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Abstract

Astrocytes are the most abundant glial cell in the CNS. They modulate synaptic function through a
variety of mechanisms, and yet remain relatively understudied with respect to overall neuronal
circuit function. Exploiting the tractability of the mouse olfactory system, we manipulated
astrocyte activity and examined how astrocytes modulate olfactory bulb responses. Towards this,
we genetically targeted both astrocytes and neurons for /i vivo wide-field imaging of Ca2*
responses to odor stimuli. We found that astrocytes exhibited odor-response maps that overlap
with excitatory neuronal activity. By manipulating Ca2* activity in astrocytes using chemical
genetics we found that odor-evoked neuronal activity was reciprocally affected, suggesting that
astrocyte activation inhibits neuronal odor responses. Subsequently, behavioral experiments
revealed that astrocyte manipulations affect both odor detection threshold and discrimination,
suggesting that astrocytes play an active role in olfactory sensory processing circuits. Together,
these studies show that astrocyte calcium signaling contributes to olfactory behavior through
modulation of sensory circuits.
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Introduction

In the CNS, sensory systems are often associated with topographical representations, or
sensory maps. Sensory maps are established via multiple mechanisms, including molecular
cues, spontaneous or sensory-dependent remodeling, and cellular refinement (Cang &
Feldheim, 2013). Initially, sensory maps are broad and overlapping. Through critical periods
during development, activity-dependent refinement sculpts these diffuse patterns into
discrete segments of sensory circuits. Although our understanding of the functional
relevance of sensory maps remains incomplete, the general thought is that sensory maps
align specific domains of CNS tissue with input from the external world to preserve and
relay information in a structured, neuron-dependent manner.

Glial cells are important regulators of proper neural development and circuit function
(Freeman, 2006; Lemke, 2002; Ma, Ming, & Song, 2005). Notably, they play crucial roles in
the development, function, and adaptation of neuronal circuits. Astrocytes, the most
abundant glial cells in the brain, are characterized by an elaborate bushy morphology, and
low-resistance passive membrane properties (Sofroniew & Vinters, 2010). Classically,
astrocytes have been considered primarily a support cell, by providing metabolic balance to
neurons through astrocyte-neuron lactate shuttling (Magistretti, 2006), potassium buffering
(Amédée, Robert, & Coles, 1997; Bordey, Hablitz, & Sontheimer, 2000; Higashimori &
Sontheimer, 2007; Newman et al., 1995), neurovascular coupling (Haydon & Carmignoto,
2006; Otsu et al., 2014), glutamate recycling (Bergles & Jahr, 1998; Schousboe, 2018), and
regulating extracellular osmaotic space (Vargova & Sykova, 2009). More recently, astrocyte
signaling has been recognized as an active process in neuromodulation through both direct
and indirect signaling mechanisms (Eroglu & Barres, 2010; Hanson et al., 2015). Astrocytes
do not display action potential-dependent signaling; instead, astrocyte signaling is thought to
be mediated through intracellular calcium. Astrocyte calcium as a possible mediator of
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neuronal signaling has been an area of intense focus since astrocyte calcium signals were
discovered. Indeed, astrocyte calcium signaling has only recently been linked to an ever
increasing range of cell-intrinsic functions that affect neuronal signaling (Fields, Woo, &
Basser, 2015; Robel & Sontheimer, 2015; Weiss, Melom, Ormerod, Zhang, & Littleton,
2019). Despite this, the full extent to which astrocyte signaling governs activity-dependent
function and refinement of neuronal sensory maps have yet to be explored.

Here we sought to both investigate how astrocyte-to-neuron communication influences the
integration of sensory information, and query whether sensory input-driven activity in
astrocytes leads to modulation of sensory circuits. Towards this, we measured /n vivo
astrocytic responses to olfactory stimulation, and /7 vivo neuronal responses to olfactory
stimuli while we selectively manipulated astrocyte activity in the mouse olfactory bulb (OB).
As a readout of olfactory stimulation, we directly monitored the mitral and tufted cells (M/
Ts), the main excitatory neuron population in the OB that relays odor information to the
piriform cortex. We found that astrocytes are activated in spatially defined domains that
overlap with M/T activity, and directly participate in sensory information processing. Using
chemical genetic approaches, we found that increasing astrocyte Ca2* activity caused a
decrease in M/T odor responses, while lowering astrocyte Ca?* activity led to elevated
neuronal odor responses. Finally, /7 vivo manipulations of astrocyte activity affected
olfactory perception in mice by changing odor detection thresholds, further substantiating
astrocytes as integral players in olfactory information processing.

