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It is well-established that astrocytes respond to norepinephrine with cytosolic calcium

rises in various brain areas, such as hippocampus or neocortex. However, less is known

about the effect of norepinephrine on olfactory bulb astrocytes. In the present study,

we used confocal calcium imaging and immunohistochemistry in mouse brain slices of

the olfactory bulb, a brain region with a dense innervation of noradrenergic fibers, to

investigate the calcium signaling evoked by norepinephrine in astrocytes. Our results

show that application of norepinephrine leads to a cytosolic calcium rise in astrocytes

which is independent of neuronal activity and mainly mediated by PLC/IP3-dependent

internal calcium release. In addition, store-operated calcium entry (SOCE) contributes to

the late phase of the response. Antagonists of both α1- and α2-adrenergic receptors,

but not β-receptors, largely reduce the adrenergic calcium response, indicating that both

α-receptor subtypesmediate norepinephrine-induced calcium transients in olfactory bulb

astrocytes, whereas β-receptors do not contribute to the calcium transients.
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INTRODUCTION

Norepinephrine is one of the major neuromodulators in the mammalian central nervous system.
It is involved in a variety of vital cognitive functions such as memory and attention (Berridge
and Waterhouse, 2003; Aston-Jones and Cohen, 2005). Furthermore, it has been shown that
norepinephrine plays a crucial role in sleep-wake cycle (O’Donnell et al., 2015). The locus coeruleus
(LC) is the major site for the biosynthesis of norepinephrine. Its widespread neuronal projections
innervate many different brain regions such as the neocortex, amygdala, hippocampus, and
hypothalamus. They also reach the main olfactory bulb, where ≈40% of LC neurons project
to (Shipley et al., 1985). Thus, noradrenergic input to the main olfactory bulb is part of the
centrifugal innervation and plays a key role in odor learning, recognition, and recall (Linster
et al., 2011). Previous studies showed that the majority of norepinephrine fibers target the external
plexiform layer (EPL), the internal plexiform layer (IPL), and the granule cell layer (GCL), and
to a lesser extent the mitral cell layer (ML) and the glomerular layer (GL) (McLean et al.,
1989). Norepinephrine release in the main olfactory bulb regulates the strength of GABAergic
inhibition of mitral cells depending on the norepinephrine receptor subtype activated (Trombley,
1992; Trombley and Shepherd, 1992; Nai et al., 2009). In accordance with the noradrenergic
fiber distribution, each of the three major subtypes, α1-, α2-, and β-receptors, are expressed in
multiple layers of the olfactory bulb, and distinct main olfactory bulb neurons seem to express
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FIGURE 2 | Norepinephrine-induced calcium transients in olfactory bulb astrocytes. (A) Fluo-8 staining of acute olfactory bulb slices with example ROIs shown in idle

state (left) and in the presence of 10µM norepinephrine (right). (B) Example traces of cells located in the external plexiform layer (EPL; ROI1, black trace) and in the

glomerular layer (GL; ROI2, green trace). (C) Violin plots of amplitude (left) and area (right) of norepinephrine-induced calcium responses in EPL (gray) and GL (green)

(see section Materials and Methods for details). Sample size as specified: cells/slices/animals. n.s., not significant. *p < 0.05. (D) Dose-response relationship of

calcium transients evoked by norepinephrine (NE). At 3µM NE, most astrocytes did not respond with Ca2+ transients (black trace), while some astrocytes generated

a small Ca2+ rise (blue trace). (E) 1µM NE failed to trigger calcium transients in astrocytes, while 3µM evoked a Ca2+ response in about one-third of the astrocytes.

Ten micromolars of NE was sufficient to induce calcium transients in all astrocytes investigated, with (F) maximal amplitude. (G) Example of multiple applications of NE

(10µM) with a 10-min interval displaying a significant signal rundown. (H) Calcium transients were not affected in presence of tertodotoxin (TTX), GABAergic,

glutamatergic, and purinergic antagonists (Blockermix contains: NBQX 10µM, D-APV 50µM, gabazine 10µM, CGP55845 10µM, MPEP 2µM, MRS2179 50µM,

ZM241385 0.5µM, TTX 1µM). For statistical analyses, the second application in blockermix was compared to the second application in the rundown experiment

