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INTRODUCTION

The locus coeruleus (LC)-noradrenergic system sends divergent efferent projections throughout the CNS with regional and
laminar specificity (Lewis et al. 1987; McLean et al. 1989;
Morrison et al. 1982; Proudfit and Clark 1991; Schuerger and
Balaban 1999). This system has been implicated in pervasive
but distinct functions such as modulation of behavioral state,
attention, anxiety, and learning and memory (Robbins and
Everitt 1982). The main olfactory bulb (MOB) receives a dense
noradrenergic projection from LC that terminates in all but the
most superficial layers (Shipley et al. 1985). Specifically,
noradrenergic fibers preferentially target the internal plexiform
layers (IPL) and granule cell layers (GCL), and to a lesser
extent the mitral cell layer and external plexiform layer (EPL)
(McLean et al. 1989). Generally paralleling this noradrenergic
fiber distribution, each of the three major NE receptor subtypes
(␣1, ␣2, ␤) are expressed in multiple layers of the MOB, and
individual MOB neurons seem to express multiple NE receptor
subtypes (for review, see Ennis et al. 2007). For example,
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mitral cells express all three noradrenergic receptor subtypes
and granule cells express ␣1 and ␣2 receptors (for review, see
Ennis and Hayar 2008; Ennis et al. 2007).
The widespread distribution of noradrenergic fibers and
receptors provides the structural basis for potentially diverse
physiological functions of norepinephrine (NE) release in the
MOB network. Indeed, behavioral studies in rodents have
linked NE release and activation of the three noradrenergic
receptor subtypes in the MOB to formation of conditioned odor
preferences in neonates, as well as odor recognition and discrimination in mature animals (Doucette et al. 2007; Harley
et al. 2006; Jiang et al. 1996; Mandairon et al. 2008;
Sullivan et al. 2000; Veyrac et al. 2007). Diverse physiological effects of NE have been observed in the MOB,
including modulation of EEG patterns during olfactory
learning (Gray et al. 1986), direct excitation of mitral cells
and facilitation of mitral cell responses to olfactory nerve
input (Ciombor et al. 1999; Gire and Schoppa 2008; Hayar
et al. 2001; Yuan et al. 2000), and enhancement of gamma
frequency oscillations (Gire and Schoppa 2008).
Some of these observed behavioral effects of NE on olfactory processing may depend on modulation of GABAergic
inhibition in MOB. However, somewhat discrepant effects
have been reported on the direction and receptors involved in
such modulation. Early observations in the turtle MOB indicated that NE disinhibited mitral cells, an effect attributed to
direct inhibition of granule cells (Jahr and Nicoll 1982). A
comparable conclusion—mitral cell disinhibition—was obtained in dissociated MOB cultures where NE, acting at ␣2
receptors, was reported to presynaptically inhibit mitral-togranule cell synaptic transmission and vice versa (Trombley
1992; Trombley and Shepherd 1992). In contrast, field potential recordings suggested that NE infusion into MOB, acting at
␣1 but not ␣2 or ␤ receptors, increased granule cell excitability
(Mouly et al. 1995). A comparable conclusion was reached in
the accessory OB where NE, acting via ␣1 receptors on granule
cells, enhanced GABA release onto mitral cells (Araneda and
Firestein 2006). In neonatal animals, OB infusions of ␤ agonists decreased the paired-pulse depression of mitral cell–
evoked granule cell layer field potentials (Wilson and Leon
1988), suggesting that ␤ receptor activation suppresses glutamate release from mitral cells, perhaps decreasing granule cell
mediated inhibition. LC stimulation, via activation of ␤ receptors in the MOB, was reported to initially decrease and then
increase paired-pulse depression of mitral cell– evoked field
potentials in the granule cell layer (Okutani et al. 1998). It was
concluded that NE release initially decreases and then in-
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Nai Q, Dong H-W, Hayar A, Linster C, Ennis M. Noradrenergic
regulation of GABAergic inhibition of main olfactory bulb mitral
cells varies as a function of concentration and receptor subtype. J
Neurophysiol 101: 2472–2484, 2009. First published March 11, 2009;
doi:10.1152/jn.91187.2008. The main olfactory bulb (MOB) receives
a rich noradrenergic innervation from the pontine nucleus locus
coeruleus (LC). Previous studies indicate that norepinephrine (NE)
modulates the strength of GABAergic inhibition in MOB. However,
the nature of this modulation and the NE receptors involved remain
controversial. The goal of this study was to investigate the role of NE
receptor subtypes in modulating the GABAergic inhibition of mitral
cells using patch-clamp electrophysiology in rat MOB slices. NE
concentration dependently and bi-directionally modulated GABAA
receptor–mediated spontaneous and miniature inhibitory postsynaptic
currents (sIPSCs/mIPSCs) recorded in mitral cells. Low doses of NE
suppressed sIPSCs and mIPSCs because of activation of ␣2 receptors.
Intermediate concentrations of NE increased sIPSCs and mIPSCs
primarily because of activation of ␣1 receptors. In contrast, activation
of ␤ receptors increased sIPSCs but not mIPSCs. These results
indicate that NE release regulates the strength of GABAergic inhibition of mitral cells depending on the NE receptor subtype activated.
Functionally, the differing affinity of noradrenergic receptor subtypes
seems to allow for dynamic modulation of GABAergic inhibition in
MOB as function of the extracellular NE concentration, which in turn,
is regulated by behavioral state.

NE MODULATION OF GABAERGIC INHIBITION IN THE MAIN OLFACTORY BULB

METHODS

Slice preparation
Male and female Sprague-Dawley rats (P14 –P30) were decapitated
in accordance with Institutional Animal Care and Use Committee and
National Institute of Health guidelines. Horizontal 400-m-thick
olfactory bulb slices were prepared as previously described (Dong et al.
2007). Briefly, the olfactory bulbs and a portion of the forebrain were
dissected free from the surrounding skull, removed, and immersed in
oxygenated chilled sucrose-artificial cerebrospinal fluid (ACSF) composed of (in mM) 26 NaHCO3, 1 NaH2PO4, 3 KCl, 4 MgSO4, 0.1
CaCl2, 20 glucose, and 234 sucrose; pH 7.3, 310 mOsm. Slices were
cut using a Vibratome 3000 (Vibratome, St. Louis, MO) and transferred to an incubation chamber filled with normal ACSF saturated
with 95% O2-5% CO2 and composed of (in mM) 124 NaCl, 26
NaHCO3, 1 NaH2PO4, 3 KCl, 2 MgSO4, 2 CaCl2, 10 glucose, 0.4
ascorbic acid, and 2 sodium pyruvate (pH 7.3, 310 mOsm). Slices
were held at 33°C for 15 min and then at room temperature (22°C)
until used. For recording, a single slice was placed in a recording
chamber and continuously perfused with ACSF equilibrated with 95%
O2-5% CO2 at a rate of 1.5 ml/min.
J Neurophysiol • VOL

