception suggests that individual odorant features are in-
tegrated at higher levels of the olfactory system (Perez-Orive et
al., 2002; Zou and Buck, 2006) (for review, see Wilson and
Stevenson, 2003; Brunjes et al., 2005), although the nature of such
integration remains enigmatic.
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One idea is that this integration is achieved in the olfactory
cortex by merging information from distinct populations of mi-
tral cells, a view supported by several lines of evidence. Axon
terminal fields arising from mitral cells in different glomeruli
partially overlap in their central targets (Zou et al., 2001).
Immediate-early gene (IEG) studies show that odorants likely to
activate separate populations of mitral cells activate distinct but
partially overlapping regions of the olfactory cortex (Illig and
Haberly, 2003; Zou et al., 2005). Moreover, IEG activation in
some olfactory cortical neurons depends on odor combinations,
suggesting a requirement for simultaneous input from separate
mitral cell populations (Zou and Buck, 2006). These results sug-
gest that individual neurons above the level of the MOB are likely
to respond to a broader range of individual odorants, reflecting
convergent input from functionally different classes of mitral
cells. There is, however, surprisingly little evidence regarding
odorant selectivity of individual olfactory cortical neurons and
how this compares with the selectivity of individual mitral cells.
Given the large size of odor space, attempting to define the re-
sponse properties of single neurons in the olfactory cortex or
MOB is a daunting task. However, if there are significant differ-
ences in the breadth of tuning of cortical and mitral cells, this
should be evident in comparing their responses to a single set of
odorants or mixtures representing diverse structural and percep-
tual categories.

To address this issue, we measured odor-evoked responses of
individual neurons in the anterior olfactory nucleus (AON), the
lowest level within the olfactory cortical hierarchy and a recipient
of direct inputs from mitral cells in the MOB (Neville and
Haberly, 2004). Using in vivo intracellular recordings in anesthe-
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tized mice, we found that most AON neu-
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Table 1. Mixtures and their components used as odor stimuli

rons were synaptically activated by several

Components

structurally dissimilar components of mul-

tiple diverse odor mixtures. The supra- m:ﬁﬂ:;
threshold response of an AON neurontoan a3
effective mixture often exceeded the sum of  ixture 4
its responses to all of the components in that

mixture, indicative of a nonlinear combina-  Mixture 5
torial interaction. In contrast to the broad  Mixture 6
response profiles of AON neurons, in vivo  Mixture7

Butanol, pyridine, benzaldehyde, ethyl butyrate, (—)-carvone, pinene

Citronellal, hexenol, 2,5-dimethylpyrazine, isovaleric acid, methylbenzene, ocimene

2-Pentanone, eugenol, ethyl tiglate, acetal, methoxybenzene, pyrrole

2,4,5-Trimethylthiazole, 4-pentanolide, benzyl acetate, hexamethyldisiloxane, 6-methylquinoline,
isoamyl amine

Tributyrin, lyrame, bacdanol, vigoflor, verdural extra, kohinool

2-Hexanone, heptanal, methyl salicylate, 2-methylbutyraldehyde

Methyl valerate, propyl acetate, menthone, ethyl vinyl ketone, methyl pyrrolyl ketone, (—)-limonene

extracellular and intracellular recordings re-

vealed that most mitral cells were activated

by only one or two components in a single mixture. The broader
responsiveness of AON neurons relative to mitral cells supports
the idea that individual AON neurons combine multiple odor
features by integrating input from functionally different classes of
mitral cells.

Materials and Methods

All animal experiments were performed according to a protocol ap-
proved by the Duke University Institutional Animal Care and Usage
Committee.

Animals and anesthesia

Adult (10-20 weeks) C57BL/6 female mice were used in all experiments.
To reduce respiratory secretion and block bradycardia associated with
anesthesia, atropine (0.4 mg/ml, 0.05 mg/kg) was injected intraperitone-
ally before anesthesia. Animals were initially anesthetized with ketamine
(200 mg/kg) and xylazine (50 mg/kg) by intraperitoneal injection and
maintained on sevofluorane (1-2% in 100% O,). The depth of anesthesia
was monitored by heart and respiration rate. Anesthetized freely breath-
ing mice were fixed in an adjustable stereotaxic apparatus and kept warm
(37°C) with an electric heating pad. Breathing was monitored by mea-
suring the movement of chest with a strain gauge (KFG-3-120; Omega,
Stamford, CT) connected to a bridge module (BCM-1; Omega) and an
amplifier (DMD-465; Omega).

