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Abstract
Nitric oxide (NO) has been long assumed to play a key role in mammalian olfaction. This was based
largely on circumstantial evidence, i.e. prominent staining for nitric oxide synthase (NOS) and cyclic
GMP or soluble guanylyl cyclase, an effector enzyme activated by NO, in local interneurons of the
olfactory bulb. Here we employ innovative custom-fabricated NO micro-sensors to obtain the first
direct, time-resolved measurements of NO signaling in the olfactory bulb. In 400 μm thick mouse
olfactory bulb slices, we detected a steady average basal level of 87 nM NO in the extracellular space
of mitral or granule cell layers. This NO ‘tone’ was sensitive to NOS substrate manipulation (200
μM L-arginine, 2 mM L-NAME) and Mg2+ modulation of NMDA receptor conductance. Electrical
stimulation of olfactory nerve fibers evoked transient (peak at 10 s) increments in NO levels 90 –
100 nM above baseline. In the anesthetized mouse, NO micro-sensors inserted into the granule cell
layer detected NO transients averaging 55 nM in amplitude and peaking at 3.4 sec after onset of a 5
sec odorant stimulation. These findings suggest dual roles for NO signaling in the olfactory bulb –
tonic inhibitory control of principal neurons, and regulation of circuit dynamics during odor
information processing.

Keywords
arginine; electrode; granule cell; microsensor; NOS; odorant

INTRODUCTION
Nitric oxide (NO) is likely to be intimately involved in odor information processing, based on
the high expression levels of one isoform of its synthetic enzyme, neuronal nitric oxide synthase
(nNOS), in specific cellular populations in the main olfactory bulb (MOB) (Kishimoto et al.,
1993; Spessert et al., 1994; Dellacorte et al., 1995; Hopkins et al., 1996; Alonso et al., 1998;
Crespo et al., 2003; Gutierrez-Mecinas et al., 2005). Among the principal neurons, nNOS is
expressed in a subset of tufted cells participating in an intrabulbar association system (Kosaka
and Kosaka, 2007). The intrinsic neurons of the MOB containing nNOS include subpopulations
of periglomerular cells, granule cells, short-axon cells and stellate cells. The nNOS content of
periglomerular and granule cells has been determined using three different cytochemical
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methods (Kishimoto et al., 1993). The periglomerular (PG) cells containing nNOS are non-
dopaminergic and receive direct synaptic contacts from olfactory nerve terminals (type 1 PG)
(Crespo et al., 2003). A separate subset of PG cells stains positive for the β1 subunit of soluble
guanylyl cyclase, an effector enzyme that makes cyclic GMP (cGMP) when activated by NO.
The β1–positive PGs do not receive synaptic contacts from olfactory nerve terminals (type 2
PG) and they are mostly calbindin 28k-positive (Gutierrez-Mecinas et al., 2005). This cellular
compartmentalization suggests that NO acts as a diffusible intraglomerular signal between type
1 and type 2 PG cells. Similarly, NOS expression (indicated by NADPH-diaphorase staining)
and cGMP synthesis are partitioned into mutually exclusive subsets of granule cells (Hopkins
et al., 1996).

The precise role of NO in regulating developmental events (Willse et al., 2005) or modifying
sensory processing (Gelperin et al., 2000; Wilson et al., 2007) in neural circuits in the olfactory
bulb has not yet been determined. Expression of nNOS is required for development of the
glomerular organization of the bulb (Chen et al., 2004; Moreno-Lopez and Gonzalez-Forero,
2006). An indication of a role for NO in synaptic interactions comes from in vivo microdialysis
measurements. Vaginocervical stimulation during pro-oesterus/oestrus elicits citrulline
production, a marker of NO synthesis, in the MOB (Guevara-Guzman et al., 2000). This effect
may depend on noradrenergic activation of the NO/cGMP/protein kinase G pathway
(Gonzalez-Flores et al., 2007). Indirect evidence that NO affects olfactory processing in the
main olfactory bulb is based on the ability of nNOS blockers applied to the main olfactory bulb
to block olfactory memory formation (Kendrick et al., 1997). Chronic systemic application of
nNOS blockers improves olfactory memory by removing the inhibitory effect of NO on
neurogenesis in the subventricular zone, thereby increasing the number of new periglomerular
neurons in the glomerular layer of the OB (Romero-Grimaldi et al., 2006). The accessory
olfactory bulb (AOB) also stains densely for nNOS and has an NO-dependent memory
formation mechanism activated by olfactory signals during mating (Okere et al., 1996; Okere
and Kaba, 2000). Nitric oxide is implicated in a variety of mechanisms for synaptic plasticity
and learning, involving both olfactory cues and processing in other sensory systems (Susswein
et al., 2004; Tsutsuki et al., 2007; Wang et al., 2007).