Electrophysiology
Whole cell recordings were performed at 30°C. Neurons were
visualized using an upright microscope (BX50WI, Olympus Optical,
Tokyo, Japan) equipped with epifluorescence and near-infrared differential interference contrast (DIC) optics. Mitral cells were distinguished by soma location and by distinct electrophysiological and
morphological properties (Dong et al. 2007). The recording pipette
solution for voltage-clamp recordings contained (in mM) 120 cesium
methanesulfonate, 1 NaCl, 10 phosphocreatine ditris salt, 3 Mg ATP,
0.3 GTP, 0.2 EGTA, 1 GDP␤s, and 10 HEPES (pH 7.3, 290 mOsm);
the G protein inhibitor GDP␤s was included to prevent direct effects
of NE and NE agonists on the recorded mitral cell (Hayar et al. 2001).
The intracellular solution also contained 0.4% biocytin and 0.02%
Lucifer yellow for visualization of the structural properties during
recording and for future histological examination.
Inhibitory postsynaptic currents (IPSCs) were recorded in voltageclamp mode at a holding potential of 0 mV. In these conditions (0 mV
holding potential, low intracellular Cl⫺), spontaneous IPSCs (sIPSCs)
were recorded as outward currents as previously reported (Dong et al.
2007). To isolate miniature IPSCs (mIPSCs), TTX (1 M) was
included in the bath to block action potentials, and 2-amino-5phosphonopentanoic acid (APV) and 6-cyano-2,3-dihydroxy-7-nitroquinoxaline (CNQX) were added to block ionotropic glutamate receptors.

Data analysis
Analog signals were low-pass filtered at 2 kHz (Axopatch 200B)
and digitized at 5 kHz using a Digidata-1322A interface and pClamp
9 software (Axon Instruments). Detection of IPSCs as events was
performed off-line using Mini Analysis program (Synaptosoft, Decatur, GA). Consecutive epochs of data (e.g., 12 ms) were searched for
a peak current, and the average baseline current was calculated for an
interval (e.g., between 3 and 4 ms) before the peak. The event
amplitude was calculated by subtracting the average baseline current
from the peak current, and the event was rejected if the amplitude did
not exceed a given threshold (e.g., 10 pA). The times of occurrence of
events were imported into Origin 7.0 (Microcal Software, Northampton, MA) for additional analysis. Dose-response relationships were
generated by applying incremental doses (i.e., cumulatively) of NE or
agonists in single cells. Drug concentrations producing a 50% increase
or decrease in response (EC50 and IC50, respectively) were determined
from sigmoidal curves (Origin 7.0). Some dose-response curves were
multiphasic and, in these cases, each phase was individually analyzed
via sigmoidal curve fitting to determine EC50 or IC50. Data, expressed
as mean ⫾ SE, were statistically analyzed using one-way repeatedmeasures ANOVA followed by post hoc comparisons (NewmanKeuls tests) or with Students t-test (SigmaStat, Aspire Software
International, Ashburn, VA). Differences in IPSC frequency/amplitude distributions were analyzed using Kolmogorov-Smirnov (K-S)
tests. Percentage data from different groups were analyzed with the
Mann-Whitney U test.

Drugs
Drugs were applied by switching the bath perfusion solution with a
three-way valve system. Isoproterenol (Isop), prazosin (Praz),
clonidine (Clon), idazoxan (Idaz), propranalol (Prop), TTX, APV, and
CNQX were obtained from Tocris Bioscience (Ellisville, MO). NE,
phenylephrine (PE), gabazine, and other chemicals, if not specified
otherwise, were purchased from Sigma (St. Louis, MO).
RESULTS

Triphasic effect of NE on sIPSC frequency
To study the effect of NE receptor activation on GABAergic
inhibition of mitral cells, sIPSCs were recorded in normal
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creases mitral cell glutamate release onto granule cells. Other
studies have reported that ␤ receptor activation has no effect on
GABAergic inhibition or dendrodendritic transmission between mitral and granule cells (Araneda and Firestein 2006;
Trombley 1992; Trombley and Shepherd 1992).
Discrepancies among reported effects of NE on GABAergic
inhibition may be caused by differences in species and/or
experimental preparation. Another key factor may be differing
pharmacological approaches (synaptic release of NE vs. exogenous NE application) or the concentration of NE used. In this
regard, there are several crucial issues to be considered. LC
neurons tend to exhibit synchronous activity (Berridge and
Waterhouse 2003) and therefore LC activation will release NE
globally throughout the MOB network. The location of NE
receptors in relation to release sites, as well as rate of extracellular NE removal at the receptors, may exhibit variations.
Therefore diffuse release of NE does not necessarily imply
subsequent or equal activation of all NE receptor subtypes. LC
discharge, and consequently extracellular NE levels, vary as a
function of attentional state and level of vigilance (Berridge
and Waterhouse 2003). The three NE receptor subtypes have
differential affinities for NE (Ramos and Arnsten 2007). Therefore the net impact of NE release on the MOB network,
including GABAergic inhibition, may be modulated as a function of the level of NE release and the specific NE receptors
that are engaged by the prevailing extracellular concentration
of NE.
The goals of this study were to determine whether and how
the tonic level of GABAergic inhibition of MOB mitral cells
varies with the extracellular concentration of NE and to determine the contribution of individual noradrenergic receptor
subtypes to the observed influence of NE on this inhibition.
Whole cell patch-clamp electrophysiology in rat MOB slices
was used to study these questions. The results show that NE
produces variable effects on GABAergic inhibition of mitral
cells that vary as a function of NE concentration and actions of
NE at multiple noradrenergic receptors.
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FIG.