Odor stimulation

Seven artificial mixtures each with six monomolecular components (ex-
cept mixture 6, which contained four components) (Table 1) were used
as odor stimuli for both intracellular and extracellular recording experi-
ments. All mixtures and their components were diluted in mineral oil to
achieve a headspace concentration of 10 ppm (parts per million of vapor
pressure) in the vials and were further diluted to 1 ppm in the airflow.
Odorants were delivered in random order by a robotic 49-channel olfac-
tometer (model 7200; I & J Fisnar, Fair Lawn, NJ) at a 300 ml/min flow
rate. The duration for each trial of odorant application was 2 s with at
least 60 s intervals controlled by solenoid valves to avoid habituation
(Wilson, 2000a). To keep a constant flow rate, another stream of pure
oxygen with the same flow rate as that used for odor delivery was applied
between odor applications to compensate for the flow rate change.

Electrophysiology

Intracellular recording. The AON is a spherical structure 2.5-3.8 mm
anterior to bregma, 0.6—1.6 mm lateral to the sagittal suture, 2-4 mm
below the cranial surface, ventrally located posterior to the MOB. A small
hole with a diameter of 0.3—0.5 mm was opened on the skull above the
dorsal surface of the AON. In some experiments, electrodes were inserted
into the AON with an angle of 52-55° to the dorsal surface through an
aperture over the MOB. Sharp intracellular recording electrodes (100—
150 M) filled with 2 M potassium acetate and 4% neurobiotin (Vector
Laboratories, Burlingame, CA) were directed to the AON to search for
cells. Odorants were only tested for cells with a stable resting membrane
potential less than —60 mV and action potentials larger than 60 mV. The
resting membrane potential of some cells was maintained at a stable value
by tonic current injection. Signals were low-pass filtered at 3 kHz, am-
plified 10X by the AxoClamp 2B intracellular amplifier (Molecular De-
vices, Union City, CA), and digitized at 10 kHz (Spike2 software; Cam-

bridge Electronic Design, Cambridge, UK). The same procedure was
used for intracellular recordings of mitral cells, but electrode access was
achieved through a small hole on the skull above the dorsal surface of the
MOB.

Extracellular recording. Quartz-platinum/tungsten microelectrodes
(1.5-3 M{); Thomas Recording, Giessen, Germany) were used for extra-
cellular recording in the MOB. Isolated single units were filtered between
500 Hz and 5 kHz and amplified 500 X using a Thomas Recording system
(MiniMatrix). Spike2 software was used for data acquisition and analysis.

Histology

Intracellularly recorded cells were filled with 4% neurobiotin by applying
depolarizing current pulses for 5-15 min (0.8 nA, 500 ms duration, 1
Hz). After electrophysiological recordings, animals were perfused
transcardially with saline and 4% paraformaldehyde. The brains were
then cryoprotected with 30% sucrose. Coronal sections (50 wm) were cut
on a freezing microtome and reacted with 2-5 ug/ul Texas Red strepta-
vidin (Vector Laboratories). Fluorescently labeled cells were visualized
on a Zeiss (Thornwood, NY) LSM 510 laser-scanning confocal micro-
scope using a 40X objective (numerical aperture 1.3).