Methods for electrochemical detection of NO have recently become available (Wink et al.,
1995; Christodoulou et al., 1996; Allen et al., 2000; Brunet et al., 2003; Zhang, 2004;
Nunemaker et al., 2007), enabling measurements of NO on the second and sub-second time
scales in local regions of neural circuitry in vivo (Buerk et al., 1996; Buerk et al., 2003a; Buerk
et al., 2003b), in brain slices in vitro (Leonard et al., 2001; Ledo et al., 2002; Ferreira et al.,
2005) and in neuronal cell cultures (Oni et al., 2004; Xu et al., 2004; Pereira-Rodriques et al.,
2005). Here, we show for the first time that NO-selective microelectrodes can be used to
measure NO production in the living mouse olfactory bulb. We can detect both tonic and
stimulus-evoked NO production in bulb slices. We also show that odorant stimulation can
evoke NO production in the intact olfactory bulb of anesthetized mice.

METHODS
NO microsensor fabrication and calibration

NO micro-sensors were Nafion-coated recessed gold-plated microelectrodes (Buerk et al.,
1996; Buerk and Riva, 1998; Fukamura et al., 2001; Thom et al., 2002; Buerk et al., 2003a)
with tip diameters ranging between 5 and 10 μm. The recessed design in this and other types
of NO microelectrodes has been briefly reviewed (Buerk, 2001). Microelectrodes were
fabricated from Wood’s metal-filled glass micropipettes, plated with gold inside the recess at
the tip, thoroughly cleaned, and then the tip was dip coated with Nafion polymer to reduce
interference from ascorbate, catecholamines, nitrates, tyrosine, and other chemical species.
The remaining recess, typically 10 to 20 μm deep, protects the membrane and also acts as a
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diffusion barrier to larger molecules that might be oxidized. For example, Bohlen (1998)
reported that the current sensitivity to ascorbate and norepinephrine for recessed NO
microelectrodes with similar tip and recess dimensions was over three orders of magnitude
smaller than for NO (Bohlen, 1998). Current generated by the electrochemical oxidation of
NO gas at a potential of +850 mV relative to a grounded Ag/AgCl reference was measured
with a sensitive electrometer (Model 610C; Keithley Instruments, Cleveland, Ohio). Prior to
brain tissue measurements, two-point calibrations of each electrode were made in
deoxygenated saline at 37°C using compressed gases (100% nitrogen and 1800 ppm NO in
nitrogen) corresponding to NO concentrations of 0 and 2.76 μM, with typical sensitivities
ranging between 20–100 nM/pA. The recessed NO micro-sensor has excellent spatial and
temporal resolution, with 90% response time <100 ms and linear response characteristics in
the range of physiological NO concentrations (typically <1 μM). The raw data from the NO
micro-sensor were sampled and digitized at rates of 10, 20 or 100 Hz.