Materials and Methods

Experimental Subjects

Experiments and care of adult, virgin male and female A/dhIL1-Creor AldhiL1-Cre; Thyl-
GCaMP3 mice backcrossed into a C57BL/6J strain (n = 31 male and 33 female mice) were
conducted according to the BCM IACUC approved protocol in accordance with the
guidelines set by the National Institutes of Health and the Guide for the Care and Use of
Laboratory Animals. Sex was not considered a biological variable. The mice were housed in
an animal facility separated by sex on a 12-hr light/dark cycle. The experimental tests were
carried out during the light phase. Mouse chow and water were available ad libitum unless
otherwise stated. One animal was excluded for failing to successfully learn the behavioral
task and one data point in fluorescent kinetics was excluded as an outlier using the Grubbs’s
test for identifying outliers.

Stereotaxic microinjection of adeno-associated viruses

Stereotaxic injections into the mouse olfactory bulb were performed as previously described
(Quast et al., 2017). Surgical procedures were conducted under general anesthesia using
Ketamine/dexdormitor induction (75 mg/kg and 0.5 mg/kg respectively) and maintained
under volatile isoflurane inhalation (maintenance at 1%-2.5% vol/vol). Depth of anesthesia
was monitored continuously and adjusted when necessary. Following induction of
anesthesia, mice were fixed within a stereotaxic frame with their heads secured by blunt ear
bars and their noses placed into an anesthesia and ventilation system. They were
administered 5 mg/kg of meloxicam subcutaneously prior to surgery. The surgical site was
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then cleaned three times with 10% iodine and 70% isopropanol (vol/vol). Skin incisions
were made, followed by craniotomies of 2-3 mm in diameter above the olfactory bulb using
a small steel burr (Hager & Meisinger GmbH) powered by a high-speed drill (Vector Mega
Torque). Saline (0.9%) was applied onto the skull to reduce heating caused by drilling.
Bilateral viral injections into the olfactory bulb were carried out by using a stereotaxic
apparatus (Leica Biosystems) to guide the placement (from bregma: ML, £0.9 mm; AP, 3.82
mm; and 0.65 mm down from the surface of the OB) of beveled glass pipettes (3-000-203-
G/X, Drummond Scientific Company). Adeno-associated viruses (AAVS) were injected by
using a syringe pump (Nanoject 11, Drummond Scientific Company) at a rate of 69 nL/s at
25 s intervals 10 times to obtain uniform labeling of astrocytes. Glass pipettes were left in
place for at least 5 minutes prior to slow withdrawal. Surgical wounds were closed with
surgical nylon monofilament sutures. Mice were allowed to recover overnight in cages
placed partially on a low-voltage heating pad. Meloxicam was administered once a day for 3
days after surgery. Virus injected mice were euthanized two to three weeks post-surgery
after /n vivo widefield imaging, or prior to live slice imaging or perfusion for
immunohistochemistry. AAVs serotype 2/9 encoding flexed-hM3D-mCherry, flexed-hM4D-
mCherry, or flexed-jRCaMP1a under the GFAP promoter were cloned and packaged (~2.5 x
1012 viral particles/mL) in house.

