
J Physiol 591.7 (2013) pp 1631–1643 1631

Th
e

Jo
u

rn
al

o
f

Ph
ys

io
lo

g
y

N
eu
ro
sc
ie
nc
e α1A-Adrenergic regulation of inhibition in the

olfactory bulb

Nathan C. Zimnik, Tyler Treadway, Richard S. Smith and Ricardo C. Araneda

Department of Biology, University of Maryland, College Park, MD 20742, USA

Key points

• Here, in mouse brain slices, we examined the cellular effects of noradrenaline to better under-
stand its influence on olfactory bulb processing.

• β- and α1-adrenergic receptor activation increases GABA currents in mitral cells in an
age-dependent manner; the β-adrenergic effect is prominent only during early postnatal weeks,
while the α1 effect is present at all ages.

• This study focused on the α1-mediated increase in GABA inhibitory currents in mitral cells
and found noradrenaline acts on the α1A-adrenergic receptor subtype to produce long-lasting
excitation of granule cells.

• The enhancement of inhibition by noradrenaline was consistent across a broad concentration
range; at all concentrations, noradrenaline increased inhibitory currents in mitral cells.

• Our studies highlight the important role of α1A-adrenergic receptor subtypes in increasing
inhibition at dendrodendritic synapses, suggesting a synaptic mechanism for noradrenergic
modulation of olfactory driven behaviours.

Abstract By regulating inhibition at dendrodendritic synapses between mitral and granule cells
(GCs), noradrenergic neurons extending from the brainstem provide an input essential for odour
processing in the olfactory bulb (OB). In the accessory OB (AOB), we have recently shown that
noradrenaline (NA) increases GABA inhibitory input on to mitral cells (MCs) by exciting GCs.
Here, we show that GCs in the main OB (MOB) exhibit a similar response to NA, indicating
a common mechanism for noradrenergic regulation of GC→MC inhibition throughout the
OB. In GCs of the MOB, NA (10 μM) produced a robust excitatory effect that included a slow
afterdepolarization that followed a train of action potentials evoked by a current stimulus. The
depolarization and slow afterdepolarization in GCs were blocked by the α1A-adrenergic receptor
(AR) selective antagonist WB 4101 (30 nM) and mimicked by the α1A-AR selective agonist A
61603 (1 μM). In recordings from MCs, A 61603 (30 nM–1 μM) produced a sizeable increase in
the frequency of spontaneous and miniature IPSCs, an effect completely abolished by the GABAA

receptor antagonist gabazine (5 μM). Likewise, activation of β-ARs increased the frequency of
spontaneous IPSCs; however, this effect was smaller and confined to the first postnatal weeks.
NA enhanced inhibition in MCs across a broad concentration range (0.1–30 μM) and its effects
were completely abolished by a mixture of α1- and β-AR antagonists (1 μM prazosin and 10 μM

propranolol). Furthermore, the general α2-AR agonist clonidine (10 μM) failed to affect sIPSC
frequency. Thus, the NA-mediated increase in GC→MC inhibition in the OB results mostly from
activation of the α1A-AR subtype.
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Introduction

The olfactory bulb (OB) receives significant noradrenergic
input from the locus coeruleus (LC) that is instrumental
for a broad range of olfactory behaviours, particularly
those that depend on a strong association with social
odours (Shipley et al. 1985; Brennan & Keverne, 1997).
In the accessory OB (AOB), a region involved in the
processing of chemosignals that trigger aggressive and
reproductive behaviours, noradrenaline (NA) is thought
to promote synaptic changes that underlie a female
mouse’s ability to learn a stud’s odour during mating,
also known as the Bruce effect (Brennan & Keverne,
2004). In the main OB (MOB), NA plays a similarly
important role in several aspects of odour processing and
odour memory formation, including discrimination of
perceptually similar odours and long-term suppression of
odour responses (Sullivan et al. 1989, 1992; Doucette et al.
2007; Shea et al. 2008).

Despite the importance of noradrenergic regulation
of OB function, the underlying mechanisms facilitating
short- and long-term plasticity by NA are not fully under-
stood. In the OB, the most abundant neuronal type, the
granule cells (GCs), form ubiquitous dendrodendritic
synapses with projection neurons, mitral and tufted
cells (hereafter referred to as MCs) (Shepherd et al.
2007). Lateral and recurrent inhibition at dendrodendritic
synapses is an important physiological mechanism
contributing to olfactory processing within the OB
(Schoppa & Urban, 2003). The presence of noradrenergic
fibres throughout the GC and MC layers suggests
dendrodendritic synapses as a plausible target for the
neuromodulatory action of NA (McLean et al. 1989).
However, different studies have suggested contrasting
mechanisms of action.

Adrenergic receptors (ARs) are divided into three major
classes (α1, α2 and β), and their activation has been
shown to produce either excitatory or inhibitory effects
in MCs of the MOB (Salmoiraghi et al. 1964; McLennan,
1971; Jahr & Nicoll, 1982; Perez et al. 1987; Trombley &
Shepherd, 1992; Mouly et al. 1995; Okutani et al. 1998;
Ciombor et al. 1999; Hayar et al. 2001). Furthermore,
recent studies in the MOB of rats have indicated that the
effect of NA on OB neurons is concentration-dependent
whereby low concentrations of NA decrease the frequency

of GABA currents recorded in MCs and higher doses
increase their occurrence (Nai et al. 2009). In contrast,
in the AOB, we have shown that the overall effect of NA is
to inhibit MCs by producing a long-lasting excitation in
GCs (Araneda & Firestein, 2006; Smith et al. 2009). Lastly,
the plasticity mechanisms underlying the facilitation of
memory formation by NA may be different between the
MOB and AOB. While NA increases gamma frequency
oscillations in MCs of the MOB (Gire & Schoppa, 2008;
Pandipati et al. 2010), an action associated with reduced
inhibition, the proposed plasticity mechanisms in the AOB
can be explained solely by enhancement of inhibitory
input on to MCs (Leszkowicz et al. 2012).