NO measurements in slices of mouse olfactory bulb
Olfactory bulb slices from mice were prepared as described previously (Lowe, 2002, 2003).
Briefly, male P21 C57BL6 mice (Charles River Laboratories, Wilmington, Massachusetts)
were sacrificed by decapitation under deep halothane anesthesia and the bulbs extracted into
ice cold sucrose slicing solution (mM): 240 sucrose, 2.5 KCl, 10 Na-HEPES, 10 glucose, 1
CaCl2, 4 MgCl2, 0.2 ascorbic acid, pH 7.2. Horizontal olfactory bulb slices (350 μm thickness)
were cut and incubated 1–3 h (32°C–23°C) in an interface chamber with high Mg2+, L-arginine-
supplemented artificial cerebrospinal fluid (ACSF) (mM): 124 NaCl, 2.5 KCl, 26 NaHCO3,
1.25 NaH2PO4, 10 glucose, 1 CaCl2, 3 MgCl2, 200 μM L-arginine (95% O2, 5% CO2). For
NO measurements, slices were submerged in an open chamber, immobilized with a platinum
harp and perfused (2 ml/min) with L-arginine-supplemented standard ACSF (mM): 124 NaCl,
2.5 KCl, 26 NaHCO3, 1.25 NaH2PO4, 25 glucose, 2 CaCl2, 1.3 MgCl2, 200 μM L-arginine
(bubbled with 95% O2, 5% CO2, 23°C). Bath solutions were changed by using a teflon valve
to switch between different perfusion reservoirs.

To make measurements of NO release in slices, NO micro-sensors were positioned in mitral
and granule cell layers of the slice under visual control, using a Nikon E600 FN upright
microscope equipped with a Leica HCX APO L 63X/0.90 water-immersion objective, infrared
differential interference contrast (IR-DIC) optics, and an infrared video camera (C2400–79H,
Hamamatsu Photonics K. K.). A concentric bipolar platinum/iridium electrode (125 μm outer
pole, 25 μm inner pole) (Frederick Haer & Co, Bowdoinham, Maine) was placed in the
overlying olfactory nerve layer and 100 – 200 μs, 0.2 – 0.4 mA pulses were delivered as single
stimuli or as trains at 40Hz by a constant current generator (A320, World Precision Instruments,
Sarasota, Florida). This type of stimulation has been shown previously to evoke neuronal
synchrony and oscillatory network activity in bulb slices (Friedman and Strowbridge, 2003).
NO oxidation currents were amplified by a sensitive electrometer, and the output recorded by
a computer controlled data acquisition system at a sampling rate of 10 Hz. Changes in current
are shown, subtracting the current for basal NO in some cases, or the residual current for zero
NO in the bath in other cases.

NO measurements in anesthetized mouse olfactory bulb Male
C57BL6 mice (20–25 g) were anesthetized with 2% isoflurane. When unresponsive to paw
pinch, the head of the mouse was mounted in a precision stereotaxic device, the head shaved
and the scalp incised and retracted. Mouse body temperature was monitored and maintained
at 37°C with a rectal thermistor and heating pad. A craniotomy (2 mm diameter) was made
using a dental drill to allow access of an NO micro-sensor to the dorsal surface of the left or
right olfactory bulb. Measurements of NO release in the olfactory bulb of the anesthetized
mouse used the same micro-sensors and instrumentation as in recordings from the mouse
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olfactory bulb slices. We made NO measurements at different depths in the olfactory bulbs of
3 mice. In some experiments, the depths of the dorsal and ventral mitral cell layers were first
determined with a tungsten single unit extracellular recording electrode. In these experiments
an NO micro-sensor was then advanced along the same path traversed by the single unit
electrode. In all experiments the depth of the granule cell layer was identified stereotaxically,
relative to bregma and the depth below the dura. Both NO micro-sensor and single unit
electrode signals were sampled at 100 Hz, along with a timing signal when solenoids were
switched on and off. Stimuli included seven different odorant mixtures (Table 1), delivered to
the nares by a custom-built olfactometer that used a bank of solenoid valves to switch the
saturated headspace of odorant sample vials into the isoflurane supply line. Odorants were
obtained from Sigma-Aldrich (St. Louis, Missouri) and each component of the odorant mixture
was present at 1% (vol/vol). All components of a given mixture were in either water or odorless
mineral oil as a solvent.