Immunohistochemistry and confocal imaging

For confocal imaging, animals were deeply anesthetized using isoflurane, followed by
intracardial perfusion of phosphate buffered saline (PBS) and 4% PFA in PBS (pH 7.35).
Brains were dissected, postfixed in 4% PFA at 4°C for 1 hour before cryoprotection in 20%
sucrose overnight. Olfactory bulbs were embedded in OCT before coronally sectioning at 40
um using a cryostat (CM1860, Leica). Before immunostaining, sections were rinsed once in
PBS and incubated 1 hr at RT in a blocking buffer (0.3% Triton X-100 and 10% normal goat
serum in PBS). For immunolabeling, sections were incubated with primary antibodies
diluted in blocking buffer for 16-18 hr at 4°C on an orbital shaker. After rinsing at RT with
PBS with 0.3% Triton-X (PBS-T) 3x for 15 min each, sections were incubated on an orbital
shaker with fluorescent dye-conjugated secondary antibodies diluted in blocking buffer for 2
hr at RT. After rinsing 3x in PBS-T, sections were mounted on charged glass-slides and
coverslipped in Fluoromount-G (Cat# 0100-01, SouthernBiotech). Primary antibodies used:
rabbit anti-GFAP (DAKO, 20334, 1:1000, RRID: AB_2811722), rabbit anti-Thx21 (gift
from Mitsui lab, 1:500), rabbit anti-TH (Millipore, Ab152, 1:2000, RRID: AB_390204),
mouse anti-calretitin (Millipore, MAB1568, 1:1500, RRID: AB_94259), and mouse anti-
parvalbumin (Millipore, MAB1572, 1:3000, RRID: AB_2174013). Secondary antibodies
used were (raised in goat): anti-rabbit Alexa-488 (Thermofisher, A10040, 1:500, RRID:
AB_2534016) and anti-mouse Alexa-488 (Thermofisher, A11001, 1:500, RRID:
AB_2534069). Confocal images were acquired using a Leica TCS SPE confocal microscope
with a 20x objective (Leica) and the pinhole set to 1 airy unit. Images represent maximum
intensity projections of image stacks with a step size of 0.5 um.

Calcium imaging

In vivo wide-field calcium imaging was performed in anesthetized (urethane, 1.2 pm/kg)
head-fixed animals (8-14 weeks old) through thinned skulls 2 to 3 weeks after viral
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injection. Animals were kept warm with a portable heating pad and a local anesthetic
(bupivicane, 0.5%) was applied to the incision areas. Sensory evoked responses were
acquired with a Leica M205FA microscope at 6x magnification, using a GFP or RFP filter
set sequentially, and a Leica FL6000 fluorescence light source. Optical signals were
recorded for 10 s per trial at 464 x 346 pixel resolution. A CCD camera (DFC360 FX,
Leica) captured images at a frame rate of 10 Hz, and videos were digitized at 12 bits using
Leica Application Suite software. Odorants were presented using a custom-made
olfactometer (stimulus duration, 3 s) and were presented as ~1% saturated vapor, and
adjusted for vapor pressure. Separate lines for each odorant were used to prevent cross
contamination. The odors were presented in a random order with at least three trials per
odorant at interstimulus intervals = 60 s.

Olfactory associative training and odor detection threshold assays

Mice received viral injections prior to training. Mice were water-restricted to no less than
85% of their baseline weight beginning 2 d before preliminary training. Water was restricted
to 40 mL per kg, per day during the restriction period. For the training group, mice were
trained using a Go/NoGo paradigm in a behavioral chamber with infrared nose pokes (Med
Associates Inc.). All mice were first trained to poke their nose into the odor port for at least
300 ms, before moving to the side water port to retrieve water reward within 5 s. After
preliminary training sessions (~30 - 60 min/d for ~5 - 6 d), mice were trained to respond to
the Go odor stimulus (S+) (1% anisole in mineral oil) by moving to the water port for a
reward, and were trained to respond to the NoGo odor stimulus (1% acetophenone in
mineral oil) by refraining from poking into reward ports and starting a new trial. Mice
needed to sample the odors for at least 100 ms before responding, and were required to
respond within 5 s after odor port poking. False positives (incorrect NoGo response) caused
a 4 s timeout punishment. Go and NoGo stimuli were presented to the mice in random
sequences during training. Mice were trained for 20 trials per block and ~20 blocks per day.
After 3 - 6 days of odor training, mice performing at over 80% accuracy were considered
trained. For assaying odor detection threshold, mice were tested with dilutions of Go and
NoGo odor stimuli in descending order after training.

Quantification and Statistical Analysis

For wide-field calcium imaging, all data analysis was performed with custom written
MATLAB (Matlab, Natick, MA, RRID: SCR_001622) scripts and processed in F1JI (RRID:
SCR_002285). Initial data processing included averaging trials and visually aligning the
region of interest (dorsal olfactory bulb). A~ maps were created by temporally averaging the
entire 3 s odor stimulation period, and subtracting the temporal average of 2 s immediately
preceding odor onset. AF/Fmaps were additionally normalized by the first five frames of the
averaged trial. Photobleach correction was performed using a simple ratio method within
F1JI. Binary thresholded maps were generated using an automated maximum entropy
threshold in FI1JI, and overlap was calculated using a custom written MATLAB script to
quantify the percent of activated neuronal domains that also contained activated astrocyte
domains. For quantification, ROIs approximately the size of a glomerulus were set over
activated regions with at least 3 ROIs per odorant. The values for these ROIs were averaged
together to generate a response trace per odorant trial per animal as a technical repeat. The
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technical repeats for an odor were averaged together to generate a representative response
for that given odor.