1. Norepinephrine (NE) dose-dependently modulates spontaneous inhibitory postsynaptic current (sIPSC) frequency in mitral cells in normal
artificial cerebrospinal fluid (ACSF). A1: voltage-clamp recordings showing
sIPSCs recorded from a mitral cell before (Basal) and during bath application
of NE from 0.01 M to 1 mM. Small but detectable decrease in sIPSC
frequency was seen at low concentrations (0.1– 0.3 M). NE from 1.0 to 30
M increased sIPSC frequency, whereas the enhancement decreased at higher
concentrations (⬎30 M); all IPSCs were blocked by 10 M gabazine (A2).
B: cumulative NE dose-sIPSC frequency response curve (n ⫽ 13). C1–
C3: individual concentration-sIPSC frequency response curves (sigmoidal fits)
for the 3 components of the profile shown in B. The IC50 for the initial decrease
was 0.06 M (C1), the EC50 for the rising phase was 1.78 M (C2), and the
IC50 for the late decrease was 167.3 M (C3). *P ⬍ 0.05 compared with
control, ANOVA; #P ⬍ 0.05 compared with 30 M, ANOVA. n ⫽ 6 ⫺13 cells
per group for all data in Fig. 1.
J Neurophysiol • VOL
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ACSF before and during bath application of NE at concentrations ranging from 0.01 M to 3 mM (Fig. 1A). The basal
sIPSC frequency and amplitude were 10.5⫾ 1.2 Hz and 31.4⫾
1.7 pA (n ⫽ 54 cells), respectively. All sIPSC were eliminated
by 10 M gabazine (Fig. 1A2), confirming that they were
caused by activation of GABAa receptors. As shown in Fig.
1B, NE dose-dependently modified the frequency of sIPSCs,
resulting in a tri-phasic response profile: reduction at low
doses, enhancement at intermediate doses, and relative suppression at high concentrations. The individual phases of the
dose-response curve were individually analyzed (see METHODS;
Fig. 1C). A significant reduction in sIPSC frequency occurred
at low NE concentrations of 1.0 – 0.3 M with an IC50 of 0.06
M (Fig. 1C1). The sIPSC frequency at 0.1 M NE was
85.6 ⫾ 2.0% of control (n ⫽ 13; P ⬍ 0.05, ANOVA). At
concentrations of 0.1–30 M (Fig. 1C2), NE increased sIPSC
frequency with an EC50 of 1.78 M and a peak facilitatory
effect at 30 M (237.3 ⫾ 53.8% of control; n ⫽ 13; P ⬍ 0.05,
ANOVA). Increases ⬎30 M produced a decrease in sIPSC
frequency toward baseline values with an IC50 of 167.3 M
(Fig. 1C3). For example, at 3 mM NE, the sIPSC frequency
was 161.0 ⫾ 32.9% of control, significantly lower than the
frequency observed with intermediate NE concentrations (e.g.,
30 M).
Several control experiments were performed to assess the
specificity of NE’s effects. NE did not alter the detection of
sIPSCs by changing the baseline current noise (Supplemental
Fig. S1A).1 To assess time-dependent deterioration of sIPSC
frequency, we recorded from cells in control conditions when
no drugs were applied. The frequency of sIPSCs exhibited
minimal or no changes over recording periods comparable to
those in the preceding experiment (Supplemental Fig. S1C).
Changes in IPSC frequency were time-locked to NE application and were fully or partially reversible after washout (Supplemental Fig. S1, E and F). Taken together with the preceding
results, these findings indicate that NE differentially modifies
IPSC frequency in a concentration-dependent manner. The
triphasic response profile may be caused by interaction of NE
with different noradrenergic receptor subtypes, each with distinct affinity for NE.

Normalized Frequency
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was applied in the presence of ␣2 and ␤ receptor antagonists,
idazoxan (Idaz, 10 M) and propranalol (Prop,10 M), respectively. Under these conditions (Fig. 2, A and B), NE produced
an increase in sIPSC frequency that was significant at a
threshold concentration of 10 M and higher (n ⫽ 6; P ⬍ 0.05,
ANOVA); the EC50 for this effect was 22.9 M (Fig. 2, A and
B). The increase in sIPSC frequency peaked at ⬃300 M
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Activation of ␣2 receptors suppresses sIPSCs

+ 100 µM NE

The effect of ␣2 receptor activation on sIPSCs was determined by blocking ␣1 and ␤ receptors with Praz and Prop,
respectively (Fig. 3, A and B). In these conditions, sIPSCs were
initially suppressed by low concentrations of NE. Significant
inhibition occurred at a threshold of 0.1 M NE (76.3 ⫾ 4.4%
of control; P ⬍ 0.05; n ⫽ 8) with maximal inhibition at 10 M
(46.6 ⫾ 8.3% of control). However, the inhibition reversed at
relatively high concentrations (ⱖ30 M), producing a return
toward the initial pre-NE frequency (Fig. 3B); the highest
concentration tested (3 mM) produced an increase in sIPSC
frequency. This might be caused by competition of the high
concentration of NE with ␣1 and ␤ receptor blockers, which
were applied at fixed concentrations. Fitting the initial portion
of the concentration-response curve (0.01–30 M) generated
an IC50 of 0.12 M (Fig. 3C). The decrease in sIPSC frequency
by 10 M NE (45.4 ⫾ 3.1% of control; n ⫽ 6; P ⬍ 0.05,
ANOVA) was reversed by Idaz (10 M) to 89.2 ⫾ 5.7% of
control (Fig. 3C); there was no difference in IPSC frequency in
the Praz ⫹ Prop versus Praz ⫹ Prop ⫹ Idaz ⫹ NE conditions
(P ⬎ 0.05, ANOVA). These results indicate that NE acting at
␣2 receptors decreases GABAergic IPSCs in mitral cells, at
least within estimated physiological ranges (see DISCUSSION).
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(554.8 ⫾ 67.4% of control), and higher concentrations produced no further change (Fig. 2B). The increase of sIPSC
frequency by 100 M NE (416.1 ⫾ 70.6% of control; n ⫽ 8;
P ⬍ 0.05, ANOVA) was significantly reduced by the ␣1
receptor antagonist prazosin (Praz, 1 M) to 167.3 ⫾ 35.5% of
control level (Fig. 2C); there was no difference in IPSC
frequency in the Idaz ⫹ Prop versus Idaz ⫹ Prop ⫹ Praz ⫹ NE
conditions (P ⬎ 0.05, ANOVA). Finally, there were no differences in the effects of NE at a given concentration when
applied incrementally in a cumulative manner or at a single
concentration. For example, there was no difference in sIPSC
frequency in mitral cells when NE was applied incrementally
to a concentration of 100 M (normalized response, 4.46 ⫾
0.74; Fig. 2, A and B) versus when it was applied to drug-naïve
mitral cells immediately in a single 100 M application
(4.16 ⫾ 0.71; P ⬎ 0.9, Mann-Whitney U test). Thus there
seemed to be no desensitization due to prolonged exposure to
NE nor rundown of IPSC frequency during the cumulativedose recording period. Taken together, these results indicate
that NE acting at ␣1 receptors dose-dependently increases
GABAergic sIPSCs in mitral cells.
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FIG. 2. NE-induced activation of ␣1 receptors increases sIPSCs. NE was
applied in the presence of idazoxan (Idaz, 10 M) and propranalol (Prop, 10
M) to pharmacologically isolate ␣1 receptors. A: representative traces showing that activation of ␣1 receptors by NE increases the frequency of sIPSCs.
B: NE dose-dependently increased sIPSCs frequency at a threshold value of 10
M and an EC50 of 23 M (*P ⬍ 0.05, ANOVA). C: in the presence of
Prop/Idaz, the NE-induced (100 M) increase in sIPSC frequency was reversed by 1 M prazosin (Praz); *P ⬍ 0.05, ANOVA. There was no difference
in IPSC frequency in the Idaz ⫹ Prop vs. Idaz ⫹ Prop ⫹ Praz ⫹ NE conditions
(P ⬎ 0.05). n ⫽ 6 – 8 cells per group for all data in Fig. 2.