All experimental procedures complied with U.S. Public Health Service guidelines for the
humane use and care of laboratory animals. The number of animals used was minimized and
pain was alleviated with anesthetics.

RESULTS
Nitric oxide gradients in mouse olfactory bulb slices in vitro

Olfactory bulb circuits generate robust spontaneous spike activity in the resting, unstimulated
state (Walsh, 1956; Chaput and Holley, 1979; Doving, 1987; Wellis et al., 1989; Motokizawa
and Ogawa, 1997; Kay and Laurent, 1999; Rinberg et al., 2006). Spontaneous spiking is also
strongly manifested in olfactory bulb neurons in vitro (Isaacson, 1999; Carlson et al., 2000)
being driven by intrinsic pacemaker action in specific cell types (Hayar et al., 2004; Puopolo
et al., 2005). We reasoned that this spontaneous activity might drive tonic production of nitric
oxide in MOB slices that would be detectable with our NO micro-sensor technology. To
determine resting levels of NO in slices, we took sensor readings with the probe tip immersed
in fresh ACSF perfusion medium flowing ~300 μm above the slice surface, and then after the
tip penetrated the slice. Figure 1 shows typical data recorded before, during and after
penetration into an area near the mitral cell body layer of a slice. The electrode current was
stable in bath ACSF, but we observed an abrupt upward deflection as the tip entered the slice,
and the current quickly settled to a new steady level. After 42 min, the probe tip was retracted
from the slice, and electrode current fell back to the mean level recorded before in clean ACSF.
These observations indicate that there is endogenous NO production in mouse MOB slices.
From our micro-sensor calibration, we estimated that resting levels of NO in slices were
maintained at a steady level of 86.5 ± 6.2 nM (mean ± SE, range 60 to 135 nM, for N = 9
measurements obtained with 5 different micro-sensors).

Substrate modulation of NO synthesis in mouse olfactory bulb slices in vitro
To show that the elevated electrode currents recorded when our micro-sensors are inserted into
MOB slices are due to tonic NO production, we performed manipulations known to affect the
synthesis of NO by NOS. The amino acid L-arginine is the sole physiological substrate for the
synthesis of NO, so the availability of arginine is rate-limiting for the NOS enzyme. In
cerebellar slice preparations, supplementing the bath medium with arginine increases NO
production (Garthwaite et al., 1989). Conversely, we expect that removal of extracellular
arginine may decrease NO production in brain slices (Wiesinger, 2001). Fig. 2A shows that
the electrode current from a micro-sensor located in the granule cell layer of a mouse MOB
slice was decreased significantly within 1 min after washout of 200 μM L-arginine from the
bath ACSF. The opposite effect (increase in current) was observed when 200 μM L-arginine
was added to a slice that had been incubated in arginine-free ACSF (data not shown). This
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effect is not due to electrode detection of L-arginine, because tests of the NO micro-sensor in
other physiological studies have shown that it is not sensitive to L-arginine (Vukosavljevic et
al., 2006)

NO production can also be modulated by synthetic arginine analogs that act as competitive
inhibitors at the arginine binding site of NOS (Moore and Handy, 1997). Fig. 2B shows that
removal of the analog L-NAME (NG-Nitro-L-arginine methyl ester) from the extracellular bath
after a 30 min period of perfusion with this compound (2 mM) resulted in a significant increase
in electrode current. The data points in the period 0.5 –3 min of recording after L-NAME
washout in Fig. 2B are significantly different from data in the minute prior to L-NAME
washout. The opposite effect (decrease in current) was observed when a slice in control ACSF
was switched to ACSF + 2 mM L-NAME (data not shown). These results confirm that the
micro-sensor reports tonic NO production in the MOB slice, controlled by availability of the
NOS substrate L-arginine.