[depicted in (G)]. (I) Ca2+ responses by the second application of NE were normalized to responses of the first application, set to 100%. Amplitudes (left) and area

(right) of calcium responses compared between the rundown experiment, i.e., in the absence of the blockermix (RD), and in presence of the blockermix (BM). Both

amplitude and area were not significantly different (n.s.).
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FIGURE 3 | Effect of noradrenergic receptor antagonists. (A) All experiments were performed in the presence of the blockermix described in Figure 2 to isolate the

direct response in astrocytes. Norepinephrine-induced calcium responses were strongly reduced in the presence of α1-antagonist prazosin (10µM). (B) Calcium

transients were affected in the presence of the α2-antagonist rauwolscine (0.5µM). (C) Calcium transients were not significantly affected by β-receptor antagonist

ICI-118,551 (15µM). (D) Calcium transients were entirely abolished in the presence of a combination of all antagonists mentioned above. (E) Violin plots of amplitudes

(light gray) and area (dark gray) of calcium responses under control conditions (i.e. second application of the blockermix experiment depicted in Figure 2H) and in the

presence of prazosin (Pra), rauwolscine (Rau), ICI, and a combination of all. n.s. = not significant; ***P < 0.001.

transient receptor potential channels TRPV and lead to
calcium oscillations in olfactory bulb astrocytes (Doengi et al.,
2009), the selective TRPV4 antagonist HC-067047 (1µM)
was co-applied with 2-APB to suppress TRPV4-mediated
calcium oscillations and to allow for a higher concentration
of 2-APB. However, HC-067047 alone partly reduced the
amplitude and area of norepinephrine-evoked calcium responses
(Figures 4C,E). Additional application of 100µM 2-APB almost

entirely suppressed norepinephrine-induced calcium responses,
on average by 83.9 ± 1.6% (n = 57/5/3; p < 0.001) in amplitude
and 90.3 ± 2.5% (n = 57/5/3; p < 0.001) in area, indicating
the involvement of IP3-receptors (Figure 4E). It must be noted,
however, that 2-APB also blocks calcium channels such as
Orai and some TRP channels and hence part of the effect
of 2-APB is on calcium influx from the extracellular space
(see below).
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FIGURE 4 | Internal calcium release and phospholipase C mediate norepinephrine-induced calcium transients in olfactory bulb astrocytes. (A)

Norepinephrine-induced calcium transients are entirely suppressed in the presence of SERCA inhibitor cyclopiazonic acid (CPA, 20µM). (B) Calcium transients are

significantly reduced in the absence of extracellular calcium (0mM Ca2+). (C) Norepinephrine-induced calcium transients are partly suppressed in the presence of

TRPV4 inhibitor HC-067047 (1µM). (D) Calcium response is entirely abolished in the presence of IP3-receptor antagonist 2-APB (100µM) and HC-067047 (HC). (E)

Violin plots of amplitudes (light gray) and area (dark gray) of calcium responses under control conditions (i.e., second application of the blockermix experiment

depicted in Figure 2H) and in the presence of CPA, Ca2+-free solution, HC-067047 (HC) alone and in combination with 2-APB. ***P < 0.001.
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Store-Operated Calcium Entry in Olfactory
Bulb Astrocytes
It is not yet known which mechanism is responsible for calcium

influx from the extracellular space into olfactory bulb astrocytes.
Since calcium is partly transported out of the cell by plasma

membrane calcium transporters, glial cells accomplish calcium
store refilling by employing plasma membrane calcium channels
under the control of the ER calcium content, a mechanism

known as SOCE (Parekh and Putney, 2005). It has been shown
that SOCE plays an important role in calcium homeostasis and
signaling of cerebellar glial cells (Singaravelu et al., 2006). To

determine whether SOCE is relevant in olfactory bulb astrocytes,
we studied SOCE as induced by CPA in olfactory bulb astrocytes
regarding its sensitivity to different drugs (Figure 5). The CPA-

induced depletion of calcium stores resulted in calcium transients
during re-addition of calcium with a mean amplitude of 35.1
± 1.9% 1F (n = 72/6/4; p < 0.001). The calcium transients

were significantly reduced by 45 ± 1.9% (n = 41/4/4; p <

0.001) in the presence of 2-APB (100µM), an inhibitor of SOCE
channels (Ma et al., 2000; Bakowski et al., 2001; Singaravelu
et al., 2006). 2-Aminoethyl diphenylborinate was applied 10min
before the re-addition of calcium in the presence of CPA