Data analysis

For extracellular recordings, an excitatory response was defined as an
elevation in firing rate during the 2 s odor presentation exceeding 2 SDs
of the baseline firing rate, measured during the 4 s prestimulus interval,
and significantly larger than the firing rate change induced by mineral oil
(Student’s ¢ test). This second criterion was used to control for any su-
prathreshold and/or subthreshold activity change induced by changes in
the flow rate associated with stimulus delivery or by the vehicle (mineral
oil). We followed this procedure because we and others in the Katz lab-
oratory have encountered a small subpopulation of mitral cells in the
MOB that respond strongly to flow rate change. Although we did not
observe large changes in firing rate in response to presentation of mineral
oil alone, flow rate change by itself occasionally did induce a small in-
crease in the firing rate. For intracellular recordings, both suprathreshold
and subthreshold excitation was measured. A suprathreshold excitatory
response was defined as an elevation in firing rate exceeding 2 SDs of the
baseline firing rate in the 4 s prestimulus interval and significantly larger
than the firing rate change induced by mineral oil (Student’s ¢ test). The
suprathreshold response strength shown in the Figure 4 y-axis was cal-
culated by subtracting the change of the firing rate above baseline in-
duced by mineral oil from the change of the firing rate induced by the
mixtures and each of their component odorants. A subthreshold excita-
tory response was defined as a net membrane potential depolarization
during odor presentation that was significantly larger than that induced
by mineral oil (Student’s ¢ test). For each stimulus, responses to more
than three trials (and in most cases, more than six trials) were averaged.
The averaged net membrane potential change was calculated as follows.
First, raw traces were median filtered (each point was replaced by the
median value of the surrounding 50 points, equivalent to 5 ms at the 10
kHz sampling rate used here). Second, the subthreshold depolarizing
responsiveness (Ry,,,) was calculated as Ry, = Sy,,, — By, where Sy, is
the averaged membrane potential during odor presentation and By,,,, is
the averaged membrane potential in the 10 s prestimulus interval. Third,
the subthreshold activities over the multiple trials were averaged. In all
relevant figures where subthreshold responses to mixtures and/or odor-
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Figure1. Invivointracellular recording reveals odor-evoked subthreshold and suprathresh-
old activity of AON neurons. 4, Membrane potential response of a typical AON neuron to injected
current pulses. The resting membrane potential of this AON neuron was —75 mV without
currentinjection. The injected current pulses were +0.25and —0.30 nA, respectively. Calibra-
tion: 20 mV, 100 ms. B, Verification of the recording site in C. Left, A schematic diagram of a
coronal section of a mouse brain. D, Dorsal; V, ventral; AOD, dorsal AON; AOL, lateral AON; AOM,
medial AON; AOV, ventral AON. Right, The morphology of the AON neuron recorded in (, as
revealed by intracellular neurobiotin staining (cell body location depicted by inverted triangle in
the left panel). Scale bars: left, 500 wum; right, 100 wm. €, Odor-evoked responses in a typical
AON neuron. The top panel shows the intracellular recording trace and respiration activity trace.
(alibration: 20 mV, 1s. The raster plots and poststimulus time histogram in the middle panel
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ants are depicted, quantification of the subthreshold responses to min-
eral oil is also provided. As with suprathreshold responses, the mineral
oil-associated activity is shown as a control for flow rate and vehicle
effects. In supplemental Table 1 (available at www.jneurosci.org as sup-
plemental material), the mixture and odorant-evoked responses were
corrected for these effects by subtracting any mineral oil-evoked sub-
threshold response.

The 9 AON neurons used in the analysis of the nonlinear suprathresh-
old response to odor mixtures shown in Figure 4 were chosen from the 19
AON neurons tested by both odor mixtures and their components ac-
cording to the following three criteria. First, odor mixtures or at least one
component evoked a suprathreshold response. Second, no “holding”
current was injected into the cell during the entire recording period. This
criterion insures that we studied the response properties of the cell to
mixtures and individual odorants without the possible confound of al-
tering the distance between the resting membrane potential and action
potential threshold. Third, the resting membrane potential of the cell was
stable during the entire recording period. As with the second criterion,
this requirement avoided cases in which fluctuations in the resting mem-
brane potential could change the amount of synaptic activity required to
reach action potential threshold.

A x? test and a Kolmogorov—Smirnov test were used to compare the
distribution of the number of effective mixtures and effective compo-
nents between mitral cells and AON neurons.

Results

We used intracellular and extracellular recordings in
sevoflurane-anesthetized mice to record odorant-evoked re-
sponses in the AON and the MOB. We first characterized the
suprathreshold and subthreshold responses of AON neurons to a
panel of structurally dissimilar odorants presented as both mix-
tures and monomolecular components. Then, in a different set of
mice of the same strain and sex, we measured the suprathreshold
and subthreshold responses of mitral cells in the MOB to the
same odorant panel and compared the responsiveness of AON
neurons to that of their afferent mitral cells.

To activate non-overlapped mitral cells and sample as large an
odor space as possible, we chose a panel of 40 dissimilar odorants
broadly distributed across structural and perceptual categories,
presented as both mixtures and monomolecular components at a
concentration of 1 ppm. This panel was artificially divided into
seven mixtures with each mixture comprising six structurally dis-
similar components (with the exception of mixture 6, which only
contains four components) (Table 1). Subthreshold and suprath-
reshold responses of AON neurons to the seven mixtures were
examined first, and then after confirming that an AON neuron
was activated by a given mixture, the responses of the cell to the
individual components in that mixture were measured (see Ma-
terials and Methods for quantification of subthreshold and su-
prathreshold responses).

Intracellular recording reveals that AON neurons exhibit
broad responsiveness

We used sharp electrode intracellular recording in AON neurons
to measure the breadth of their odor-evoked responses. The cells
that we recorded from had low spontaneous firing rates (<5 Hz)
and had an average action potential width at half amplitude of
0.75 * 0.02 ms (n = 43). In the absence of an odor stimulus, the
average resting membrane potential of these AON neurons was