Extracellular Mg2+ modulates NO production in the mouse olfactory bulb slice in vitro
The excitability of many brain circuits depends critically on extracellular Mg2+, which acts as
a voltage-dependent open-channel blocker of the NMDA receptor. In low Mg2+ ACSF,
spontaneous activity in slices is greatly potentiated as glutamate is able to activate NMDA
receptors at more negative membrane potentials, facilitating the depolarization and spiking of
neurons. This is predicted to up-regulate NO synthesis by increasing Ca2+ influx into neurons
through voltage-gated Ca2+ channels, or through the NMDA receptors themselves. Indeed,
calcium entry through NMDA receptors coupled to the nNOS enzyme in the postsynaptic
density by an adaptor protein (PSD-95) can directly enhance NO synthesis (Christopherson et
al., 1999; Sattler et al., 1999; Ishii et al., 2006). We tested this prediction in the MOB slice by
using our micro-sensor to monitor tonic NO production as a function of extracellular Mg2+.
We observed a large and immediate increase in the electrode current when bath Mg2+ was
reduced from 1.3 mM to 100 μM (Fig. 2C). This degree of Mg2+ reduction is estimated to
relieve voltage-dependent block and increase the conductance of NMDA receptor channels by
~5.6-fold at −60 mV in 200 μM glutamate (Wollmuth et al., 1998). This result suggests that
NMDA receptors play an important role in determining NO synthesis in the olfactory bulb. It
implies that tonic NO production is not just due to constitutive activity of nNOS, but is actually
controlled by glutamatergic transmission and spontaneous neuronal activity.

Electrical stimulation evokes NO production in the mouse olfactory bulb slice in vitro
Since we can modulate tonic NO levels by altering spontaneous neuronal activity in the slice,
we also expect to evoke increased NO synthesis by directly stimulating afferent neural
pathways of the olfactory bulb. In the MOB slice, sensory input can be mimicked by electrical
stimulation of the olfactory nerve layer above the glomeruli. This evokes glutamate release
from olfactory nerve terminals within nearby glomeruli, exciting dendrites of principal neurons
- mitral and tufted cells. These in turn excite local inhibitory interneurons – periglomerular and
granule cells – propagating oscillatory activity through modular circuits associated with the
excited glomeruli (Lagier et al., 2004). Oscillatory network activity is linked to NO signaling
in other systems (Gelperin, 1994; Gelperin et al., 2000; Freund and Katona, 2007; Makara et
al., 2007; Wilson et al., 2007). We therefore sought to detect NO production in mouse MOB
slices stimulated with brief gamma frequency trains of current pulses that have been shown to
evoke robust oscillations in the rat MOB slice (Friedman and Strowbridge, 2003). Figure 3
shows averaged data for responses recorded by an NO micro-sensor at a single site in the
granule cell layer, in response to brief pulse trains (20 shocks of 200 μs, 1 mA at 100 Hz)
delivered by a concentric bipolar stimulus electrode in the olfactory nerve layer. The stimulus
electrode was placed adjacent to glomeruli that were oriented radial with respect to the micro-
sensor in the granule cell layer. Stimulation evoked a significant increase in micro-sensor
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current that peaked within 10 s and was significantly elevated for 30 s. From the electrode
calibration, we estimate that the increment in NO concentration for the 15 sec period
immediately after stimulation was 90 – 100 nM. When spike activity was blocked by 1 μM
TTX and 200 μM cadmium, trains of 20 glomerular shocks failed to elicit detectable NO
production (data not shown).