Here, we report that GCs in the MOB exhibit an
excitatory response to NA similar to that observed
in the AOB, including a stimulus-elicited slow after-
depolarization (sADP). Pharmacological characterization
indicated that the α1A-AR subtype mediates this effect.
NA increased inhibitory GABA currents in MCs at all
concentrations tested by activating α1A- and β-ARs.
However, the β-AR effect was not observed in older
animals, and at all ages tested, the α1A-AR response
was significantly robust. Our results indicate a common
mechanism for regulation of GC-MC synapses throughout
the OB: NA activates α1A-ARs, enhancing inhibition of
MCs, providing new evidence for the cellular events under-
lying the important olfactory behaviours facilitated by the
noradrenergic system.

Methods

Slice preparation

All animal procedures were done in accordance with
guidelines of the Institutional Animal Care and Use
Committee of the University of Maryland. Experiments
were performed in sagittal slices containing the OB
obtained from postnatal day 4 (P4) to P99 C57BL/6 mice
as previously described (Smith et al. 2009). Mice were
anaesthetized with isoflurane and decapitated, and the
brain was quickly removed and placed in oxygenated
(95% O2 and 5% CO2) ice-cold ACSF containing low Ca2+

(1 mM) and high Mg2+ (3 mM). Sections (250–300 μm
thick) of the OB were sliced using a Leica vibrating
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microslicer (Redding, CA, USA). The slices were then
transferred to an incubation chamber containing normal
ACSF (see below) and left to recuperate first at 37◦C
for 45 min and then at room temperature for another
hour. In all experiments, unless otherwise indicated,
the extracellular solution was ACSF of the following
composition (in mM): 125 NaCl, 25 NaHCO3, 1.25
NaH2PO4, 3 KCl, 2 CaCl2 and 1 MgCl2, 3 myo-inositol,
0.3 ascorbic acid, 2 sodium pyruvate and 15 glucose,
continuously oxygenated to pH ∼7.4 and with an
osmolarity of ∼305 mosmol l−1.

Data acquisition and analysis

After incubation, the slices were transferred to a recording
chamber mounted on the stage of an Olympus BX51
microscope. MCs and GCs were identified based on their
size and position in the slices using a 40× water immersion
objective. In the AOB, the lateral olfactory tract (LOT)
separates the MC from GC layers. In the MOB, MCs are
confined to a single layer, while GCs, which have smaller
somata are found in a separate layer. Experiments were
performed at room temperature using standard patch
pipettes (3–8 M� resistance). Membrane potential and
currents were recorded in current and voltage clamp mode
using a dual EPC10 amplifier (HEKA, Bellmore, NY, USA).
We performed data analysis using macros written for
Igor Pro (Wavemetrics, Wosego, OR, USA) and Mini60
software (Synaptosoft Inc., Decatur, GA, USA).

In current-clamp experiments, the sADP in GCs was
elicited using a depolarizing current stimulus (500 ms
every 30 s) of variable intensity, adjusted to produce 3–12
action potentials. We measured the sADP as the most
positive membrane potential value after the end of the
pulse and it generally occurred within a few seconds
(<3 s) after the stimulus. The pre-stimulus membrane
potential was subtracted from each of these values;
therefore, the reported values of afterhyperpolarization
and sADP correspond to the �V (in mV). Similarly,
changes in membrane potential (�V m) in the presence
of drugs correspond to the most depolarized value, which
in many cases was the cell’s threshold, minus the base-
line membrane potential. The duration of the sADP was
quantified by fitting a single exponential from the peak of
the response, and is expressed as the τ of decay.

GABA IPSCs were recorded at 0 mV in MCs and the
kinetic analysis was performed using Mini60 software.
The frequency and amplitude of IPSCs were determined
in 2 min segments right before (control) and 1.5–2 min
segments right after drug application. Fold increase in
IPSC frequency is expressed as the ratio of the change
in IPSC frequency produced by the drug to the basal
frequency (IPSCdrug – IPSCbasal)/(IPSCbasal). Statistical
significance for frequency changes and fold increases in the

presence of drugs was assessed using the Student’s paired
t test and shifts in the cumulative probability distributions
were determined with the Kolmogorov–Smirnov test. For
the dose–response data, the reported fold increase in sIPSC
frequency was normalized to the value at the highest
concentration tested and fit using a Hill equation routine
in Igor Pro. The values reported correspond to results
from at least six different trials and error bars indicate the
standard error of the mean.

Solutions and pharmacological agents

We determined the effect of NA on GC excitability using
current-clamp recordings with pipettes containing the
following internal solution (in mM): 120 potassium
gluconate, 10 sodium gluconate, 4 NaCl, 10 Hepes-K, 10
sodium phosphocreatine, 2 Na-ATP, 4 Mg-ATP and 0.3
GTP adjusted to pH 7.3 with KOH. To determine the
effect of NA on GABA IPSC frequency in MCs, we used
voltage clamp recordings, with pipettes containing (in
mM): 125 caesium gluconate or caesium methylsulphate,
4 NaCl, 2 MgCl2, 2 CaCl2, 10 EGTA, 10 Hepes, 2 Na-ATP,
4 Mg-ATP and 0.3 GTP adjusted to pH 7.3 with CsOH.
This Cs based internal solution allows for stable recording
of outward GABA currents with minimal influence from
ionotropic glutamate currents, which reverse close to the
holding potential of 0 mV. The osmolarity of the internal
solutions ranged 290–305 mosmol l−1. The following
drugs were bath applied during experiments: L-(–)-NA
(+)-bitartrate salt monohydrate (NA), (R)-(–)-1-(3-
hydroxyphenyl)-2-methylaminoethanol hydrochloride
(phenylephrine, PE), 4-[1-hydroxy-2-[(1-methylethyl)
amino]ethyl]-1,2-benzenediol hydrochloride (isoprotere
nol, ISO), N-[5-(4,5-dihydro-1H-imidazol-2-yl)-2-
hydroxy-5, 6, 7, 8-tetrahydronaphthalen-1-yl]methanesul
phonamide hydrobromide (A 61603), 2-[(2,6-dichloro
phenyl)amino-2-imidazoline hydrochloride (clonidine,
CLO), 2-(2,6-dimethoxyphenoxyethyl) aminomethyl-1,
4-benzodioxane hydrochloride (WB 4101), 1-(4-Amino-
6,7-dimethoxy-2-quinazolinyl)-4-(2-furanylcarbonyl)
piperazine hydrochloride (prazosin), (RS)-1-[(1-methyl
ethyl)amino]-3-(1-naphthalenyloxy)-2-propanol hydro
chloride (propranolol), DL-2-amino-5-phosphonopenta
noic acid, 6-cyano-7-nitroquinoxaline-2,3-dione disod-
ium, 6-Imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebu
tanoic acid hydrobromide (gabazine, GBZ), octahydro-
12-(hydroxymethyl)-2-imino-5,9:7,10a-dimethano-10aH
-[1,3]dioxocino[6,5-d]pyrimidine-4,7,10,11,12-pentol
citrate (tetrodotoxin, TTX). The chamber volume and
speed of perfusion were adjusted to allow for full
exchange of the solution in less than 1 min. Antagonists
were applied for at least 10 min before agonists. All drugs
were purchased from Tocris Cookson (Minneapolis, MN,
USA) with the exception of NA, which we bought from
Sigma-Aldrich (St Louis, MO, USA).
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Results