J Neurophysiol • VOL

The effect of ␤ receptor activation on sIPSCs was determined
during blockade of ␣1 and ␣2 receptors with Praz (1 M) and
Idaz (10 M), respectively. NE concentration-dependently increased the frequency of sIPSCs (Fig. 4, A and B). A significant
increase in sIPSC frequency was detected at a threshold of 0.03
M NE (119.0 ⫾ 4.6% of control; n ⫽ 6; P ⬍ 0.05, ANOVA),
which is lower than the threshold concentration for NE actions at
the ␣1 receptor (10 M; Fig. 4B). Concentrations from 0.03 to 10
M NE produced little additional effect, resulting in a plateau of
the dose-response profile. However, at higher concentrations
(⬎100 M), further increases in sIPSC frequency were observed.
Therefore only the initial portion of the concentration-response
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The effects of NE in the conditions above are compared in
Fig. 9A. The average effect of NE, reconstructed by averaging
its action at the three individual receptors, is also shown. Note
that the average effect deviates from NE’s profile in normal
ACSF and is shifted to the right by approximately one order of
magnitude. The reconstructed actions of NE may differ because of effects of the antagonists on basal IPSC frequency or
because of facilitatory or synergistic effects when multiple
receptor subtypes (e.g., ␣1 and ␤) are simultaneous engaged by
NE as in normal ACSF.
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FIG. 3. NE-induced activation of ␣2 receptors inhibits sIPSCs. NE was
applied in the presence of Praz (1 M) and Prop (10 M) to pharmacologically
isolate ␣2 receptors. A: traces showing that, under these conditions, NE
decreased sIPSC frequency. B1: Dose-response curve showing that NE decreased the frequency of sIPSCs from 0.01 to 10 M, whereas IPSC frequency
returned toward baseline with concentrations from 30 to 1,000 M; note that
the highest dose (3,000 M) produced a large increase in sIPSC frequency.
B2: concentration-sIPSC frequency response curve for the initial falling phase.
The IC50 was 0.12 M. C: in the presence of Praz/Prop, the decrease in sIPSC
frequency by NE (10 M) was reversed by 10 M (Idaz, *P ⬍ 0.05,
ANOVA). n ⫽ 6 to 8 cells for all data in Fig. 3.

curve (0.01–10 M NE) was fitted to generate EC50 (EC50 ⫽
0.013 M; Fig. 4B2). The magnitude of potentiation of sIPSCs by
␤ receptor activation was less than that by ␣1 receptor activation.
For example, the enhancement of sIPSC frequency via ␤ receptor
activation at 10 M NE was 126.5 ⫾ 5.7% of control (Fig. 4B)
compared with 205.0 ⫾ 42.5% of control for NE-␣1 receptors
(Fig. 2B). The increase in sIPSC frequency by 1 M NE (124.1 ⫾
4.3% of control) was reversed by the ␤ receptor antagonist Prop
(10 M) to 60.8 ⫾ 6.8% of control level (Fig. 4C; n ⫽ 6; P ⬍
0.05, ANOVA).
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FIG. 4.
NE-induced activation of ␤ receptors increases sIPSCs. NE was
applied in the presence of Praz (1 M) and Idaz (10 M) to pharmacologically
isolate ␤ receptors. A: traces showing that, under these conditions, NE
increased the frequency of sIPSCs. B1: dose-response curve showing that NE
increased the frequency of sIPSCs at all concentrations. B2: concentrationsIPSC frequency response curve for the initial rising phase. A significant
increase was observed at a threshold of 0.03 M NE and the EC50 was 0.013
M. C: in presence of Praz/Idaz, the increase in sIPSC frequency induced by
NE (1 M) was reversed by Prop (10 M); *P ⬍ 0.05, ANOVA. n ⫽ 6 to 12
cells for all data in Fig. 4.
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Effects of NE receptor agonists and antagonists on sIPSCs

␣1 and ␣2 receptor activation by NE exerts opposing effects
of mIPSCs
The studies to this point were conducted in normal ACSF to
assess the effects of NE receptor activation on GABAergic
inhibition when MOB network interactions are intact. A limitation of this approach is that observed changes in IPSCs may
include both pre- and postsynaptic actions of NE. To isolate
presynaptic effects of NE on GABA release, we next studied
the effects of NE on mIPSCs in mitral cells recorded in the
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FIG. 5. Effects of NE receptor subtype–specific agonists and antagonists on
sIPSCs. A: phenylephrine (PE, 10 M) and isoproterenol (Isop, 10 M)
increased, whereas clonidine (Clon) decreased sIPSC frequency (*P ⬍ 0.05,
paired t-test). B: prazosin (Praz, 1 M) and propranolol (Prop, 10 M)
decreased, whereas idazoxan (Idaz, 10 M) increased IPSC frequency (*P ⬍
0.05, paired t-test). n ⫽ 5– 6 for all groups.
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presence of TTX. Network interactions were further minimized
by including the ionotropic glutamate receptor antagonists
CNQX (20 M) and APV (50 M) in the bath. The basal
mIPSC frequency and amplitude were 1.8 ⫾ 0.2 Hz and
24.3 ⫾ 1.2 pA (n ⫽ 41 cells), respectively. The basal frequency of mIPSCs was stable over 40-min recording periods
(Supplemental Fig. S1D). Similar to the effects observed in
normal ACSF (Fig. 1), NE exerted concentration-dependent
effects on mIPSC frequency resulting in a tri-phasic profile
(Fig. 6, A and B). A mild inhibition of mIPSCs was observed
with low NE concentrations (0.01–1 M), with significant
suppression occurring at a threshold value of 0.03 M (83.2 ⫾
4.0% of control; n ⫽ 5; P ⬍ 0.05, ANOVA) and extending to
1.0 M (88.7 ⫾ 3.0% of control; n ⫽ 16; P ⬍ 0.05, ANOVA).
Concentrations from 3 to 30 M produced a monotonic increase in mIPSC frequency (Fig. 6, A and B), with a peak
response at 30 M (282.0 ⫾ 60.2% of control, n ⫽ 16, P ⬍
0.05). As observed for sIPSCs in normal ACSF (Fig. 1),
increases in NE beyond the concentration producing the peak
effect were associated with a decrease toward baseline. For
example, the mIPSC frequency with 100 M NE was 190.2 ⫾
39.8% of control (Fig. 6B). Individual analyses of the three
phases of the dose-response profile yielded an IC50 of 0.012
M for the initial falling phase (Fig. 6C1), an EC50 of 2.76 M
for the rising phase (Fig. 6C2), and an IC50 of 123.2 M for the
high dose falling phase (Fig. 6C3). The values correspond well
with those observed in normal ACSF (Fig. 1). As shown for 10
M, the distribution of mIPSC interevent intervals and amplitudes (Fig. 6D) were shifted to the left by NE (P ⬍ 0.001 and
P ⬍ 0.05, respectively, K-S tests); however, the average
mIPSC amplitude was not altered (P ⬎ 0.05, ANOVA; n ⫽
16). The increase in mIPSC frequency seems to be caused by
an increase in intermediate size events, which in turn leads to
the increase in intermediate amplitude events.
Voltage-gated Ca2⫹ channels (VGCCs) play important roles
in mediating GABA release at granule cell-to-mitral cell dendrodendritic synapses and are involved in NE induced increases in mIPSC in accessory olfactory bulb mitral cells and
acetylcholine-induced increases in MOB mitral cells (Araneda
and Firestein 2006; Ghatpande et al. 2006). To study whether
VGCCs are involved in NE-induced changes in mIPSC frequency,
NE (10 M) was applied in the presence of CNQX-APV-TTX
and the VGCC blockers NiCl2 (100 M) and CdCl2 (100 M). In
this condition, 10 M NE failed to alter mIPSC frequency or
mean amplitude (n ⫽ 5; P ⬎ 0.05, ANOVA; Fig. 7), indicating a
critical role of VGCCs in the NE-mediated presynaptic regulation
of GABA release.