Odorant-evoked nitric oxide transients in the mouse olfactory bulb in vivo
The ability to evoke NO production by simulated sensory stimulation in the in vitro bulb slice
suggests that increased NO synthesis may also occur when neurons in the intact olfactory
system respond to odorant stimuli. To detect stimulus-evoked NO production in vivo, we
inserted NO micro-sensors into the granule cell layer of the MOB of anesthetized mice, and
delivered odorants to the animals through an olfactometer. Different odorants evoke different
spatial patterns of activity in the MOB (Mori et al., 2006; Johnson and Leon, 2007). To increase
the probability of activating neurons near sensor recording sites, we used odorant stimuli
consisting of mixtures containing from 6 to 10 different compounds in liquid phase at 0.01%
(vol/vol) (Table 1). During each trial, solenoid valves delivering stimuli were actuated for a
period of 5 s. At each recording site, each of 6 or 7 mixtures was tested in two or more trials.
In some trials, transient increases in NO micro-sensor current were observed during the
stimulation period. As expected, these responses were not evoked by all mixtures at all
recording sites. Figure 4 shows responses averaged over trials and odorant mixtures at two
recording depths in the same mouse. The time course of the response was dependent on the
depth. At 500 μm we recorded a brief monophasic response lasting ~5 s. At 900 μm a slower
response was recorded (> 10 s duration) that was followed by oscillatory fluctuations. From
the calibration of the micro-sensor, we estimated that the responses corresponded to increases
in basal NO concentration of 30 – 60 nM. Similar results were obtained from two additional
mice. The set of odorant-evoked increases in NO level over the set of 52 odorant applications
at various depths in the olfactory bulbs of 3 mice is shown in Table 2. The average increment
in NO level for the 52 trials of odorant application was 54.6 nM, with peak response occurring
3.4 sec after onset of the 5 sec odorant application. In Fig. 4B weak oscillatory changes in NO
levels are evident after odorant offset.

DISCUSSION
An extensive literature documents the intense expression of the NOS enzyme in olfactory
centers of diverse species of vertebrates (Bredt et al., 1991; Kishimoto et al., 1993; Spessert et
al., 1994; Dellacorte et al., 1995; Hopkins et al., 1996; Alonso et al., 1998; Crespo et al.,
2003; Gutierrez-Mecinas et al., 2005; Herrmann et al., 2007) and invertebrates (Gelperin,
1994; Elphrick et al., 1995; Muller and Hildebrandt, 1995; Nighorn et al., 1998; Fujie et al.,
2002; Seki et al., 2005; Settembrini et al., 2007; Watanabe et al., 2007). However, odorant-
evoked NO production was only recently demonstrated in the moth antennal lobe using a
fluorescent indicator (Collmann et al., 2004). Measurements of citrulline production also
indicated indirectly that some non-olfactory stimuli can increase NO synthesis in the vertebrate
olfactory bulb (Hopkins et al., 1996; Alonso et al., 1998; Guevara-Guzman et al., 2000). The
methods used in previous studies do not provide quantitative estimates of NO signals. By using
innovative micro-sensor technology, we have obtained the first absolute measurements of
physiological levels of NO in a mammalian olfactory system. We show that there is both a
tonic background level of NO synthesis in the mitral or granule cell layers of the mouse
olfactory bulb, as well as phasic NO increments evoked by electrical and odorant stimulation.
Tonic synthesis maintained a steady basal level of 60 – 135 nM NO in the extracellular space
of 400 μm thick in vitro slices. Both electrical (in vitro) and odorant (in vivo) stimuli evoked
NO increments above baseline of 20 – 100 nM.
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Heavy expression of NOS and the NO target enzyme, soluble guanylyl cyclase, in selective
subpopulations of the GABAergic PG and granule cells in the mammalian olfactory bulb
indicates that NO signaling is intimately involved in the inhibitory control of olfactory principal
neurons – mitral and tufted cells. Our measurements suggest that NO may regulate both tonic
and stimulus-evoked dynamics of these principal neurons for olfactory signal processing. It is
becoming clear that basal NO production can play a variety of roles in regulating functions of
neuronal circuits. For example, in supraoptic nucleus, NO tone generated by magnocellular
neurons exerts inhibitory control over oxytocin and vasopressin systems (Stern and Zhang,
2005). During late pregnancy, nNOS mRNA is reduced and endogenous NO production
markedly down-regulated, facilitating oxytocin release during parturition (Srisawat et al.,
2000). In cerebellum, basal NO production by nNOS reduces the input resistance of granule
cells and enhances their tonic GABAergic inhibition by golgi cells (Wall, 2003).