Data are expressed as * standard deviation. Statistical analysis of the data was performed in
GraphPad Prism Version 6.0e (GraphPad Software, La Jolla, CA, USA, RRID:
SCR_002798). Two-way repeated measures ANOVA with Sidak’s multiple comparison
correction was used for widefield calcium imaging. Unpaired Student’s T-test analysis was
used for fluorescent kinetics. For depicting behavioral data, dot plots were used with error
bars representing standard deviation. Paired T-test was used for behavioral data. Differences
were considered significant at p < 0.05.

Data and software availability

Results

All scripts are available upon request.

Genetic labeling of olfactory bulb astrocytes

To selectively target astrocytes in the olfactory bulb, we implemented conditional viral
genetic methods by injecting conditional Cre-dependent (“flex) viruses harboring reporter
constructs into the OBs of A/ah1L1-Cre*’~ mice (RRID: IMSR_JAX:023748) (Figure 1A).
Given that Aldh1L 1 is selectively expressed in CNS astrocytes (Cahoy et al., 2008), this
strategy affords cell type-specific transgene expression exclusively in astrocytes. Also,
conditional viral approaches and direct injection into the mature OB avoids developmental
expression and lineage bias commonly seen with genetic crosses, while also allowing wide-
spread region- and cell type-specific targeting (94.14 + 3.99% mCherry+, GFAP+ cells)
(Figure 1B). For additional specificity, we intersectionally targeted mature astrocytes using
conditional viral constructs driven by the astrocyte-specific GFAP promoter. Upon injection
of AAV-GFAP-flex-mCherry into the OB, we observed mCherry in a large fraction of
astrocytes, as verified by colabeling with GFAP. Even after 30 days post injection (dpi), we
observed no off-target cellular expression in M/T cells (Tbx21), granule cells (calretinin),
periglomerular cells (tyrosine hydroxylase, TH), or EPL interneurons (parvalbumin, PV)
(Figure 1C). Aldh1L1 is also expressed in postnatal neural stem cells and transient
amplifying cells within the subventricular zone (SVZ) and rostral migratory stream (RMS)
(Alonso et al., 2008; Foo & Dougherty, 2013), which give rise to adult-born granule cells in
the OB. Thus, genetically targeting astrocytes using an intersectional approach with
conditionally expressed viruses under the GFAP promoter in A/dh1L1-Cre mice effectively
labeled astrocytes with cell type specificity, thereby providing an effective means to
selectively mark, monitor, and/or manipulate astrocytes within OB circuitry.