<«

show consistent suprathreshold responses. The bottom panel shows the averaged net mem-
brane potential change. During odor presentation (2 ; indicated by the black bar), the cell is
strongly excited, as revealed by both an increase in the firing rate and a depolarization of
membrane potential, both of which are in phase with the respiratory rhythm (n = 6).
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—78.1 £ 0.7 mV (n = 24 cells that were
studied without tonic current injection),
and the membrane potential oscillated in
synchrony with the breathing rhythm
(~2-3 Hz) during some time periods. The
membrane potential response of a typical
AON cell to injected current pulses is
shown in Figure 1 A. Subsequent intracel-
lular staining with neurobiotin and post
hoc visualization revealed that all (n = 32)
of the AON neurons recovered for histol-
ogy were pyramidal in shape, with one
long apical dendrite extending toward the
superficial lateral olfactory tract (LOT)
layer, several basal dendrites, and a soma
located in the cell body layer of AON (Fig.
1B). Their low spontaneous firing rates,
relatively broad action potentials, and py-
ramidal morphology indicated that all of
the cells that we recorded from were AON
pyramidal neurons.

Delivery of odor stimuli evoked excita-
tory responses from AON neurons. Re-
sponses started at the first inhalation after
stimulus onset, lasted for the full 2 s odor
presentation, and were characterized by
both membrane potential depolarization
and an increase in the firing rate of the cell
(Fig. 1C) (see Materials and Methods).
Net membrane potential change averaged
across multiple trials of the same odorant
emphasize an abrupt depolarization at the
first inhalation point after odor delivery
and an augmented oscillatory behavior in
synchrony with the breathing rhythm
(Fig. 1C). Among the 83 intracellularly re-
corded AON neurons, 47 exhibited excita-
tory responses to at least one odor mix-
ture. We never observed hyperpolarizing
membrane potential responses to mix-
tures or component odorants.

Because intracellular recording affords
the most sensitive measurement of synap-
tic input, we applied this technique to
examine the odor-evoked subthreshold
responses of AON neurons. We found
that individual AON neurons can be ac-
tivated synaptically by multiple mix-
tures and multiple components in an
effective  mixture. Among odor-
responsive AON neurons tested with
more than one mixture, almost all (38 of
47, or 81%) were activated by multiple
mixtures, whereas the remainder (9 of
47, or 19%) responded to only one mix-
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Figure2.  AON neurons can respond to multiple dissimilar mixtures. 4, In vivo intracellular recording from an AON neuron shows

that it was strongly excited by five mixtures (a7-a5). All five mixtures can induce depolarization of the membrane potential,
accompanied by action potential discharge. Conventions are as in Figure 1. B, Quantification of net membrane potential change
induced by each mixture during a 2 s odor presentation. *p << 0.05, **p << 0.01, Student’s ¢ test versus mineral oil (vehicle only).

ture (see Fig. 8A). Figure 2 shows an example of a broadly
responsive AON neuron, which displayed subthreshold and
suprathreshold responses to five mixtures.

After confirming that an AON neuron could be activated syn-
aptically by a given mixture, subthreshold responses to the indi-
vidual components of that mixture were tested separately. Of the
19 AON neurons held long enough to test both the effective mix-
tures and their components, 17 were activated by two or more

components: one cell (5%) was synaptically activated by five
components, seven cells (37%) were activated by four compo-
nents, two cells (10%) were activated by three components, seven
cells (37%) were activated by two components, and two cells
(10%) were activated by only one component (summarized in
Fig. 8 B). On average, AON neurons respond to three compo-
nents in a given effective mixture. An exemplar AON neuron
shown in Figure 3 reveals subthreshold activation by several
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AON neurons can be excited by multiple dissimilar components within an effective mixture. A, In this example, four
of a single mixture (mixture7) induced significant subthreshold activity relative to mineral oil (data not shown).

Conventions are as in Figure 1. B, Quantification of averaged net membrane potential change (subthreshold activity) induced by
the entire mixture and its individual components during a 2 s odor presentation. *p << 0.05, ***p < 0.001, Student’s t test versus
mineral oil (vehicle only).
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structurally dissimilar components from
one of the effective mixtures for that cell.
These results show that AON neurons can
respond to a broad panel of structurally
dissimilar odorants.