In addition to soluble guanylyl cyclase, NO can also act through other effectors to alter neuronal
excitability, for example S-nitrosylation (Ahern et al., 2002) and mono-ADP-
ribosyltransferase (Edwards and Rickard, 2007). Potential S-nitrosylation targets in the bulb
include NMDA receptors, olfactory cyclic nucleotide-gated channels (Broillet, 2000; Murphy
and Isaacson, 2003) large conductance calcium-activated potassium channels (Isaacson and
Murphy, 2001) and ryanodine receptor calcium release (RyR) channels (Carlson et al., 1997).
Another pathway through which olfactory input could change NO levels in the olfactory bulb
is by modulating capillary blood flow in glomeruli (Chaigneau et al., 2003; Gurden et al.,
2006; Chaigneau et al., 2007), which may stimulate endothelial release of NO (Garthwaite et
al., 2006). NO could also influence olfactory bulb network activity by modulating gap
junctional communication (Hatton, 1998) between cells in glomeruli (Chen and Shepherd,
2005; Kosaka et al., 2005; Kosaka and Kosaka, 2005; Hayar et al., 2005).

What functions might NO signaling serve in the olfactory bulb? One idea is that NO plays an
integral role in odor learning and memory. Odor learning is accompanied by changes in
olfactory bulb synaptic interactions which may depend critically on both resting NO levels and
odorant-stimulated phasic changes in NO levels. Regulation of NO levels within a certain range
is critical for interactions between NO and processes mediating synaptic plasticity in brain slice
preparations (Hopper and Garthwaite, 2006). Both tonic levels and phasic changes of NO are
required for hippocampal long-term potentiation (LTP). Olfactory circuits generate rhythmic
oscillatory activity (Gelperin, 2006) that can be NO-dependent (Gelperin, 1994; Fujie et al.,
2005) and modulated by odor learning (Kay, 2005; Martin et al., 2006), and odor learning can
be dependent on NO synthesis (Kendrick et al., 1997; Sakura et al., 2004; Susswein et al.,
2004; Edwards and Rickard, 2007).