Astrocytes display odor response maps that overlap with mitral and tufted cells

To understand how astrocyte and neuronal activity is coordinated during sensory processing,
we first sought to observe OB astrocyte activity compared to M/T cells in response to
volatile odor stimuli. Towards this, we generated Aldh1L 1-Cre; Thyl-GCaMP3double
transgenic mice (RRID: IMSR_JAX:017893). These mice expressed the genetically-encoded
calcium indicator (GECI) GCaMP3 in M/Ts, and Cre recombinase in astrocytes to facilitate
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astrocyte-specific expression of the red-shifted genetically-encoded calcium indicator
jRCaMP1a with injection of a conditional AAV (Dana et al., 2016) (Figure 2A).
Simultaneous expression of GECIs with different emission wavelengths in two non-
overlapping populations of cells allowed us to observe the activity of both neurons and
astrocytes in response to odor stimulation through sequential imaging trials. To image odor
responses, we visualized the entire dorsal OB by wide-field fluorescent imaging of the
glomerular layer through thinned skull under anesthesia (Figure 2B). To evaluate odor
response specificity, we differentially presented a panel of 4 odorants, each of which
activated different sets of identifiable glomeruli on the dorsal surface of the OB (Figure 2C).
Although odor-specific patterns of activation varied slightly between animals, general
domains of M/T cell activation were reproducible, and similar to previous findings (Quast et
al., 2017). Initially examining the response patterns of astrocytes, we observed that different
odorants elicited unique spatial patterns of activation (Figure 2C). These findings were
consistent with previous work indicating that astrocytes at glomeruli are activated by
physiological odor-evoked stimuli (Otsu et al., 2014). By implementing automated
maximum entry thresholding approaches, we generated binary activity maps from the
previously described response maps. The binary activity maps of astrocytes revealed closely
overlapping domains relative to the activation domains of M/T cells, as observed through
sequential JRCaMP1a and GCaMP3 imaging (63.87 + 20.91% overlap of activated astrocyte
domains in activated neuronal domains, n = 3 male and 2 female mice with 5 odors per
mouse), respectively. These overlapping domains accounted for 50.99 + 22.31% of astrocyte
areas activated by odor stimulus. Examining the kinetics of both cell populations, the time to
peak calcium responses in astrocytes occurred with similar timescales to odor-evoked
responses in neurons (Figure 2D-E, 2.46s £+ 1.19s in astrocytes vs 1.68s + 0.15s in neurons;
Student’s T-test, p = 0.6642). However, decay times (from 90% to 30% of the peak
amplitude) of astrocytic calcium signals were substantially slower (Figure 2F, 1.68s + 0.89s
in neurons vs 3.12s + 1.30s in astrocytes; Student’s T-test, *p < 0.05). However, it is possible
that direct comparison of response dynamics between M/T cell and astrocyte responses may
be skewed due to differences in kinetics between GCaMP and jRCaMP1a. Thus, we
examined the kinetic differences between neuronal and astrocyte calcium responses in
domains that overlap with and without the other population (Figure 2G). While neuronal
response properties were unaffected by the presence or absence of astrocyte calcium
responses, astrocyte calcium responses showed increased peak responses (8.69 + 0.81% in
overlapping domains vs 6.03 + 1.90% in astrocyte-only domains, Unpaired Student’s t-test,
*p < 0.0210) as well as decreased time to peak (2.05 + 0.29s in overlapping domains vs 2.54
+ 0.30s in astrocyte-only domains, Unpaired Student’s t-test, *p < 0.0292) (Figure
2H).These data, detailing odor-specific patterning of astrocyte calcium signals, further
substantiate previous findings that odors induce calcium transients in astrocytes within
olfactory glomeruli (Otsu et al., 2014).

Astrocyte intracellular signaling modulates neuronal activity

Having established that astrocytes show stereotyped spatio-topographical calcium responses
to olfactory stimuli, we next sought to determine whether manipulating astrocytic
intracellular signaling influenced M/T cell responses. Using Aldh1L 1-Cre; Thyl-GCaMP3
double transgenic mice, we manipulated astrocyte intracellular signaling through selective
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expression of inducible chemogenetic DREADDs (Armbruster, Li, Pausch, Herlitze, &
Roth, 2007; Wulff & Arenkiel, 2012) (Figure 3A). Towards this, we injected a conditional
AAV-GFAP-flex-nM3D-mCherry vector into AldhL1-Cre; ThylGCaMP3 mice (Figure 3B).
Previous work has demonstrated that /7 vivo administration of Clozapine N-oxide (CNO)
activates expressed hM3Dq reporters in astrocytes, which triggers robust calcium transients
through modulation of the Gy pathway (Scofield et al., 2015; L. Yang, Qi, & Yang, 2015).
To evaluate the consequences of astrocyte intracellular signaling onto M/T cell output, we
imaged sensory maps of M/T cells in response to a panel of odorants in triplicate. We then
performed IP injections of CNO (5 mg/kg in 200 pL saline) to activate hM3Dg, and imaged
sensory maps of M/T cells again in the same OB (Figure 3C). At baseline, typical M/T cell
sensory maps showed conserved and reproducible odorant specificity. Upon increasing
astrocyte activity through CNO activation of hM3Dg-expressing astrocytes, we observed a
decrease in odor-evoked M/T cell activity (Figure 3D-E. n = 5 male and 8 female mice; 2-
way repeated measures ANOVA with Sidak’s multiple comparison correction, F (1, 36) =
36.99, main effect of group: p < 0.0001, group x odor interaction: p = 0.7952, multiple
comparisons: *p < 0.05, t = 3.047; **p < 0.01, t = 3.481; ***p < 0.001, t = 4.006). While
sensory map patterns and temporal kinetics remained consistent, the observed decrease in
M/T cell activity upon induction of astrocyte intracellular signaling suggested a role for
astrocytes in M/T cell inhibition.