Noradrenaline increases GABA release in the main
olfactory bulb by exciting granule cells

We have previously shown that NA produces a robust
depolarization of GCs in the AOB (Smith et al. 2009). GCs
consist of a heterogeneous group of interneurons and we
wondered whether GCs in the MOB exhibited a similar
response to NA. Therefore, we conducted whole-cell
recordings in sagittal slices of the OB, where both sub-
regions are preserved (MOB and AOB, Fig. 1A), using
the current-clamp mode in GCs and voltage clamp for
MCs. As shown in Fig. 1B, a submaximal concentration of

NA widely used in studies with similar slice preparations
(10 μM, see also below), produced a robust excitatory
effect in MOB GCs (�V m: 12.8 ± 0.9 mV, n = 33). This
excitatory response had a slow onset (time to peak:
184 ± 17 s, n = 5) and lasted several minutes (>10 min).
In agreement with a common cellular mechanism of
action on GCs throughout the OB, NA also induced the
appearance of an sADP, following a stimulus-elicited train
of action potentials, in GCs of the MOB (Fig. 1C; �V m:
6.5 ± 0.6 mV, n = 27). Importantly, the kinetics of this
sADP were similar to those of the sADP in GCs of the
AOB ((Smith et al. 2009); time to peak: 2.1 ± 0.5 s; τ of
decay: 10.1 ± 4.2 s; n = 7).

Figure 1. NA increases GABA release in the MOB by exciting GCs
A, diagram of a sagittal slice of the OB showing the relative positions of the MOB and AOB and neurons we recorded
from. LOT (dark line) forms a boundary that defines the AOB. Sensory neurons relay peripheral information via the
ON and VN to GL in the MOB and AOB, where they synapse with MCs (dark grey). GCs (light grey) form numerous
dendrodendritic synapses with MCs, influencing their output through GABAergic inhibition. Noradrenergic fibres
innervate both the MOB and AOB where they are thought to regulate dendrodendritic synaptic activity. In the
AOB, the LOT separates GCs from MCs. B, recording from a GC in the MOB where bath application of NA (10 μM)
depolarized the cell to threshold and resulted in several minutes of spontaneous firing (−60 mV resting membrane
potential). C, in another MOB GC, NA (10 μM, 100 s application) produced a slow afterdepolarization following
a stimulus-induced train of action potentials (65 pA, 500 ms). Shown are the responses to current pulses before
and after application of NA with expansions of the stimulus-elicited spike trains displayed in the insets. Similar
to NA-induced excitatory responses in GCs of the AOB (see text and (Smith et al. 2009), the peak of this slow
afterdepolarization (�Vm: 9 mV) occurred ∼3 s after the end of the stimulus pulse and had a slow decay. The
dotted lines indicate the pre-stimulus membrane potential (control: −78 mV, NA: −68 mV; calibration bar: 3 s,
10 mV). D, top trace: recording from an MC in the MOB where NA (10 μM) dramatically increased the frequency
of sIPSCs with a time course similar to that of the depolarization of GCs (control: 0.9 Hz, NA: 19.5 Hz). Bottom
traces: representative sIPSCs from the above recording pre- and postapplication of NA (left and centre traces,
respectively). This cell’s sIPSCs were abolished by the GABAA receptor antagonist GBZ (right traces; 5 μM). The
holding potential was 0 mV in this and all following voltage clamp experiments. AOB, accessory olfactory bulb;
GBZ, gabazine; GC, granule cells; GL, glomeruli, LOT, lateral olfactory tract; MC, mitral/tufted cells; MOB, main
olfactory bulb; NA, noradrenaline; ON, olfactory nerve; sIPSC, spontaneous IPSCs; VN, vomeronasal nerve.
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In accordance with this excitatory effect on GCs,
voltage clamp recordings indicated that NA (10 μM)
produced a 7.9 ± 1.7-fold increase in the frequency of
spontaneous IPSCs (sIPSCs) in MOB MCs (Fig. 1D;
control: 1.3 ± 0.3 Hz, NA: 9.0 ± 1.8 Hz, P < 0.0005,
n = 12). This effect had a slow onset (153 ± 18 s, n = 5)
and was long-lasting, closely mimicking the time course
of the depolarization recorded in GCs. The basal and
NA-stimulated sIPSCs were completely abolished in
the presence of the GABAA receptor antagonist GBZ
(5 μM) indicating that they correspond to GABA
activated currents (Fig. 1C; NA + GBZ: 0.0 ± 0.0 Hz,
n = 5). In addition, NA also increased the frequency of
miniature IPSCs (mIPSCs) measured in the presence
of TTX (0.5 μM) and blockers of fast excitatory trans-
mission (100 μM DL-2-Amino-5-phosphonopentanoic
acid, an NMDA receptor antagonist, and 10 μM

6-Cyano-7-nitroquinoxaline-2,3-dione disodium, an
AMPA receptor antagonist; data not shown). Under
these conditions, NA produced an 8.3 ± 3.5-fold increase
in frequency (control: 0.9 ± 0.3 Hz, NA: 5.9 ± 1.8 Hz,
P < 0.02, n = 8), further suggesting a direct effect of NA
on MOB GCs.