(Figures 5A,B). However, since 2-APB is also an inhibitor of

PLC (see Figure 4), we performed experiments using BTP2, a

structurally distinct blocker of SOCE channels also known as
calcium release-activated channels (CRAC), but without effect
on PLC (Ishikawa et al., 2003; Zitt et al., 2004). BTP2 (25µM),
pre-incubated for 10min, significantly reduced SOCE by 62.9 ±
3.1% (n = 26/2/2; p < 0.001) (Figures 5A,B). To test whether
iPLA2 plays a role in SOCE in olfactory bulb astrocytes, as it
has been shown for Bergmann glia and cerebellar granule cells
(Singaravelu et al., 2006, 2008), a specific inhibitor of iPLA2,
AACOCF3 (25µM) was applied. It is well-established to inhibit

iPLA2 at a concentration of 15µM and higher (Ackermann et al.,
1995). The calcium transients during calcium re-addition in the
presence of CPA were significantly reduced by 35.4± 1.0%1F (n
= 86/9/4; p < 0.001) by AACOCF3 (Figures 5A,B). Our results
show that depletion of calcium stores evokes SOCE, involving
ICRAC channels and iPLA2.

Store-Operated Calcium Entry Contributes
to Norepinephrine-Induced Calcium
Transients
We investigated the involvement of SOCE in norepinephrine-
induced calcium transients. The late plateau-like phase of
the norepinephrine-evoked calcium response was abolished in
calcium-free solution, indicating calcium influx (Figure 4B). To
elucidate whether SOCE is the crucial mechanism responsible for
this late phase calcium influx contributing to the norepinephrine-
induced calcium response, we applied norepinephrine in the
presence of the SOCE inhibitor BTP2 (25µM). For this
experiment, the duration of application was extended to 150 s
to elongate the late phase of the calcium response. The data
obtained were compared with a rundown experiment adapted
to the modified application time of norepinephrine (Figure 6A).
The second application of norepinephrine in the rundown
experiment induced a calcium response with an amplitude of
89.0 ± 4.0% (n = 44/4/1) and area of 63.3 ± 2.9% (n = 44/4/1)
compared to the first application (Figure 6A). Addition of BTP2
had no significant effect on the amplitude of the calcium response
(n= 38/3/2), indicating that the initial Ca2+ peak is not mediated
by BTP2-sensitive Ca2+ influx (Figures 6B,C). In contrast, the
area of the second response was significantly reduced by BTP2
(n = 38/3/2; p < 0.001), indicating a prominent role of SOCE
in the late phase of norepinephrine-induced calcium transients
in olfactory bulb astrocytes. In addition, the Ca2+ trace returned

FIGURE 5 | Store-operated calcium entry in olfactory bulb astrocytes. (A) Original recordings of the cytosolic calcium concentration in somata of astrocytes of four

different experiments. Acute brain slices were exposed to 20µM CPA for 10min in calcium-free solution (0mM Ca2+) before 2mM calcium was re-added, and the

resulting cytosolic calcium rise was indicative of SOCE. Traces show astrocytes that had been treated with CPA alone as a control, and with CPA in combination with

the SOCE channel inhibitors 2-APB (100µM) and BTP2 (25µM) as well as the iPLA2 inhibitor AACOCF3 (25µM). (B) Violin plots of amplitudes of calcium responses

after calcium re-addition under control conditions (only CPA) and in the presence of 2-APB, BTP2, and AACOCF3. ***P < 0.001.
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FIGURE 6 | Store-operated calcium entry contributes to

norepinephrine-induced calcium transients in olfactory bulb astrocytes. (A)

Example of two consecutive applications of norepinephrine (NE, 10µM) for

150 s with a 10-min interval. (B) Calcium transients were affected in area and

duration by BTP2. (C) Violin plots of amplitudes (light gray), area (mid gray)

and duration (dark gray) of calcium responses under control conditions [i.e.

second application of the rundown experiment depicted in (A)] and in the

presence of BTP2. n.s. = not significant, ***P < 0.001.

to baseline even in the presence of norepinephrine (Figure 6B)
and thus the duration of the calcium response was significantly
shortened by BTP2 (n = 38/3/2; p < 0.001) (Figure 6C). In
summary, norepinephrine evokes a biphasic calcium response in
olfactory bulb astrocytes, consisting of an initial and transient
calcium peak reflecting internal calcium release, followed by
a sustained plateau phase established by calcium influx via
SOCE channels.