A previous study showed that the ex-
pression of the IEG arc in some olfactory
cortical neurons requires simultaneous
presentation of two odorants (Zou and
Buck, 2006). These studies suggest that
AON neurons may transmit information
about combinations of odorants in a
nonlinear manner, although the relation-
ship between IEG expression and supra-
threshold activity in the AON is not well
understood. To determine whether com-
binations of odorants could evoke su-
prathreshold responses from AON neu-
rons in a nonlinear manner, we compared
the suprathreshold responsiveness of an
AON neuron to an effective mixture to the
sum of its suprathreshold responses to all
of the components in that mixture. The
nine AON neurons included in the analy-
sis and shown in Figure 4 were chosen ac-
cording to three criteria, including a su-
prathreshold response to at least one
stimulus, a stable resting membrane po-
tential throughout the test period, and no
application of tonic current injection dur-
ing the test period (see Materials and
Methods). In most (six of nine) cells that
met these three criteria, the suprathresh-
old response to the effective mixture ex-
ceeded the sum of the suprathreshold re-
sponses to all individual components
within that mixture (Fig. 4, cells 1-6)
(note that these suprathreshold responses
to mixtures and their component odor-
ants are corrected for any vehicle or flow
rate effects by subtracting responses to
mineral oil presented alone). In the other
three cells, the suprathreshold response
evoked by the mixture was either smaller
than (n = 2) or equal to (n = 1) the linear
sum of component-evoked responses.
This set of experiments suggests that AON
neurons show nonlinear suprathreshold
responses to multiple odorants presented
as a mixture. One explanation for the su-
pralinear behavior that we observed is that
many component odorants may evoke
only subthreshold responses when pre-
sented alone. A comparison of subthresh-
old and suprathreshold responses to com-
ponent odorants showed this to be the case
(supplemental Table 1, available at www.
jneurosci.org as supplemental material)
(the mean number of components in an
effective mixture that elicited supra-
threshold responses significantly greater
than mineral oil was 0.9; the mean number
of components in an effective mixture that
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Figure4. Inthe AON, the suprathreshold response to an effective mixture differed from the
linear sum of the suprathreshold responses to all individual components in that mixture. For
each of nine AON neurons, the evoked suprathreshold response to an effective mixture (cross) is
compared with the suprathreshold responses to the odorants in that mixture (open circles), the
sum of all of these individual odorant responses (filled circles), and the sum of only the individ-
ual odorant responses that involved a positive change in firing rate (diamonds). In most cells
(1-6), the suprathreshold response to the mixture exceeded either of the linear sums, whereas
in the other three cells (7-9), the mixture-evoked response was less than or equal to the linear
sums. In all cases, the odor-evoked firing rate was calculated relative to presentation of the
vehicle alone (i.e., mineral oil) to control for any flow rate and/or vehicle-dependent changesin
firing rate in these AON neurons (see Materials and Methods).

elicited subthreshold responses significantly greater than mineral
oil was 2.9; p = 0.002, paired ¢ test; n = 9 cells). The sublinear
responses to mixtures we saw in two cells may provide some
evidence of inhibitory processes (see Discussion).

Mitral cells in the MOB exhibit narrower responsiveness than
do AON neurons

Previous studies show that mitral cells in the MOB are narrowly
tuned, typically responding to odorants with high structural sim-
ilarity (Mori, 1995; Mori et al., 1999) (I. Davison and L. C. Katz,
unpublished observations). To confirm that the 40 structurally
dissimilar odorants in our odor panel do indeed activate dispar-
ate mitral cells, we measured the suprathreshold and subthresh-
old responses of mitral cells to the same odorant panel used to
assess AON neuronal responsiveness. This allowed us to directly
compare the relative breadth of responsiveness of AON neurons
and their primary afferents.

We first used sharp electrodes to make intracellular record-
ings from mitral cells in the MOB (Fig. 5). In the absence of an
odor stimulus, the average resting membrane potential of mitral
cells was —66.6 = 1.0 mV (n = 25 cells that were studied without
tonic current injection). Delivery of odor stimuli evoked excita-
tory responses characterized by both membrane potential depo-

Lei et al. ® Olfactory Integration in Mouse AON

A mixture3 (n=8)

[

-68 MY/ i

VYV VYWYV YTV

[ T B
L N T R T T O O  TR A T R '
O I T T A T T I

ORI O RC Y SR PR )

ﬁ“ I-m-nm-”m.‘n-‘:. :u L |I i ‘
T T IR R R
S LA TR [T N A | 1
Q 20 1
o
o 10 1
=
=
= 0 -
™~ _2
>
© £ 5 e
c
Eo 0
m -~
E o
o 2 0 2 4 6
Figure 5.  Invivo intracellular recording reveals both suprathreshold and subthresohold re-

sponses of mitral cells. A, A representative response of a mitral cell to presentation of an odor
mixture. Odor presentation consistently evokes both suprathreshold and subthreshold re-
sponses of the mitral cell across multiple trials (n = 8). Conventions are as in Figure 1. Calibra-
tion: 20 mV, 1s. B, Intracellular neurobiotin staining reveals recorded cells are situated in the
mitral cell layer. The mitral cell layer is designated by arrowheads, and two filled cells are
indicated by arrows. The right panel shows a higher-magpnification image of the cell within the
boxed region of the left panel.