Multiple adrenergic receptor subtypes increase GABA
release in the olfactory bulb in an age-dependent
manner

To further characterize the excitatory effect of NA on
sIPSC frequency in the MOB, we examined the actions
of PE (10 μM) and ISO (10 μM), two general agonists
of α1- and β-ARs, respectively. In recordings from 2-
to 4-week-old slices, we found that both ISO and PE,
tested in the same MCs (Fig. 2A, left traces), produced
significant increases in sIPSC frequency, with the effect of
PE being greater than that of ISO (Fig. 2A, right graph;
control: 1.7 ± 0.2 Hz; ISO: 3.0 ± 0.4 Hz, P < 0.0002; PE:
5.3 ± 0.7 Hz, P < 0.000004; n = 21). In the AOB, we
observed similar effects in animals of the same age
range, including a larger effect for PE (data not shown;
control: 1.5 ± 0.2 Hz; ISO: 2.4 ± 0.4 Hz, P < 0.00003; PE:
6.5 ± 0.9 Hz, P < 0.000003; n = 19).

Interestingly, comparison of recordings obtained at
different ages revealed that the responses to PE and
ISO were largest in slices from younger mice. Thus,
as illustrated by recordings from the AOB (Fig. 2B, left
traces), when we divided MCs into two age cohorts
(≤P7 and ≥P60), we found that the profile of responses
was significantly different between young and old mice,
particularly with respect to β-AR activation (Fig. 2B,
right graph). Table 1 summarizes our findings in both
the AOB and MOB, where we found that the sIPSC
frequency increases produced by ISO were limited to
the neonatal age group (≤P7), while PE significantly

increased sIPSC frequency in both young and old mice.
These results suggest that activation of both α1- and
β-ARs by NA contribute to increased inhibitory input
on to MCs in the OB of neonatal mice. Moreover, they
highlight the potential importance of the α1-AR sub-
type in regulating inhibition during olfactory mediated
behaviours relevant to early events (e.g. mother–infant
interaction), and adulthood (e.g. mating). Therefore,
we pursued a more detailed characterization of the
α1-AR-mediated response.

Noradrenaline excites granule cells in the olfactory
bulb by activating α1A-adrenergic receptors

Pharmacological characterization of the response to
NA indicated that the excitation in GCs results from
activation of the α1A-AR subtype (Fig. 3). Both effects
of NA in MOB GCs, the long-lasting depolarization
(�V m: 12.6 ± 2.0 mV, n = 12) and stimulus-induced
sADP (Fig. 3A, right panel 2; sADP: 5.4 ± 0.8 mV, n = 9)
were greatly reduced by a sub-micromolar concentration
of the α1A-AR selective antagonist WB 4101 (30 nM;
�V m: 1.0 ± 0.6 mV, P < 0.0004; sADP: 0.3 ± 0.2 mV,
P < 0.0002). Likewise, a low concentration of the
α1A-AR selective agonist A 61603 (1 μM) mimicked the
depolarization and sADP of NA, producing responses
of comparable magnitude (Fig. 3B; �V m: 10.6 ± 1.0 mV;
sADP: 5.3 ± 0.6 mV; n = 9). In addition, the time course
of the A 61603 induced depolarization and the kinetics
of its sADP were similar to that of NA (data not shown;
�V m time to peak: 152 ± 26 s, n = 5; sADP time to peak:
2.6 ± 0.6 s; τ of decay: 19.0 ± 5.3 s; n = 6).

Consistent with a uniform adrenergic action
throughout the OB, the pharmacology of the response
to NA in AOB GCs indicated involvement of the same
receptor subtype (Fig. 3B). In the AOB, A 61603 (1 μM)
depolarized GCs by 12.4 ± 2.0 mV and produced an sADP
following current stimulus (sADP: 6.7 ± 0.9 mV, n = 9).
The time course of the response to A 61603 was similar
to that in the MOB, with a slow onset (time to peak:
132 ± 29 s, n = 5) and comparable kinetics for the sADP
(time to peak: 1.8 ± 0.2 s; τ of decay: 12.4 ± 6 s; n = 6).
Similarly, the depolarization and sADP induced by NA in
the AOB were greatly reduced in the presence of WB 4101
(30 nM; �V m: 14.9 ± 1.8 vs. 2.8 ± 1.0 mV, P < 0.00008,
n = 12; sADP: 9.3 ± 1.0 vs. 1.2 ± 0.5 mV, P < 0.0006,
n = 6).

Activation of α1A-adrenergic receptors increases
GABA inhibitory currents in mitral cells

In addition to an excitatory effect on GCs, A 61603
produced a dose-dependent increase in inhibition of
MCs in the AOB and MOB. As illustrated in Fig. 4A
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by an AOB MC, application of A 61603 (30 nM)
produced a 2.2 ± 0.7-fold increase in sIPSC frequency
(control: 1.5 ± 0.4 Hz, A 61603: 4.3 ± 1.5 Hz, P < 0.03,
n = 7). At 100 nM, A 61603 produced a 6.1 ± 2.2-fold
increase in sIPSCs (control: 2.6 ± 0.6 Hz, A 61603:
13.4 ± 2.8 Hz, P < 0.006, n = 5), and an 11.6 ± 4.6-fold
increase when applied at 1 μM (control: 3.0 ± 1.1 Hz, A
61603: 17.3 ± 3.1 Hz, P < 0.0004, n = 7). The effect we
observed in response to 1 μM A 61603 was comparable

to that produced by 10 μM NA, and was also completely
abolished by GBZ (5 μM; 0.0 ± 0.0 Hz, n = 3; data not
shown). Similarly, the increase in sIPSCs had a slow
onset (140 ± 24 s, n = 5) and was long-lasting (>10 min).
As shown in Fig. 4B (left), A 61603 (1 μM) significantly
shifted the cumulative probability function for inter-event
intervals in the AOB (P < 0.0001). Similar to NA, the
large frequency increases produced by A 61603 occurred
without affecting average sIPSC amplitude (Fig. 4B, left