In normal ACSF, ␣1, ␣2, and ␤ receptors were found to
have different regulatory effects on sIPSCs. NE also dosedependently regulated the frequency of mIPSCs. It is therefore
reasonable to propose that each NE receptor subtype may
differentially regulate the presynaptic release of GABA. To
test this hypothesis, we examined the effects of individual NE
receptor subtype–specific agonists on mIPSCs in mitral cells.
The ␣1 receptor agonist PE dose-dependently increased
mIPSC frequency from 1.0 to 30 M, with a threshold of 3 M
(n ⫽ 5; P ⬍ 0.05, ANOVA) and an EC50 of 5.83 M (Fig. 8,
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To validate the effects of NE at individual receptor subtypes
(␣1, ␣2, and ␤) on sIPSCs, we studied the effects of receptor
subtype specific agonists and antagonists (Fig. 5). As shown in
Fig. 5A, the ␣1 receptor agonist phenylephrine (PE, 10 M)
and the ␤ receptor agonist isoproterenol (Isop, 10 M) increased sIPSCs frequency by 174.8 ⫾ 19.6 and 136.3 ⫾ 7.3%
of control levels, respectively (n ⫽ 6; P ⬍ 0.05, paired t-tests).
In contrast, the ␣2 receptor agonist clonidine (Clon, 10 M)
decreased sIPSC frequency to 65.0 ⫾ 4.7% of control (n ⫽ 5;
P ⬍ 0.05, paired t-test). These findings are in agreement with
the direction of changes in sIPSC frequency produced by
0.1–30 M NE at individual receptors (Figs. 2– 4).
Application of individual NE receptor antagonists produced
effects opposite to those produced by the agonists (Fig. 5B).
Praz (1 M) and Prop (␤, 10 M) decreased (47.5 ⫾ 8.6 and
76.7 ⫾ 2.4% of control, respectively; n ⫽ 5– 6; P ⬍ 0.05,
paired t-test), whereas Idaz (10 M) increased sIPSC frequency (129.6 ⫾ 4.3% of control; n ⫽ 6; P ⬍ 0.05, paired
t-test). These results indicate that endogenous NE tonically
modifies basal release of GABA and provide additional evidence that individual NE receptor subtypes exert differential
effects on GABAergic inhibition of mitral cells.
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A and B). As for NE, PE produced a leftward shift in the
distribution of mIPSC interevent intervals (P ⬍ 0.05, K-S test)
and amplitudes (P ⬍ 0.05, K-S test; data not shown) but did
not affect mean mIPSC amplitude (n ⫽ 5; P ⬎ 0.05, ANOVA;
data not shown). The mIPSC frequency peaked at 30 M PE
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(296.2 ⫾ 54.5% of control) but decreased toward baseline with
further increases in concentration (i.e., ⱖ100 M). This biphasic dose-response profile resembles that for the intermediate to
high concentration relationship for NE’s effect on IPSCs frequency in normal ACSF (Fig. 1) and in the presence of TTX
(Fig. 6).
The ␣2 receptor agonist Clon decreased mIPSC frequency
with an IC50 of 1.07 M (Fig. 8, C and D). At 30 M, Clon
reduced mIPSC frequency to 52.8 ⫾ 7.8% of control (n ⫽ 5;
P ⬍ 0.05, ANOVA). This pattern corresponds well to the
initial, low concentration inhibitory phase for NE’s effect on
spontaneous and miniature IPSCs (Figs. 1 and 6). Clon produced a significant rightward shift of the distribution of mIPSC
interevent intervals (P ⬍ 0.05), consistent with the decreased
frequency, but did not alter the distribution or the mean mIPSC
amplitude (P ⬎ 0.05, K-S test and ANOVA; data not shown).
Clon did not alter the detection of mIPSCs by changing the
baseline current noise (Supplemental Fig. S1B). Finally, the ␤
receptor agonist Isop did not change either the frequency or the
amplitude of mIPSCs (n ⫽ 5; P ⬎ 0.05, ANOVA; Fig. 8, E and
F; data for amplitude not shown), indicating that activation of
␤ receptors does not directly modulate presynaptic GABA
release.
FIG. 6. NE-induced modulation of miniature IPSCs (mIPSCs). A: traces
showing the effects of NE on mIPSCs in the presence of TTX (1 M),
2-amino-5-phosphonopentanoic acid (APV; 50 M), and 6-cyano-2,3-dihydroxy-7-nitro-quinoxaline (CNQX; 20 M). B: dose-response curve showing
that NE elicits a triphasic regulation of mIPSC frequency consisting of an
initial decline, an intermediate dose facilitation, followed by a high dose
reversal of the facilitation. C1–C3: individual concentration-sIPSC frequency
response curves for the 3 components of the profile shown in B. The IC50 for
the initial decrease was 0.012 M (C1), the EC50 for the rising phase was
2.76 M (C2), and the IC50 for the late decrease was 123.2 M (C3); *P ⬍
0.05, ANOVA. D: the mIPSC interevent distribution for an example cell
was shifted to the left by 10 M NE (D1; P ⬍ 0.001, K-S test), as was the
amplitude distribution (D2; P ⬍ 0.05, K-S test); mean mIPSC amplitudes
were not significantly altered by NE (D3). n ⫽ 5 to 16 cells per group for
data in Fig. 6.
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FIG. 7. NE-induced modulation of mIPSCs is blocked by Ca
channel
antagonists. A: traces and group data showing that NE (10 M)-evoked
increases in mIPSC were blocked by prior application of the voltage-gated
Ca2⫹ channel (VGCC) antagonists NiCl2 (100 M) and CdCl2 (100 M).
B: in the presence of VGCCs, NE did not alter mean IPSC frequency (B1) or
amplitude (B2); P ⬎ 0.05, ANOVA, n ⫽ 5.
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FIG. 8. ␣1 and ␣2 receptor activation exert opposing effects
on mIPSCs. A: traces showing that PE increases mIPSC frequency in the presence of TTX (1 M), APV (50 M), and
CNQX (20 M). B1: dose-response curve showing that PE
elicits a biphasic regulation of mIPSC frequency consisting of
an initial increase followed by a decrease in the enhancement at
higher concentrations. B2: dose-response curve for the initial
rising phase (in B1) shows that PE increased mIPSC frequency
with EC50 of 5.83 M; *P ⬍ 0.05, ANOVA. C and D: traces
(C) and dose-response curve (D) showing that Clon suppressed
mIPSC frequency with an IC50 of 1.07 M; *P ⬍ 0.05,
ANOVA. E and F: traces (E) and dose-response curve (F)
showing that Isop had no effect on mIPSC frequency; P ⬎ 0.05,
ANOVA. Note: n ⫽ 5 cells per group for data in Fig. 8.
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The effects of NE, PE, and Clon on mIPSC frequency are
compared in Fig. 9B. Note the close correspondence between
the profiles for NE and PE, with the exceptions of the low
concentration inhibition observed for NE. This initial inhibitory phase corresponds well to the action of Clon.
DISCUSSION