It has been 15 years since it was suggested that NO plays an integral role in vertebrate olfactory
processing, both at the sensory periphery and in central structures (Breer and Shepherd,
1993). Technology has finally advanced to the stage that we can test this directly. Our
demonstration that odorant stimulation activates NO signaling in the olfactory bulb supports
this idea, and it raises many new questions to be addressed in future studies.
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Figure 1. Nitric oxide gradients in the mouse olfactory bulb slice
A calibrated NO micro-sensor was positioned in the slice perfusion chamber with the tip
initially located ~300 μm above the slice surface. The sensor was subsequently driven along
its axis with a micromanipulator until the tip penetrated the slice near the mitral cell body layer
to a depth of ~ 50 μm. Electrode current was sampled at 10 Hz during this procedure. After a
42 minute gap in the record during which several electrical stimulation trials were done, the
NO sensor tip was retracted from the slice. The up and down arrows indicate the times of sensor
penetration and retraction, respectively. Dashed lines indicate mean NO readings before (1)
and a few minutes after (2) slice penetration, and a few minutes before retraction (3).
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Figure 2. Tonic nitric oxide production in the mouse olfactory bulb slice is altered by modulating
NOS and neuronal activity
A. Removal of the nNOS substrate L-arginine (at time 0) resulted in a significant decrease in
NO micro-sensor signal, which settled to a new steady current. Starred values are significantly
less than mean pre-wash out values (p < 0.05, Mann Whitney rank sum test). Horizontal dashed
lines show mean steady state values before and after perfusion switch.
B. Removal of L-NAME, a competitive inhibitor of nNOS, resulted in a significant increase
in NO micro-sensor signal (zero current corresponding to zero NO level for this case, as L-
NAME completely inhibited NO synthesis). Starred values are significantly higher than mean
pre-wash out value (p < 0.05, Mann Whitney rank sum test). Data in A and B were acquired
at 10 Hz and binned in 15 s intervals (mean values with standard deviations indicated).
Horizontal dashed line shows mean steady state value before perfusion switch. Electrode
calibration was 20 nM/pA.
C. An NO micro-sensor was inserted into the granule cell layer of a slice (depth ~ 50 μm) and
electrode current was recorded as the slice perfusion solution was switched from 1.3 mM
Mg2+ to 100 μM Mg2+ (arrow, time 0) which increases excitability of neurons. Current was
sampled at 20 Hz and binned in 30 s intervals bins (mean values with standard deviations
indicated). Horizontal dashed lines show mean steady state values before and after perfusion
switch. The time delay between valve switch and completion of solution change is 1.5 min.
Electrode calibration was 24 nM/pA.
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Figure 3. Electrical stimulation evokes nitric oxide production in the mouse olfactory bulb slice
An NO micro-sensor was inserted into the granule cell layer of a slice (depth ~ 50 μm) and the
electrode current was recorded as the slice was stimulated by current pulses from concentric
bipolar electrode placed in olfactory nerve layer radial to the sensor site (a 200 ms train of 20
current pulses at 100 Hz, initiated at time 0, indicated by arrow). The plot shows data sampled
at 20 Hz binned in 5 s intervals (mean values with standard deviations indicated). Starred values
are significantly greater than mean pre-shock values (p < 0.05, Mann Whitney rank sum test).
Electrode calibration was 24 nM/pA.
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Figure 4. Odorant-evoked nitric oxide transients in the anesthetized mouse olfactory bulb
A. Signal recorded from a calibrated NO micro-sensor inserted into the granule cell layer at a
depth of 500 μm relative to the surface of the dura. The plot is the averaged response for multiple
trials applying 6 of 7 odorant mixtures (Table 1).
B. Signal recorded from the granule cell layer at a depth of 900 μm (averaged response for all
7 odorant mixtures in Table 1). Signal was sampled at 100 Hz and then averaged in intervals
of 500 ms. Bars indicate standard error of the mean. Dashed lines indicate the period of
actuation of solenoid valves controlling odorant stimulation.
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Table 1
Odorant mixtures used to evoke NO signals in olfactory bulbs of anesthetized mice.

Mixture #1 Mixture #2 Mixture #3 Mixture #4
L-carvone 1-hexanol isoamyl acetate allyl nonate
D-carvone t-amyl alcohol hexyl propionate allyl hexanoate
3-hexanone ETOH ethyl salicylate 2-methylbutyl isovalerate
3-heptanone +/− linalool ethyl valerate benzyl isovalerate
3-nonanone 1-pentanol n-amyl acetate 2-phenylpropyl isovalerate
2-decanone decyl alcohol amyl butyrate allyl propionate

1-propanol allyl butyrate
carvactol
isopropanol
benzyl alcohol

Mixture #5 Mixture #6 Mixture #7
Citral piperonyl acetate L- heptanol
Octanal benzyl acetate trans-anethole
Cineole citral diethyl acetal hexanal
mint extract n-butyl acetate isoamyl acetate
Carvactol decyl alcohol benzaldehyde
orange extract hexyl acetate 5-nonanone
cherry extract eugenol geraniol
banana extract 2-octanone

ethanolamine
ethyl acetate
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Table 2
Nitric oxide levels in the mouse olfactory bulb are increased by odorant application to the anesthetized mouse.
Odorant mixtures used for stimulation are shown in Table 1. Odorant stimuli were 5 sec in duration. Each odorant in
the mixture was present at 0.01 % (vol/vol). Odorants were introduced into the flow of isoflurane used to maintain
anesthesia.

Depth (μm) Trials Mean peak ± SE (nM) Time to peak (s)
Mouse 1 750 5 40.5 ± 12.2 5.75

950 7 63.4 ± 20.5 3.65
Mouse 2 500 7 64.5 ± 28.6 2.45

800 7 20.1 ± 9.8 1.45
1500 7 17.7 ± 12.4 3.65

Mouse 3 500 6 81.7 ± 11.9 2.25
900 7 84.3 ± 14.3 2.25
1500 6 64.2 ± 19.0 5.75
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