Figure 2. NA increases sIPSC frequency in MCs by activating α1- and β-ARs in an age-dependent manner
A, left panel: recording of sIPSCs in an MC in the MOB of a P14 slice. Top traces: ISO (10 μM), a β-AR agonist,
produced a ∼1-fold increase in sIPSC frequency (control: 0.5 Hz, ISO: 1.2 Hz). Bottom traces: the effect of PE
(10 μM), an α1-AR agonist, was much greater in the same cell, increasing sIPSC frequency by ∼15-fold (control:
0.6 Hz, PE: 10.2 Hz). Representative traces in an expanded time scale, before and after drug application, are
shown below. Right panel: summary of the magnitude of the α1- and β-AR-mediated effects on sIPSC frequency
in MCs of the MOB. Though both ISO and PE increased the frequency of sIPSCs, the effect of PE was larger
(∗P < 0.00002; ∗∗P < 0.000001). The reported averages are from cells in P14–28 slices where both PE and ISO
were applied (n = 21). B, left panel: recordings of sIPSCs from MCs in the AOB of slices from P4 (neonate, top
traces) and P70 (adult, bottom traces) animals. While β-AR activation produced large increases in sIPSC frequency
in young mice, ISO had no effect in older animals. Representative traces in an expanded time scale, before and
after ISO application, are shown below. Right panel: summary of the effects of PE (black bars) and ISO (grey bars)
on sIPSC frequency in the AOB of young and old mice. In both young (≤P7; n = 14) and old (≥P60; n = 10) mice,
PE produced a significant increase in sIPSC frequency (∗∗P < 0.0002). In contrast, in the same cells ISO significantly
increased the frequency only in the younger group (∗P < 0.05). AR, adrenergic receptor; AOB, accessory olfactory
bulb; ISO, isoproterenol; MC, mitral/tufted cells; MOB, main olfactory bulb; PE, phenylephrine; sIPSC, spontaneous
IPSCs.
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Table 1. Noradrenerqic requlation of sIPSC frequency durinq development

Control ISO Control PE ISO Fold � PE Fold �

AOB
≤P7 0.7 ± 0.3 1.2 ± 0.4∗ 0.5 ± 0.2 5.2 ± 1.0∗∗ 3.0 ± 1.1∗ 18.5 ± 4.0∗∗

≥P60 5.7 ± 1.1 5.9 ± 1.1n.s. 4.6 ± 1.1 11.5 ± 1.3∗∗ 0.1 ± 0.1n.s. 2.6 ± 0.7∗∗

MOB
≤P7 0.6 ± 0.2 1.1 ± 0.3∗ 0.9 ± 0.3 4.3 ± 0.7∗∗ 2.3 ± 0.7∗ 6.2 ± 1.4∗∗

≥P60 3.6 ± 0.8 3.6 ± 0.8n.s. 2.9 ± 0.7 5.6 ± 1.6∗ 0.04 ± 0.08n.s. 0.9 ± 0.2∗∗

AOB, accessory olfactory bulb; AR, adrenergic receptor; ISO, isoproterenol; MOB, main olfactory bulb; PE phenylephrine; sIPSCs,
spontaneous IPSCs. Summary of the age-dependent effects of the α1- and β-AR selective agonists PE and ISO on sIPSC frequency
in MCs of the AOB and MOB. Fold increase in sIPSC frequency is expressed as the ratio of the change in sIPSC frequency produced
by the drug to the basal frequency (see Methods). In both regions, PE produced significant frequency increases in the young (≤P7)
and old (≥P60) age groups, while frequency increases by ISO were restricted to younger mice (∗P < 0.02, ∗∗P < 0.002, n.s. P > 0.3).
Control and agonist sIPSC frequencies (Hz) and fold � values are expressed as the average ± S.E.M.

inset; control: 22.8 ± 1.9 pA, A 61603: 24.8 ± 2.2 pA,
P > 0.1). Likewise, the average amplitude of the A 61603
elicited events was not different from those produced by
NA (22.7 ± 3.4 pA, P > 0.6, n = 8).

Similar results were obtained in the MOB. At 1 μM,
A 61603 produced a 5.1 ± 1.6-fold increase in sIPSC
frequency (control: 1.8 ± 0.7 Hz, A 61603: 7.4 ± 1.8 Hz,
P < 0.003, n = 8), also shown as a leftward shift in the
cumulative probability plot in Fig. 4B (right; P < 0.0001).
As in the AOB, the average amplitude of the sIPSCs
recorded post-application of A 61603 was not different
from control (Fig. 4B, right inset; control: 24.6 ± 2.7 pA,
A 61603: 25.8 ± 3.8 pA, P > 0.3) or from the average
amplitude of sIPSCs produced by NA (22.6 ± 2.0 pA,
P > 0.4, n = 12). The effect of this agonist extended
to 100 nM, where A 61603 produced a 5.3 ± 1.7-fold
increase in sIPSC frequency in MCs (control: 2.0 ± 0.4 Hz,
A 61603: 12.0 ± 4.2 Hz, P < 0.04, n = 5). Lastly, like
NA, application of A 61603 (1 μM) also increased
the frequency of mIPSCs recorded in the MOB and
AOB (data not shown; MOB: 1.9 ± 1.0 vs. 6.3 ± 2.9 Hz,
P < 0.05, n = 4; AOB: 1.7 ± 0.8 vs. 9.7 ± 3.4 Hz, P < 0.04,
n = 5).

As described above, NA acting on α1-ARs produced
a significant increase in inhibitory currents in MCs
across all ages in the MOB and AOB. Likewise, A
61603 (100 nM) significantly increased sIPSC frequency
in young animals in the MOB (P7; control: 3.0 ± 0.7 Hz,
A 61603: 11.0 ± 2.7 Hz, P < 0.03, n = 4). In the same
age group, A 61603 produced a 4.3 ± 1.3-fold increase
in frequency in the AOB (control: 3.2 ± 1.0 Hz, A
61603: 13.2 ± 1.1 Hz, P < 0.00005, n = 4). Similarly, in
older mice (≥P60), A 61603 (100 nM) significantly
increased sIPSC frequency in both regions (MOB, control:
2.3 ± 0.7 Hz, A 61603: 6.6 ± 2.5 Hz, P < 0.04, n = 7; AOB,
control: 3.3 ± 0.5 Hz, A 61603: 12.3 ± 1.6 Hz, P < 0.0007,
n = 5).