The results of this study indicate that there is a triphasic
relationship between extracellular levels of NE and the degree
of tonic GABAergic inhibition of mitral cells as assessed by
measurements of GABAa receptor–mediated IPSCs. Specifically, NE concentrations in the submicromolar range suppress
both spontaneous and miniature IPSCs, whereas intermediate
NE concentrations in the low micromolar range (1–30 M)
increase the frequency of IPSCs. Our pharmacological analyses indicated that low-dose IPSC suppression is mediated by
activation of ␣2 receptors, whereas the intermediate dose
facilitation is caused by ␣1 and ␤ receptor activation. The ␣1
J Neurophysiol • VOL

and ␣2 effects are presynaptically mediated, presumably by
actions on granule cells, and were dependent on VGCCs.
Concentrations ⱖ100 M NE reversed the facilitation of
IPSCs observed at intermediate doses. Taken together, these
findings indicate that low levels of NE decrease spontaneous
release of GABA, whereas higher concentrations associated
with moderate to vigorous LC discharge lead to increased
inhibition of mitral cells.
Methodological and neuroanatomical considerations
An important consideration is how well the mode of NE
application used in this study relates to the pattern of NE
release in the MOB during LC discharge. Anatomical and
physiological findings suggest that LC discharge is likely to
produce global release of NE throughout the MOB. LC fibers
are particularly dense in the internal plexiform and granule cell
layers (McLean et al. 1989), moderate in the external plexiform
and mitral cell layers, and nearly absent in the glomerular
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FIG. 9. A: summary plot comparing the dose-response relationship for NE’s
actions on sIPSCs in normal ACSF (NE) and at individual receptors when 2
receptors were blocked with antagonists. The average effect of NE, reconstructed by averaging its action at the 3 individual receptors, is also shown.
Note that the average effect deviates from NE’s profile in normal ACSF.
B: plot comparing the effect of NE, PE, and Clon on mIPSCs. Note close
correspondence between the effect of NE and PE, except for the initial low
dose inhibition produced by NE.

layer. Although there are laminar gradients in the density of
LC-NE fibers, it is clear that the innervation extends across the
subglomerular layers (McLean et al. 1989). Similarly, NE
receptors occur in multiple layers of the MOB and are expressed by multiple cell types, in general consistent with the
pattern of NE fiber innervation (see Ennis et al. 2007 for
review). Physiological studies showed that LC neurons, as a
population, tend to fire synchronously tonically or in response
to excitatory input (Aston-Jones and Bloom 1981; Berridge
and Waterhouse 2003). Therefore even if individual LC neurons project with sublaminar specificity, functionally the parallel activity of the ensemble of LC neurons that project to
MOB should lead to diffuse release of NE throughout this
structure. Therefore the use of bath-applied NE in this study
may approximate diffuse synaptic release of NE in MOB that
occurs in vivo. However, bath application may differ in several
critical aspects. First, the amount of NE released in the MOB
in vivo may exhibit laminar differences that are proportional to
the density of NE axon terminals. Second, the degree of
receptor activation will ultimately depend on the proximity of
the receptors to NE terminal release sites. In this study, all
J Neurophysiol • VOL