larization and an increase in firing rate (Fig. 5A). We observed
that at both subthreshold and suprathreshold levels, most re-
sponsive mitral cells were activated by only a single component of
a single effective mixture (Figs. 6, 7). Among the 35 intracellularly
recorded mitral cells (n = 14 mice), 24 cells were entirely unre-
sponsive to any of the odorant mixtures, whereas nine were acti-
vated by only one mixture (Fig. 6) and two were activated by three
mixtures. Of the six responsive mitral cells held long enough to
measure the responses to individual components in effective
mixtures, five (83%) exhibited excitatory responses to only one
component (Fig. 7A,B) and only one (17%) responded to two
components in a single mixture. Notably, the strength of the
subthreshold and suprathreshold excitation evoked by a single
component was similar to that evoked by the entire mixture (Fig.



Lei et al. o Olfactory Integration in Mouse AON

A al

mixture1 (n=1)

potential (mV) firing rate (Hz)

membrane

mixture5 (n=3)

J. Neurosci., November 15, 2006 - 26(46):12023—12032 * 12029

of 35), most mitral cells still were activated
by only one or two components in an ef-
fective mixture. In the 10 cases in which
one or more component in an effective
mixture elicited a response from a mitral
cell, six (60%) of these responses were to
only one component in a given effective
mixture (supplemental Fig. 1, available at
www.jneurosci.org as supplemental mate-
rial), three (30%) were to two compo-
nents, and one (10%) was to three compo-
nents. Finally, to exclude the possibility
that the lack of responses to certain mix-
tures was attributable to cancellation of re-
sponses between mutually inhibitory

components (Oka et al., 2004; Tabor et al.,
2004), the responses of all (n = 44) cells to
individual components of a randomly
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chosen noneffective mixture were also ex-
amined. No responses to individual com-
ponents in noneffective mixtures were
found, reinforcing the idea that mitral
cells only respond to a very small fraction
of odorants in our panel. This is consistent
with previous findings showing that indi-
vidual mitral cells respond to structurally
similar, but not dissimilar, odorants
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7B), suggesting that a single component can fully account for the
response to the mixture.

Because only suprathreshold activity can be transmitted from
mitral cells to AON neurons, we also used extracellular record-
ings to measure mitral cell responses to the same odor panel.
Among the 44 mitral cells (n = 6 mice) we studied with extracel-
lular recordings, 37 were entirely unresponsive to any of the
odorant mixtures, whereas three were activated by only one mix-
ture and four were activated by multiple mixtures. Although the
percentage of mitral cells responding to multiple mixtures mea-
sured by extracellular recording was larger than that measured by
intracellular recording (extracellular vs intracellular: 4 of 44 vs 2

I

u) Zanpaw
u) Ganyxiw

(1

Intracellular recording reveals most mitral cells respond to only one of seven test mixtures. 4, A mitral cell is activated
only by mixture 5. aT—a7, The top panel shows the raster plots and poststimulus time histogram constructed from presentation
of the seven mixtures. The bottom panel shows the net membrane potential change during odor stimulation. Only mixture 5
induces responses. The number of stimulus presentations is shown in parentheses. B, Quantification of net membrane potential
change induced by each mixture during odor delivery. ***p < 0.001, Student’s ¢ test versus mineral oil (vehicle only).

(Mori, 1995; Mori et al., 1999).

To better estimate the behavior of the
mitral cell population, we combined odor-
ant response measurements from cells ex-
amined with intracellular and extracellu-
lar recordings. We combined these two
pools of cells because a y? test revealed
that the numbers of components in an ef-
fective mixture to which mitral cells re-
spond when measured with intracellular
or extracellular recordings were drawn
from the same distribution (x? test, p =
0.83). These pooled data revealed that
more than two-thirds (11 of 16, or 69%) of
mitral cells responded to only one compo-
nent in a mixture, whereas 25% (4 of 16)
responded to two components and 6% (1
of 16) responded to three components
(Fig. 8 B). Furthermore, two-thirds (12 of
18) of the responsive mitral cells were ac-
tivated by only one mixture, whereas one-
third (6 of 18) were activated by multiple
mixtures (Fig. 8 A). These recordings show
that the majority of mitral cells respond to
only a single odorant within a single effective mixture. This ten-
dency to respond to one of the structurally dissimilar odorants in
our panel distinguishes mitral cells from AON neurons.

To quantify population level differences in mitral cell output
and AON cell input, we compared the suprathreshold response
profiles of mitral cells with the subthreshold response profiles of
AON neurons to the same odorant panel. The distribution of
mitral cell and AON neuron responses to the number of mixtures
(x? test, p < 0.0001) (Fig. 8A) or the number of components in
an effective mixture (y? test, p < 0.0001) (Fig. 8 B) were signifi-
cantly different. This comparison supports the idea that AON
neurons exhibit a broader range of synaptic responsiveness to
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mixtures and individual odorants than
can be accounted for by the suprathresh-
old responses of individual mitral cells.