Noradrenaline regulates inhibition of mitral cells in a
concentration-invariant manner

Previous work has shown that NA produces a
concentration-dependent effect on IPSC frequency in the
MOB of rats (Nai et al. 2009, 2010). At low concentrations,
NA decreased the frequency of IPSCs through activation
of α2-ARs, while at higher concentrations it increased
inhibition. To examine the possibility that NA may
regulate inhibition in the mouse OB in a similar
manner, we recorded sIPSCs in response to sub-
micromolar concentrations of NA in both MOB and
AOB MCs. Unexpectedly, we found that even at a
low concentration (0.3 μM), NA significantly increased
sIPSC frequency in both regions of the OB (Fig. 5A
traces). In the MOB (top traces), this low dose of
NA increased sIPSC frequency by ∼1-fold (control:
3.1 ± 0.6 Hz, NA: 5.7 ± 1.1 Hz, P < 0.005, n = 11), and
we observed a similar change in the AOB (bottom traces,
control: 2.3 ± 0.8 Hz, NA: 3.8 ± 1.1 Hz, P < 0.03, n = 10).
Furthermore, a small, but significant, increase in frequency
was observed in the MOB following application of an even
lower NA concentration (0.1 μM, 0.3 ± 0.03-fold increase
in frequency; control: 2.2 ± 0.9 Hz, NA: 2.9 ± 1.1 Hz,
P < 0.04, n = 5, data not shown). We found comparable
frequency increases in mIPSC recordings; at 0.1 and
0.3 μM in the MOB, NA produced significant increases
in mIPSC frequency (0.3 ± 0.05 Hz vs. 0.4 ± 0.06 Hz,
P < 0.02, n = 8 and 0.7 ± 0.2 Hz vs. 0.9 ± 0.3 Hz, P < 0.02,
n = 11, respectively). In the AOB, 0.3 μM NA produced a
1-fold increase in mIPSCs (Fig. 5B; control: 0.6 ± 0.1 Hz,
NA: 1.2 ± 0.3 Hz, P < 0.04, n = 6).

This concentration-invariant effect is illustrated in the
dose–response curve in Fig. 5C for sIPSC recordings from
MCs in the AOB. Across the broad range of concentrations
tested, NA produced only increases in inhibition (apparent
EC50 = 6.9 μM). For comparison, we have included data
for A 61603, which, at all concentrations, was more potent
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than NA in eliciting augmentation of sIPSC frequency
(apparent EC50 = 0.1 μM). In agreement with these results,
in the presence of prazosin (1 μM) and propranolol
(10 μM), general α1- and β-AR antagonists, NA failed

to affect sIPSC frequency in the MOB (data not shown,
control: 1.48 ± 0.26 Hz, NA + blockers: 1.45 ± 0.25 Hz,
P > 0.7, n = 9) or AOB (control: 1.42 ± 0.43 Hz, NA
+ blockers: 1.51 ± 0.51 Hz, P > 0.3, n = 7). Likewise,

Figure 3. NA excites GCs in the MOB and AOB by activating α1A-ARs
A, top trace: recording from a GC in the MOB where bath application of NA (10 μM) depolarized the cell and
produced an sADP that resulted in a series of spontaneous action potentials. In this cell, spike trains, which appear
compressed as vertical lines in the time axis, were elicited every 30 s by a depolarizing current stimulus (30 pA,
500 ms). The right traces correspond to those indicated by the arrowheads and are shown in an expanded time
scale. In these traces, the dotted lines indicate the pre-stimulus membrane potential. 1: under control conditions,
the current stimulus produced seven spikes that were followed by a small afterhyperpolarization (�Vm: 1 mV). 2:
post-application of NA, the same stimulus elicited 10 spikes and an sADP (7 mV) that greatly enhanced the cell’s
excitability. Bottom trace: in the same cell, application of a low concentration of the α1A-AR selective antagonist
WB 4101 (30 nM) completely abolished the depolarization and sADP produced by NA. 3 and 4: expanded responses
to the current pulse at the points indicated with arrowheads (control and NA in the presence of WB 4101, the
resting membrane potential is −62 mV). B, summary of the α1A-AR-mediated changes in excitability of GCs in the
MOB and AOB. The α1A-AR selective antagonist WB 4101 (30 nM, white bars) greatly reduced the NA-induced
depolarization (�Vm, black bars) in the MOB and AOB (n = 12 respectively). Likewise, application of WB 4101
significantly decreased the sADP in both regions (∗P < 0.0006; MOB: n = 9; AOB: n = 6). Similarly, the NA-induced
depolarization and sADP were mimicked by the α1A-AR selective agonist A 61603 (1 μM, grey bars) in the MOB
and AOB (n = 9, respectively). AOB, accessory olfactory bulb; AR, adrenergic receptor; GC, granule cells; MOB,
main olfactory bulb; NA, noradrenaline; sADP, slow afterdepolarization.
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the α2-AR agonist CLO (10 μM) did not alter sIPSC
frequency in the MOB (data not shown, control:
1.93 ± 0.30 Hz, CLO: 1.91 ± 0.27 Hz, P > 0.6, n = 22)
or AOB (control: 2.19 ± 0.34 Hz, CLO: 1.97 ± 0.27 Hz,
P > 0.1, n = 24). Taken together, these results support an
overall enhancement of inhibition in MCs by NA, acting
primarily on α1A-ARs, throughout the OB.

Discussion

Here, we show that NA modulates GABAergic inhibition
by a common mechanism throughout the OB. NA had a
robust excitatory action on GCs in the MOB, including
induction of an sADP, a response similar to what we
have previously described in the AOB. The long-lasting
depolarization produced by NA greatly enhanced the
release of GABA from GCs, dramatically increasing
inhibitory currents in MCs. The pharmacological profile
of these effects was consistent with the activation of
α1A-ARs. Two mechanisms contributed to the increase
in IPSC frequency in MCs although the degree of
enhancement varied with age. During early postnatal days,
activation of both β- and α1A-ARs significantly increased
sIPSC frequency, but only the α1A-AR-mediated effect

remained in older animals. Moreover, in both AOB and
MOB MCs, NA increased inhibitory currents over a wide
concentration range that included sub-micromolar doses,
bringing us to the conclusion that in mice, NA acts to
enhance GABAergic inhibition of MCs.