␣2 RECEPTOR ACTIVATION INHIBITS IPSCS IN MITRAL CELLS. The
overall dose-response profile for NE’s actions on GABAergic
inhibition of mitral cells was similar in the intact MOB network (sIPSC measurements) and when NE effects were restricted to neurons presynaptic to mitral cells (mIPSC measurements). In both conditions, the lowest concentrations of
NE used reduced IPSC frequency with further increases in
concentration producing an inverted-U profile characterized by
an intermediate dose increase in IPSCs and a high dose
decrease in IPSCs toward baseline level. Our pharmacological
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three NE receptor subtypes were equally exposed to the same
concentration of NE, a condition that may not occur during
synaptically evoked NE release.
Unfortunately, key data to assess these issues—subcellular
localization of noradrenergic receptors in the MOB and their
relationship to NE terminal release sites—are unavailable.
However, these results that NE presynaptically modulates
granule cell GABA release are consistent with findings that
granule cells express ␣1 and ␣2 receptors (Day et al. 1997;
Domyancic and Morilak 1997; McCune et al. 1993; Nicholas
et al. 1993; Pieribone et al. 1994; Talley et al. 1996; WinzerSerhan et al. 1997a,b). There are laminar differences in receptor subtype binding, with the density of ␣1 receptors reaching
the highest levels in the brain in the external plexiform layer;
the deeper MOB layers exhibit more moderate levels of ␣1
receptor binding (Sargent-Jones et al. 1985; Young and Kuhar
1980). In contrast, ␣2 receptor binding sites are particularly
dense in the granule cell layer but are sparse in the more
superficial layers (Holmberg et al. 2003; Young and Kuhar
1979). These findings may suggest that ␣1 receptors are more
densely distributed to granule cell distal dendrites in the EPL,
whereas ␣2 receptors are concentrated at granule cell proximal
dendrites and somata. Such a differential distribution may
underlie the more robust effects of ␣1 than ␣2 receptor activation on IPSC frequency in this study.
A second technical consideration is how the concentration
range of exogenously applied NE in this study correlates with
concentrations of synaptically released NE. In anesthetized
animals where LC tonic firing rate averages 1–2 Hz, basal
extracellular concentrations of NE in the olfactory bulb and
prefrontal cortex have been reported in the 0.3- to 0.6-nM
range (Berridge and Abercrombie 1999; El-Etri et al. 1999);
prefrontal cortical NE levels are fivefold higher (i.e., 2.4 nM)
in unanesthetized animals (Finlay et al. 1995). Tonic increases
in LC discharge to 4 –5 Hz in anesthetized animals are associated with increases in NE levels to ⬃2.4 nM, whereas phasic
bursts of LC discharge or tonic firing rates of ⱕ15–20 Hz are
associated with levels of 90 nM to 2 M (Berridge and
Abercrombie 1999; Devilbiss et al. 2006; El-Etri et al. 1999;
Florin-Lechner et al. 1996). The IC50s for NE’s inhibition of
spontaneous and miniature IPSCs were 60 (Fig. 1) and 10 nM
(Fig. 6), which are somewhat higher than basal extracellular
levels of NE in vivo. However, NE levels at synaptic release
sites may be substantial higher than values obtained via in vivo
microdialysis. Increased IPSCs were observed in normal media
at a threshold of ⬃1.78 M, which is within the range
observed during vigorous LC discharge in vivo. Clearly, however, additional in vivo studies using LC activation to induce
synaptic release of NE are needed to confirm the effects of NE
on modulation of GABA release in the MOB in this study.
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␣1 RECEPTOR ACTIVATION INCREASES IPSCS IN MITRAL CELLS. Concentrations of NE ranging from ⬃1 to 30 M produced a
dose-dependent increase in the frequency of IPSCs in mitral
cells, with EC50 values of 1.8 and 2.8 M for sIPSCs and
mIPSCs, respectively. In normal ACSF, the increase seems to
be mediated by combined actions of NE at both ␣1 and ␤
receptors. The ␤ receptor–mediated component (ascertained
when NE was applied in the presence of ␣1 and ␣2 receptor
antagonists) was associated with a plateau-like 25% increase
sIPSCs with an initial EC50 of 0.013 M. The ␣1 receptormediated facilitatory threshold and EC50 values (⬃5 and 23
M, respectively) for sIPSCs were higher than those for the ␤
receptor. ␤ receptor agonists, however, did not affect mIPSCs,
indicating that ␤ effects on sIPSCs are not caused by direct
actions on granule cell dendrites or other inhibitory interneurons presynaptic to mitral cells. This indicates that the facilitatory effect of 1–30 M NE on mIPSCs is entirely caused by
␣1 receptor activation, a finding supported by the similar
action of the ␣1 agonist PE. Intriguingly, the reversal of the
facilitation of spontaneous and miniature IPSCs that occurs
with NE concentrations in excess of 30 M was replicated
by high concentrations of PE. This seems to account for the
declining phase of inverted-U function at high NE concentrations. The reason for this is unclear, but it may be
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mediated by ␣1 receptor desensitization, excessive depolarization of granule cells, or nonspecific effects of NE or PE
at these concentrations.
The NE-induced, ␣1 receptor-mediated enhancement of
GABAergic inhibition is entirely consistent with results in
accessory olfactory bulb mitral cells reported by Araneda and
Firestein (2006). That study found that 3–30 M NE or the ␣1
receptor agonist PE (30 M) robustly increased the frequency
of mIPSCs. Our lack of effect of ␤ receptor activation on
mIPSCs in MOB mitral cells is also consistent with the results
in the accessory olfactory bulb (Araneda and Firestein 2006).
These results and those of Araneda and Firestein (2006) suggest that activation of ␣1 receptors directly increases the
excitability of granule cells, leading to increased GABA release. This is in agreement with findings in vivo that NE (0.1–1
mM) infusion into MOB, acting at ␣1 but not ␣2 or ␤
receptors, increased granule cell excitability as assessed with
field potential recordings (Mouly et al. 1995).
As noted above, ␤ receptor agonists increased spontaneous
but not miniature IPSCs in mitral cells recorded in the presence
of TTX. These results suggest that direct activation of ␤
receptors on granule cells is not sufficient to drive dendritic
release of GABA, at least in the presence of TTX. The increase
in sIPSCs in normal media was likely a secondary consequence
of increased glutamatergic input to granule cells. Several
observations support this possibility. Granule cells express
relatively low levels of ␤ receptors, and expression is only
observed in subsets of granule cells (Booze et al. 1989; Palacios and Kuhar 1982; Wanaka et al. 1989; Woo and Leon
1995; Yuan et al. 2003). ␤ receptor expression, however,
seems to be more robust in mitral and tufted cells (Yuan et al.
2003). NE (1–30 M) and ␤ receptor agonists (10 M Isop)
have been reported to increase glutamatergic spontaneous excitatory postsynaptic currents (sEPSCs) and long-lasting depolarizations in mitral cells in vitro, an effect blocked by TTX
(Gire and Schoppa 2008; Hayar et al. 2001). Taken together,
these results suggest that ␤ receptor activation enhances spikedriven glutamate release from mitral/tufted cells, which would
in turn increase granule cell excitability and GABA release.
Conflicting effects of the ␤ receptor have been previously
observed in vivo. In neonatal animals, ␤ receptor stimulation in
MOB decreased the lateral olfactory tract (LOT)-evoked,
paired-pulse inhibition of granule cell field potentials (Wilson
and Leon 1988). A subsequent study reported that LC stimulation initially decreased and subsequently increased pairedpulse depression of granule cell field potential responses
evoked by LOT stimulation (Okutani et al. 1998). These effects
were attributed to activation of ␤ receptors. Changes in pairedpulse responses are indicative of changes in presynaptic transmitter release: increased PPD indicates presynaptic enhancement, and decreased PPD indicates suppression, of release.
Accordingly, the results would suggest that NE-mediated activation of ␤ receptors in neonates suppresses glutamate release
from mitral/tufted cells (Wilson and Leon 1988) or decreases,
then increases glutamate release (Okutani et al. 1998). Differences between these two studies may be due to age and/or
degree of NE release produced by LC stimulation.
Our results that NE presynaptically modulates granule cell
GABA release are consistent with previous findings that granule cells express ␣1 and ␣2 receptors as determined by immunocytochemistry and in situ hybridization (Day et al. 1997;
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analyses indicate that this overall profile is mediated by the
combined actions of NE at individual noradrenergic receptor
subtypes.
The lowest concentrations of NE (⬍1 M) suppressed the
frequency of IPSCs. The IC50 values for this inhibition were
0.06 and 0.012 M for sIPSCs and mIPSCs, respectively. This
suppression seems to be mediated by activation of ␣2 receptors
because 1) low concentrations of NE suppressed the sIPSC
frequency when ␣1 and ␤ receptors were blocked, and 2) the
␣2 receptor agonist clonidine suppressed spontaneous and
miniature IPSCs. Interestingly, in the absence of noradrenergic
receptor antagonists, the NE-evoked decrease in IPSCs was
relatively modest (⬃15% reduction) and observed over a
narrow range of submicromolar concentrations (Figs. 1 and 6).
However, when ␣1 and ␤ receptors were blocked, the NEevoked suppression was more robust (24 –53% reduction) and
extended to ⬃10 M. This later profile is presumably caused
by the absence of the IPSC stimulatory actions of ␣1 and ␤
receptor activation that normally occur over this dose range.
Several previous studies reported that NE decreased the frequency of GABAergic IPSPs in mitral cells, first in the turtle
MOB (Jahr and Nicoll 1982) and later in rat MOB cultures
(Trombley 1992, 1994; Trombley and Shepherd 1992). The
receptor involved was not identified in the turtle study, whereas
the effects of NE in the studies of Trombley were attributed to
␣2 receptor activation. However, the results of these studies
were obtained with relatively high concentrations NE (30 –100
M) and are difficult to reconcile with increased IPSC frequency observed with similar concentrations in this study.
Results from a more recent study in the accessory olfactory
bulb indicated that ␣2 receptor activation with clonidine tended
to decrease mIPSCs in mitral cells, although this trend was not
statistically significant (Araneda and Firestein 2006). NEinduced suppression of mIPSCs may not have been detected in
the study of Araneda and Firestein (2006) because NE concentrations of 3–30 M were used.
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Domyancic and Morilak 1997; McCune et al. 1993; Nicholas
et al. 1993; Pieribone et al. 1994; Talley et al. 1996; WinzerSerhan et al. 1997a,b). However, there are laminar differences
as based on receptor binding, with the density of ␣1 receptors
reaching the highest levels in the brain in the EPL; the deeper
MOB layers exhibit more moderate levels of ␣1 receptor
binding (Sargent-Jones et al. 1985; Young and Kuhar 1980). In
contrast, ␣2 receptor binding sites are particularly dense in the
granule cell layer and spare in the more superficial layers
(Holmberg et al. 2003; Young and Kuhar 1979). These findings
may suggest that ␣1 receptors are more densely distributed to
granule cell distal dendrites in the EPL, whereas ␣2 receptors
are concentrated at granule cell proximal dendrites and somata.
Such a differential distribution may underlie the more robust
effects of ␣1 receptor activation on IPSC frequency in this
study.
Functional considerations
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Recordings of LC neurons in behaving animals have provided important insights into how NE release may impact on
vigilance and sensory processing (see Berridge and Waterhouse 2003 for review). LC neurons in awake animals fire in
two modes: tonic and phasic. Tonic firing rates, which vary
over a limited range (2 ⫾ 2 Hz), change with, and anticipate,
arousal state transitions: activity is highest during active waking (⬎2 Hz) and decreases progressively with shifts to quiet
waking (⬍2 Hz), slow wave sleep (⬍1 Hz), and REM sleep
(silent). Brief phasic bursts of LC discharge occur in response
to novel or salient environmental stimuli. Neurochemical studies have shown that there is a progressive increase in extracellular NE levels across this firing range, with maximal levels
produced by simulated phasic bursts of LC discharge (Berridge
and Abercrombie 1999; Devilbiss et al. 2006; El-Etri et al.
1999; Florin-Lechner et al. 1996). Behavioral studies in primates indicate that there is an inverted-U relationship between
LC firing rates across the range mentioned above and vigilance
in visual discrimination tasks (Aston-Jones et al. 1994), a
relationship similar to that observed here for NE-evoked modulation of IPSCs.
Our findings suggest that low concentrations of NE in the
bulb decreased IPSCs, an effect that would lead to disinhibition
of mitral cells. This suggests that low level increases in NE
release, perhaps those achieved by low tonic LC firing rates,
may be associated with mitral cell disinhibition. Functionally,
this would tend to render mitral cells more sensitive to odors.
However, the cost of this increased sensitivity would be reduced ability to discriminate among odorants. In other words,
reduced granule to mitral cell inhibition may improve the
sensitivity of an individual mitral cell to an odor to which it is
well tuned to, but it would also render that cell more responsive
to concentrations of odors that it is less well tuned to (i.e.,
odors with a low affinity for the receptor cells projecting to the
same glomerulus). As a consequence, its molecular receptive
field would increase (Linster and Gervais 1996; Linster and
Hasselmo 1997). Intriguingly, behavioral studies have yet to
identify an effect of ␣2 receptor modulation on olfactory
processing. Systemic injections of ␣2 receptor agonists do not
seem to alter conditioned odor preferences in neonates (Harley
et al. 2006). In adult rats, ␣2 receptor blockade in the MOB did
not impair spontaneous odor discrimination (Mandairon et al.