Discussion

We used both extracellular and intracellu-
lar recordings to compare the responsive-
ness of AON neurons with their afferent
mitral cells to the same panel of odorants.
We found that, as a population, AON neu-
rons exhibit broader receptive fields than
do mitral cells: most AON neurons were
synaptically excited by multiple mixtures
and several components in an effective
mixture, whereas the majority of mitral
cells responded to only one or two compo-
nents in an effective mixture. We also ob-
served that AON neurons could respond
in a nonlinear manner to combinations of
odorants within an effective mixture.
These results point to the AON as a site
where individual odorant features are
combined to generate broader and more
complex response patterns.

The broader response patterns of AON
neurons indicate that individual AON neu-
rons integrate multiple synaptic inputs from
a population of functionally diverse mitral
cells. This interpretation is strengthened by
evidence that many of the odorants that in-
dividual AON neurons respond to are
known to activate non-overlapping popu-
lations of mitral cells, as revealed by
2-deoxyglucose (2-DG) and intrinsic imag-
ing methods. For example, we found that
two AON neurons responded to two com-
ponents in mixture 6, 2-hexanone and hep-
tanal, which have mutually exclusive activa-
tion patterns in the MOB as determined by
the 2-DG method (Leon and Johnson,
2006). Similarly, one AON neuron re-
sponded to ethyl butyrate and (—)-carvone
in mixture 1, and another AON neuron re-
sponded to 2-pentanone and eugenol in
mixture 3. Each member of these odorant
pairs also activates disparate regions of the
MOB (Leon and Johnson, 2006). More evi-
dence comes from intrinsic imaging experi-
ments. Two AON neurons we recorded
from were activated by both (—)-carvone
and pinene in mixture 1, which activate
distinct populations of mitral cells as de-
termined by intrinsic imaging methods
(Takahashi et al., 2004). Similarly, one
AON neuron responded to methyl valer-
ate, propyl acetate, and (—)-limonene,
and another AON neuron responded to
methyl valerate, propyl acetate, and men-
thone in mixture 7. These odors also acti-
vate different regions of the MOB (Uchida
et al., 2000; Takahashi et al., 2004; Mori et
al., 2006). Nevertheless, a minority of the
mitral cells in our sample exhibited broad
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Most mitral cells respond to only a single component in an effective mixture. 4, A representative mitral cell responds

to only a single component (methylbenzene) in mixture 2. a7—a7, The entire mixture 2 and a single component of that mixture,
methylbenzene, reliably evoke suprathreshold and subthreshold responses. The other five components fail to evoke any re-
sponses. The strength of suprathreshold activity and the magnitude of membrane potential depolarization induced by component
methylbenzene in isolation are similar to those induced by the entire mixture 2. The number of stimulus presentations is given in
parentheses. Conventions are as in Figure 1. B, Quantification of net membrane potential change induced by the entire mixture 2
and its individual components. ***p < 0.001, Student’s ¢ test versus mineral oil. The entire mixture 2 and its component
methylbenzene induce subthreshold activity significantly larger than mineral oil, which serves as a vehicle-only control.
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Figure 8.  Comparison of suprathreshold response profiles in mitral cells with subthreshold
response profiles in AON neurons reveals that AON neurons are more broadly responsive at the
synaptic level than are mitral cells at the output level. A, The number of mixtures that elicit
subthreshold responses in individual AON neurons (black bar) exceeds the number of mixtures
thatelicit suprathreshold responses in individual mitral cells (gray bar) (thest,p =0).B,More
AON neurons respond to multiple components of an effective mixture than do mitral cells (2
test, p = 4.4e-12).

response characteristics that could also contribute to the greater
breadth of tuning patterns observed in the AON.