DISCUSSION

Norepinephrine Induces Calcium
Transients in Olfactory Bulb Astrocytes
In the present study, we showed that norepinephrine induced
a rise in cytosolic calcium concentration in mouse olfactory
bulb astrocytes in situ. The study was performed on brain slices
obtained from animals at an age of 1–3 weeks and we cannot
exclude changes in adrenergic calcium signaling in olfactory
bulb astrocytes during adolescent development and aging. Ten
micromolars of norepinephrine were needed to reliably trigger
calcium responses, which appears to be rather high. However,

norepinephrine is rapidly taken up by NET that are abundant
in the olfactory bulb according to our immunhistological
stainings. In addition, extracellular norepinephrine is degraded
by catechol-O-methyltransferase (COMT), an enzyme with
particular high expression and efficacy in the olfactory bulb
(Eisenhofer et al., 2004; Cockerham et al., 2016). Hence, the
effective concentration of norepinephrine at the receptor most
likely was drastically less than adjusted in the perfusion solution.
We demonstrated that the norepinephrine-induced calcium rise
was entirely blocked in the presence of the SERCA inhibitor
CPA, indicating that norepinephrine triggers calcium release
from internal stores such as the ER. In the absence of extracellular
calcium, on the contrary, the norepinephrine-induced calcium
transients were only slightly reduced in amplitude, but to a
larger extend in area and duration, indicating an involvement
of extracellular calcium at least in the late plateau-like phase
of the calcium response. The most common mechanism to
liberate calcium from the ER is the phospholipase C (PLC)/IP3
signaling pathway, which has previously been shown for olfactory
bulb astrocytes to be activated by P2Y1, A2A, mGluR5, and
dopamine receptors and has been confirmed in the present study
(Doengi et al., 2008; Otsu et al., 2015; Fischer et al., 2020).
Calcium withdrawal suppressed only the late plateau phase of
the calcium response with little effect on the initial calcium
peak, whereas suppression of internal calcium release by CPA
entirely blocked norepinephrine-mediated calcium responses.
This suggests that calcium influx is downstream to calcium
release, in line with SOCE which is only activated after calcium
store depletion (Lopez et al., 2020). Indeed, the late calcium
influx could be blocked by the SOCE channel blockers BTP2
and 2-APB (Somasundaram et al., 2014). Involvement of SOCE
in norepinephrine-induced calcium transients has also been
shown for hippocampal and cortical astrocytes (Gaidin et al.,
2020; Okubo et al., 2020). Furthermore, we demonstrate that
SOCE is dependent of iPLA2 by suppressing iPLA2 activity with
AACOCF3, as shown in cerebellar astrocytes and granule cells as
well as olfactory bulb ensheathing cells (Singaravelu et al., 2006,
2008; Thyssen et al., 2013).