2008). Additional behavioral studies are needed to determine
whether ␣2 receptor–mediated disinhibition of mitral cells
modulates odor sensitivity thresholds.
Further increases in the NE concentration to the low M
level in this study were associated with increased levels of
IPSCs in mitral cells via activation of ␣1 receptors. This
suggests that elevated levels of NE release, perhaps during
bursts of LC activity or higher tonic LC firing rates, would lead
to a net increase in GABAergic inhibition of mitral cells. At
these NE levels, we speculate that the ␣1 receptor stimulatory
effect overrides the ␣2 receptor inhibitory effect on granule
cell GABA release. It is noteworthy that NE concentrations in
the low micromolar range also directly excite mitral cells
(Hayar et al. 2001). Functionally, it is possible that the direct
␣1 receptor–mediated increase in mitral cell excitability, combined with the direct increase in ␣1 receptor–mediated
GABAergic inhibition, may render the mitral cells more sensitive to weak odors by bringing them closer to spike threshold,
while at the same time preserving or even increasing lateral
inhibition. What are the possible functional correlates of such
actions? Enhanced mitral cell excitability with a parallel increase GABAergic inhibition may function to increase odor
sensitivity while preserving discriminability. Alternatively, a
simultaneous increase of excitation and inhibition could increase the oscillatory synchronization in the mitral cell-granule
cell feedback loop. Increased oscillations would enhance synchronization of mitral cell discharge, which has been proposed
to enhance contrast at the output level of the MOB (Cleland
and Linster 2002; Linster and Cleland 2001). In this regard, it
is noteworthy that NE application in MOB slices has recently
been reported to enhance olfactory nerve-evoked gamma-frequency oscillations (Gire and Schoppa 2008). Recent behavioral studies have indicated that ␣1 receptor activation enhances odor discrimination. Blockade of ␣1 receptors in the
MOB was found to impair spontaneous discrimination between
pairs of chemically and perceptually similar odorants (Mandairon et al. 2008). Combined blockade of both ␣1 and ␤
receptors in MOB has also been reported to impair learning in
reward-motivated odor discrimination testing paradigms using
two closely related odorants (Doucette et al. 2007; Mandairon
et al. 2008).
Finally, it is noteworthy that the inverted-U dose-response
relationship observed here for NE’s modulation of IPSC frequency in mitral cells is similar to that observed in previous
cellular and behavioral studies of NE function. This pattern is
observed for the degree of LC activation or NE concentration
and modulation of thalamic and cortical neuronal excitability
and signal-to-noise ratios in vitro and in vivo (Berridge and
Waterhouse 2003; Devilbiss and Waterhouse 2000, 2004; Devilbiss et al. 2006; Waterhouse et al. 1998). Notably, there is an
inverted-U relationship between NE concentration and the
frequency of GABAergic IPSCs in frontal cortex neurons
similar to the profile described here (Kawaguchi and Shindou
1998). As noted earlier, behavioral studies in primates indicate
that there is an inverted-U relationship between LC firing rates
(and presumably NE release) and vigilance in visual discrimination tasks. Performance is poor with low LC discharge and
optimal with intermediate discharge levels associated with
focused attention (Aston-Jones et al. 1994). At the highest
levels of tonic LC discharge, associated with scanning or labile
attention, performance is again poor, but it is thought that these

NE MODULATION OF GABAERGIC INHIBITION IN THE MAIN OLFACTORY BULB

LC discharge rates are important in situations requiring high
behavioral flexibility rather than focused attention. In neonatal
rats, there is an inverted-U relationship between the level of ␣1
or ␤ receptor activation in the MOB and the degree of conditioned odor preferences (Harley et al. 2006). The differential
affinities of noradrenergic receptor subtypes may allow for
differential modulation of GABA release and olfactory processing as a function of the level of NE release, which in turn,
is regulated by behavioral state (Berridge and Waterhouse
2003).
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