The OB receives a significant noradrenergic projection
from the LC (Shipley et al. 1985) and GCs are an
important target of neuromodulation by this system
(Jahr & Nicoll, 1982; Araneda & Firestein, 2006; Smith
et al. 2009; Nai et al. 2010). Although GCs comprise
a heterogeneous group of inhibitory neurons (Shepherd
et al. 2007), our results indicate that the effect of NA on
GC excitability is rather consistent between the AOB and
MOB, suggesting that the noradrenergic system regulates
activity in the OB network by increasing inhibition. Our
results are in agreement with previous findings in the
MOB, which also indicate an inhibitory effect of NA on
MCs (Salmoiraghi et al. 1964; McLennan, 1971; Mouly
et al. 1995). Additionally, stimulation of the LC has
been shown to produce several types of responses in the
MOB, including inhibition. For example, LC stimulation
produced a biphasic effect that promoted depression and
subsequent potentiation of dendrodendritic inhibition,
increased inhibition of MCs and suppression of MC

Figure 4. α1A-AR activation increases
GABAergic inhibition on to MCs in the
AOB and MOB
A, top trace: recording from an MC in the
AOB, where sIPSC frequency was greatly
increased by a low concentration of the
α1A-AR selective agonist A 61603 (30 nM;
control: 2.1 Hz, A 61603: 8.0 Hz). Bottom
traces: representative sIPSCs pre-application
(left) and post-application (right) of A 61603
from the above trace. B, average cumulative
inter-event interval distributions of sIPSCs in
MCs of the AOB (left) and MOB (right).
Application of 1 μM A 61603 (filled squares
and circles) produced a leftward shift from
the control event distribution (open squares
and circles) consistent with an increase in
sIPSC frequency. Insets: the average sIPSC
amplitude in A 61603 (grey bars) was not
different from control conditions (white bars)
in the AOB (n = 7) or MOB (n = 8). AOB,
accessory olfactory bulb; MCs, mitral cells;
MOB, main olfactory bulb; sIPSCs,
spontaneous IPSCs.
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Figure 5. NA produces a concentration-invariant increase in
sIPSC frequency in MCs
A, top traces: recording from an MC in the MOB where a low
concentration of NA increased sIPSC frequency by ∼1-fold (control:
2.5 Hz, NA: 4.5 Hz). Lower traces: recording from an MC in the AOB
where a low concentration of NA also increased sIPSC frequency
(control: 2.5 Hz, NA: 4.5 Hz). Representative expanded traces pre-
and post-application of NA are shown below. B, a low concentration
of NA increased both sIPSCs (n = 10) and mIPSCs (n = 6) in the
AOB. mIPSCs were recorded in the presence of
DL-2-Amino-5-phosphonopentanoic acid,
6-Cyano-7-nitroquinoxaline-2,3-dione disodium and tetrodotoxin
(∗∗P < 0.05). C, dose–response curve for the effects of NA (black
circles) and A 61603 (white squares) on sIPSC frequency in the AOB.
Data were obtained from different cells and normalized to the fold
increase in sIPSCs at the highest concentration of agonist. The fitted
line was obtained using the Hill equation; A 61603 was more potent
than NA (NA, EC50: 6.9 μM; A 61603, EC50: 0.1 μM). At 10 nM, A
61603 produced a small, though not significant, fold increase
(control: 2.5 ± 1.0 Hz, A 61603: 4.3 ± 2.6 Hz, P > 0.3, n = 6).
Similarly, 0.1 μM NA produced a small, but not significant, fold
increase in frequency (control: 1.5 ± 0.5 Hz, NA: 1.9 ± 0.6 Hz,
P > 0.1, n = 7). At concentrations greater than these, the frequency
increases were statistically significant for both NA and A 61603 (see
Results). mIPSCs, miniature IPSCs; MOB, main olfactory bulb; NA,
noradrenaline; sIPSCs, spontaneous IPSCs.

responses to odours (Perez et al. 1987; Okutani
et al. 1998; Shea et al. 2008). Nevertheless, other studies
have indicated excitatory noradrenergic effects in the
MOB (Jahr & Nicoll, 1982; Trombley & Shepherd,
1992; Ciombor et al. 1999; Hayar et al. 2001; Gire &
Schoppa, 2008; Pandipati et al. 2010). In our experiments,
blockers of fast synaptic transmission and TTX did not
affect the magnitude of the inhibition produced by NA,
suggesting a direct excitatory action on GCs. In addition,
NA increased the frequency of GABA IPSCs without
significantly affecting the amplitude of these currents,
further arguing for a presynaptic mechanism. The increase
in IPSC frequency is consistent with an enhancement
of activity at dendrodendritic synapses between GC and
MCs (GC→MC) and inhibition of MCs. However, our
experiments do not rule out the possibility of long-term
downregulation of dendrodendritic synaptic activity by
NA, which could promote a disinhibition of MCs such
as that reported in the MOB (Gire & Schoppa, 2008;
Pandipati et al. 2010). Interestingly, a recent study in the
AOB showed that local infusions of NA failed to disinhibit
MCs, despite inducing long-term plasticity similar to
that observed during memory formation in female mice
(Leszkowicz et al. 2012). These results agree with our
observations and further support an inhibitory role of
NA in the OB network. We note, however, that in the
absence of information regarding AR distribution in OB
GCs, we cannot rule out functional differences at the
circuit level or differences in the physiological role of
this inhibition between the AOB and MOB. For example,
MCs in the AOB have shorter secondary dendrites and
as a result, most of their dendrodendritic synapses are
formed via primary dendrites, unlike in the MOB where
dendrodendritic synapses are made mostly with secondary
dendrites (Takami & Graziadei, 1991).