α1 and α2-Adrenergic Receptors Mediate
Calcium Signaling in Olfactory Bulb
Astrocytes
The different subtypes of norepinephrine receptors are known
to be linked to different signaling cascades. For α1-receptors
the Gq-coupling was shown early on (Schwinn, 1993). α2-
receptors, on the contrary, are mainly known to be negatively
coupled to adenylate cyclase activity via Gi-proteins, but
recent studies revealed a α2-receptor-mediated and Gq-coupled
calcium response in hippocampal astrocytes (Gaidin et al.,
2020). The norepinephrine-induced cytosolic calcium rise was
decreased by α1- and α2-receptor antagonists, but not by a β-
antagonist, indicating that both α-receptor subtypes contribute
to norepinephrine-evoked calcium transients. There is a large
amount of studies that have investigated adrenoceptor expression
and function in astrocytes. Early electron microscopic studies
on cortex first demonstrated both α- and β-adrenergic receptors
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in astrocytic membranes (Aoki, 1992; Aoki et al., 1998) and,
moreover, a close proximity of astrocytic processes with LC-
noradrenergic varicosities and terminals (Cohen et al., 1997;
Aoki et al., 1998), suggesting that astrocytes are well-positioned
as a target for norepinephrine release from LC fibers. Our
immunohistological results suggest that in the olfactory bulb
astrocytic processes and noradrenergic varicosities are in close
proximity. Astrocytes have also been shown to respond to
norepinephrine in situ with calcium transients in hippocampal
brain slices, mediated primarily by α1-adrenergic receptors
(Duffy and MacVicar, 1995). More recently, α1-receptors have
been highlighted as important participants in astrocytic calcium
signaling in many different brain regions, such as cerebellum,
ventrolateral medulla, and visual cortex (Ding et al., 2013;
Paukert et al., 2014; Schnell et al., 2016). Furthermore, it
has been demonstrated in awake behaving mice that α1-
receptors of layer 2/3 neocortical astrocytes are very sensitive to
norepinephrine and can induce gliotransmission of ATP and D-
serine. Gliotransmission is followed by ATP receptor-mediated
currents in adjacent pyramidal neurons which contributes
to neocortical synaptic plasticity (Pankratov and Lalo, 2015).
Another recently discovered example of norepinephrine-induced
gliotransmission is mediated by α1-receptors (Gaidin et al.,
2020). However, there are also results suggesting that β-receptors
may also be involved in astrocytic calcium signaling in the cortex
(Bekar et al., 2008).

Astrocytes as Neuromodulatory Elements
in the Olfactory Bulb
In olfactory bulb neurons, the distribution of noradrenergic
receptors has been extensively studied (Jahr and Nicoll, 1982;
Trombley and Shepherd, 1992; Jiang et al., 1996; Matsutani and
Yamamoto, 2008). Studies of the last decades on norepinephrine
focused on the modulation of dendro-dendritic inhibition at
the mitral cell–granule cell synapse with steadily increasing
details (Nai et al., 2009, 2010; Linster et al., 2011; Li et al.,
2015; Manella et al., 2017). For olfactory bulb astrocytes, the
current work provides the first evidence for adrenergic receptors.
However, norepinephrine is not the only neuromodulator
that evokes calcium signaling in olfactory bulb astrocytes,
yet it is the first “top down” neuromodulator released from
centrifugal fibers described so far to act on astrocytes in
the olfactory bulb. Dopamine is a neuromodulator that is
released by local interneurons in the olfactory bulb and induced
calcium responses in astrocytes similar to those evoked by
norepinephrine (Fischer et al., 2020). In addition, ATP is
released from nerve terminals of olfactory sensory neurons in
the GL and is degraded by ectoenzymes to adenosine, another
neuromodulator inducing calcium signaling in olfactory bulb
astrocytes (Doengi et al., 2008; Thyssen et al., 2010; Thyssen
et al., 2010). Interestingly, many of the neuromodulator receptors
in astrocytes such as α2 adrenergic receptors, D1- and D2-like
dopamine receptors and A2A adenosine receptors that typically
mediate stimulation or inhibition of adenylate cyclase are linked
to IP3 receptor-dependent release of calcium from internal stores

in olfactory bulb astrocytes. Such calcium signaling may have
a significant impact on neuronal performance in the olfactory
bulb on different levels. Upon mechanical stimulation, e.g., rat
olfactory bulb astrocytes release GABA and glutamate to evoke
ionic currents in mitral and granule cells (Kozlov et al., 2006).
Another gliotransmitter released by olfactory bulb astrocytes is
ATP that is degraded to adenosine, a potent neuromodulator
in the olfactory bulb (Roux et al., 2015; Schulz et al., 2017;
Rotermund et al., 2018). Besides gliotransmission, astrocytes
contribute to the blood brain barrier, mediate neurovascular
coupling, and hence adjust local blood flow (Petzold et al.,
2008; Doengi et al., 2009; Otsu et al., 2015; Beiersdorfer et al.,
2020). Olfactory bulb astrocytes not only transmit information
to neurons and blood vessels, but also to olfactory ensheathing
cells, another type of glial cell that is coupled to astrocytes in
a panglial network (Beiersdorfer et al., 2019). Considering the
increasing evidence for functional contribution of astrocytes to
neuromodulation and neurovascular coupling in the olfactory
bulb, it is likely that noradrenergic fibers not only affect neuronal
performance by directly stimulating neuronal adrenoceptors,
but also employ astrocytes as active components of
neural circuits.
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