The transform from narrowly tuned mitral cells to broadly
tuned AON neurons could be mediated by the direct convergence
of mitral cell axons onto individual AON neurons. Evidence for
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direct mitral cell to AON neuron convergence comes from ana-
tomical studies showing that axon collaterals arising from differ-
ent glomeruli may partially overlap in the olfactory cortex (Zou et
al., 2001) and from physiological studies showing that individual
olfactory cortical neurons receive convergent synaptic input
from the LOT (Franks and Isaacson, 2006). Alternatively, this
transform may be mediated by intracortical or corticocortical
connections through the well developed association fiber net-
work (Neville and Haberly, 2004). Intracellular staining of single
olfactory cortical neurons reveals that their synaptic terminals
ramify broadly throughout the entire olfactory cortex (Luskin
and Price, 1983a,b; Ojima et al., 1984; Johnson et al., 2000), pro-
viding the likely source of the disynaptic EPSPs evoked in olfac-
tory cortical neurons by electrical stimulation of the LOT (Neville
and Haberly, 2004). Therefore, abundant synaptic substrates for
both direct and indirect convergence exist between the MOB and
the AON and could account for the broad patterns of synaptic
responsiveness in AON neurons we detected. Distinguishing be-
tween direct and indirect mechanisms could be achieved by re-
cording intracellularly from AON neurons while reversibly
inactivating the local AON circuit (Ferster et al., 1996) or phar-
macologically isolating afferent versus associational inputs to
AON neurons (Hasselmo and Bower, 1992; Tang and Hasselmo,
1994; Franks and Isaacson, 2005). Ultimately, the present obser-
vations support a convergent organization between the MOB and
the AON, regardless of the underlying mechanism.

The present study reveals some features of synaptic integra-
tion at the level of the AON and thus constitutes an initial step in
linking cellular and synaptic level events to higher-order aspects
of olfactory processing. One feature we noted was that AON neu-
rons often responded in a nonlinear manner to combinations of
odorants presented as mixtures. The most common behavior we
observed was a mixture-evoked suprathreshold response that ex-
ceeded the linear sum of suprathreshold responses to all compo-
nents of that mixture. This supralinear behavior indicates that
AON neurons can effectively signal the presence of odorant com-
binations, consistent with recent studies using IEG methods (Zou
and Buck, 2006). The most likely explanation for this behavior is
that individual odorants presented in isolation often elicit only
subthreshold synaptic responses, but interactions between syn-
aptic responses evoked by odorants presented in mixtures exceed
action potential threshold. This view is supported by the present
finding that individual odorants more often evoked only sub-
threshold responses (supplemental Table 1, available at www.
jneurosci.org as supplemental material). We also observed sub-
linear responses to odorant mixtures in a smaller subset of cells,
which might point to inhibitory processes. Although we never
saw hyperpolarizing membrane potential responses to any com-
ponents or mixtures, the relatively negative resting potentials of
AON neurons we recorded from raises the possibility of depolar-
izing inhibitory synaptic activity (i.e., if the resting membrane
potential was negative of the reversal potential of the inhibitory
current). Indeed, one hint of inhibition is that the suprathreshold
responsiveness of some AON neurons to an odorant was less than
its responsiveness to presentation of vehicle only. Because the
projections from the MOB to the AON are thought to be purely
excitatory (Neville and Haberly, 2004), odorant-evoked inhibi-
tion in AON neurons would likely reflect intracortical processing.
An important goal of future studies will be to further dissect the
synaptic mechanisms underlying olfactory responses of AON
neurons, which may be achieved in part through in vivo whole-
cell recording methods.

Previous studies have noted striking similarities between the



12032 - J. Neurosci., November 15, 2006 + 26(46):12023-12032

olfactory systems of diverse species ranging from insects to mam-
mals (Ache and Young, 2005). At the periphery, olfactory recep-
tor proteins in both insects and mammals are seven transmem-
brane G-protein-coupled receptors coded by a similar gene
family (Buck and Axel, 1991; Clyne et al., 1999; Gao and Chess,
1999; Vosshall et al., 1999). An intriguing structural parallel is
that olfactory receptor neurons expressing the same olfactory
receptor make convergent projections onto second-order neu-
rons, which are located in the antennal lobe of the insect or the
MOB of the mammal. Subsequently, these second-order neurons
make divergent projections to their respective targets in the insect
protocerebrum and the mammalian olfactory cortex, and evi-
dence suggests that multiple second-order neurons with different
response properties may converge on a single postsynaptic third-
order neuron (Zou et al., 2001; Marin et al., 2002; Wong et al.,
2002). This extensive pattern of anatomical divergence and con-
vergence between second- and third-order neurons in these sys-
tems may facilitate integration of olfactory information, includ-
ing the combination of multiple odorant features present in
complex natural stimuli. Evidence of such combinatorial inter-
actions can be found in both the insect and mammalian olfactory
system. In the locust, electrophysiological recordings indicate
that Kenyon cells in the mushroom body may act as coincidence
detectors of multiple projection neuron inputs (Perez-Orive et
al,, 2002). In the mouse, the electrophysiological recordings we
made from the AON, as well as a recent IEG study, indicate that
individual AON neurons can respond in a nonlinear manner to
combinations of odorants. The present results extend the func-
tional parallel between rodent and insect olfactory systems by
showing that the third-order neurons of the AON synaptically
integrate diverse mitral cell inputs, combining multiple odorant
features at the level of single neurons in the service of complex
olfactory object representation.
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