Three classes of receptors, α1, α2 and β, each of which
is further divided into at least three subtypes, mediate
adrenergic responses in the brain (Hein & Kobilka,
1995; Small et al. 2003). Here, we show that nanomolar
concentrations of α1A-AR selective agonist mimicked the
effect of NA, while a selective antagonist of this receptor
significantly reduced the response. These results agree with
the reported high expression of the α1A-AR subtype in the
OB, especially in the GC layer (Day et al. 1997; Domyancic
& Morilak, 1997; Papay et al. 2006). While α1A-ARs have
been extensively characterized in the autonomic nervous
system, little is known about their physiological function
in the brain (Tanoue et al. 2003; Docherty, 2010). In inter-
neurons of the hippocampus and amygdala, activation
of α1A-ARs produces increased GABAergic transmission,
similar to what we show here in the OB (Braga et al.
2004; Hillman et al. 2007, 2009). In addition, activation of
α1A-ARs by NA induced the appearance of an sADP that
often resulted in long-lasting spontaneous spiking of GCs.
Accumulating evidence supports the notion that this sADP
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results from activation of transient receptor potential
channels, which induce a non-selective cationic current
(ICAN) in neurons (Constanti et al. 1993; Haj-Dahmane
& Andrade, 1999; Pressler et al. 2007; Smith et al. 2009;
Yan et al. 2009). Interestingly, we have previously shown
in the AOB that activation of M1 muscarinic acetylcholine
receptors (M1 mAChRs) and metabotropic glutamate
receptor type 1 (mGluR1) elicits an sADP in GCs with
characteristics similar to that produced by the α1A-AR
activation described here (Smith et al. 2009). Additionally,
M1 mAChR activation produced a similar effect in GCs
of the MOB (Pressler et al. 2007). All these receptors sub-
types couple through Gq/11 and activate phospholipase
C to increase intracellular Ca2+ (Conn & Pin, 1997;
Zhong & Minneman, 1999), an essential step in the
activation of the sADP in GCs (Pressler et al. 2007; Smith
et al. 2009). Together these results suggest that in GCs,
similar second messenger pathways activated by different
neuromodulatory systems can converge on to a common
final target, the activation of ICAN and the subsequent
depolarization of GCs.

Similarly, another transient receptor potential current,
dependent on NMDA activation, has also been described
in MOB GCs (Hall & Delaney, 2002; Stroh et al. 2012).
This implies that GCs possess multiple independent
mechanisms, including ionotropic and metabotropic
signalling, to activate this excitatory current. Interestingly,
the kinetics of the depolarizing response produced by NA
in GCs had a slow onset. This suggests that activation
of ICAN by NA could allow GCs to integrate excitatory
inputs over a long period, for example, when mice engage
in active sniffing during olfactory behaviours. The sADP
activated by NA exhibits similar characteristics to the ADP
described in cortical circuits (Egorov et al. 2002). There,
the persistent activity accompanying the sADP and the
associated increase in intracellular Ca2+ was suggested
as an underlying mechanism for learning. Therefore, we
propose that the α1A-AR-mediated sADP could serve the
same purpose in the OB.

Activation of β-ARs also increased sIPSC frequency;
however, this effect was present in young (P4–P28), but
not in adult mice (≥P60). This suggests that in early
postnatal weeks, NA can increase GABAergic input on
to MCs through two different mechanisms. These results
are in agreement with behavioural studies showing that
odour preference learning in neonatal rats is dependent
on β-AR activation (Sullivan et al. 1989, 1992), but see
(Yuan et al. 2004). Contrasting the robust depolarization
of GCs mediated by α1A-ARs, we have failed to see a
significant change in membrane potential induced by
β-AR activation (data not shown). However, we cannot
rule out the possibility of a direct effect of β-ARs on the
release machinery at dendrodendritic synapses without
affecting GC somatic membrane potential. In addition, it
is possible that during early postnatal weeks the site of

action of these receptors could switch within the network.
For example, recent work in the MOB showed a change in
the expression of M1 mAChRs from MCs to GCs in rats
as they aged (Ghatpande & Gelperin, 2009). Nevertheless,
in agreement with the NA-induced excitation of GCs, the
α1A-adrenergic effect on IPSC frequency was greater than
the β-adrenergic effect at all ages, including early post-
natal days. Furthermore, we also noticed that the enhanced
frequency of inhibitory events in MCs, promoted by the
selective activation of these receptors, was significantly
greater in younger mice. This age-dependent increase in
inhibitory currents on to MCs together with the activation
of parallel mechanisms to increase sIPSC frequency (α1A-
and β-ARs) suggests that NA produces a stronger overall
inhibitory effect in the OB of younger mice. A possible
mechanism underlying this observation is that the basal
frequency was significantly smaller in younger animals
and increased with age. Further experiments are necessary
to more clearly define the precise neuronal location of
these receptors during early postnatal days using immuno-
staining methods.

Intriguingly, submicromolar concentrations of NA
increased both spontaneous and mIPSC frequency in
MCs, an effect observed at all concentrations tested. These
results contrast recent reports indicating a dose-dependent
effect of NA on GABA IPSC frequency in the MOB (Nai
et al. 2009, 2010). These studies showed that at low
concentrations, NA reduced the frequency of IPSCs by
acting on α2-ARs. At higher concentrations, NA increased
IPSC frequency primarily through α1-AR activation.
Although we cannot definitively rule out the possibility
of a small inhibitory effect on frequency by NA, the
frequency of GABA events was not affected by the α2-AR
selective agonist CLO in our experiments. Furthermore,
in the presence of a selective blockade of α1- and β-ARs,
sIPSC frequency was unaltered by NA. The reason for
these differences is not clear, but we hypothesize that there
could be unexplored variations between the experimental
models used in these experiments (mouse vs. rat). One
possibility is that these species exhibit different levels
of expression and/or distribution of these receptor sub-
types within the OB network, as shown in other brain
regions (Jean-Charles & Gerard, 2002). Most studies
addressing receptor distribution in the OB have been
performed in rats and show expression of α1A- and α2-
ARs (McCune et al. 1993; Day et al. 1997; Domyancic &
Morilak, 1997; Winzer-Serhan et al. 1997a,b; Papay et al.
2006). Similar studies in mice could yield further insight
into the reasons underlying the observed physiological
differences in the action of NA. These species are common
models used to study olfactory function, including the
role of neuromodulation in behaviour. Therefore, further
studies are necessary to explore the possibility that their
olfactory network is regulated in a different manner by the
noradrenergic system.
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