We next sought to determine if manipulating other astrocyte intracellular signaling pathways
would produce different effects in Ca2* activity in M/T cells. For this, we selectively
targeted expression of hM4Di to astrocytes by again injecting GFAP-driven conditional
hM4Di viral vectors into the bulbs of Aldh1L1-Cre; Thyl-GCaMP3 mice. While CNO
activation of hM3Dq induced signaling in astrocytes through the G pathway, CNO
activation of hM4Di signals through G;,,, and thus stimulated astrocyte intracellular
signaling through a different pathway (Durkee et al., 2019). After allowing 2 weeks for
hM4Di-mCherry expression, we imaged control odor response maps at baseline, and again
after stimulating astrocyte activity with CNO injection. With G;j;, DREADD-mediated
stimulation of astrocyte activity, odor-evoked M/T cell activity was increased compared to
baseline (Figure 3F-G. n = 5 male and 4 female mice; 2-way repeated measures ANOVA
with Sidak’s multiple comparison correction, F (1, 24) = 38.34, main effect of group: p <
0.0001, group x odor interaction: p = 0.7073, multiple comparisons: *p < 0.05, t = 3.064;
**p < 0.01, t = 3.436; ***p < 0.001, t = 4.225). Again, no discernible changes in the shape
and/or size of sensory response maps were observed. Collectively, these data indicate that
astrocyte activity influences neuronal output during olfaction.

Local astrocyte signaling affects olfactory behavior

Given that astrocyte intracellular signaling modulates M/T cell responses in the OB, we next
investigated whether astrocytes exert direct effects on olfactory behavior. Towards this, we
bilaterally injected AAV-GFAP-flex-hM3Dg-mCherry or -nM4Di-mCherry into OBs of
Aldh1L 1-Cre mice to selectively manipulate astrocytes. After recovery, we trained mice to
perform a Go/NoGo associated olfactory learning task (G. Liu et al., 2017), in which reward
is associated with olfactory cues (Figure 4A). We then identified the odor detection
threshold of these mice during active investigation by presenting a pair of odorants in a
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descending-concentration series, and recording accuracy of performing the Go/No-Go task
(Figure 4B). We found that mice accurately performed the task at concentrations at and
above 107° (v/v) of both odorants used for training (n = 8 male and 8 female mice; 87.25
+6.61% correct action). At a concentration of 1075, mice were challenged in accurately
executing the task, but performed above chance (74.78 + 11.40%). At concentrations of
1077, mice were unable to accurately perform the task, and behaved near chance (55.43 +
10.30%), suggesting an inability to detect dilute odors. We then tested these concentrations
again after IP injection of CNO (5 mg/kg) to induce astrocyte activity with either hM3Dq or
hM4Di. We observed that at 1072, mice were still able to reliably detect the odors and
accurately performed the task. Furthermore, at 107, mice were still unable to detect these
odors and failed at performing the task (Figure 4C, E). Interestingly, however, we observed
that hM3Dg-induction of astrocyte activity, which corresponded to decreased neuronal
activity, improved the accuracy near odor detection thresholds at 1076 (Figure 4D).
Conversely, hM4Di-induced astrocyte activity, led to decreased accuracy at this
concentration. (Figure 4F). Together these data suggest that not only does astrocytic
intracellular signaling onto or between M/T cells directly impact olfactory behavior, but the
signaling pathway in astrocytes is important in determining the effect.

Discussion

Here we performed cell type-specific manipulations on astrocytes while imaging M/T cell
olfactory response maps, and have begun to reveal important roles for astrocytes in direct
modulation of sensory circuits. Combining genetic and viral manipulations with /n vivo
imaging methods, we found that astrocytes show odor response maps similar to M/T cells.
Notably, we found that astrocytic intracellular signaling not only modulates activity levels of
neurons, but also affects behavioral output in odor detection tasks. Together these data reveal
functional roles for astrocytes in governing neuronal signaling properties, and support their
direct involvement in sensory processing.

A major challenge in the field of glial biology has been the selective targeting of astrocytes
in the adult brain. While neurons now have numerous cell type-specific Cre drivers that
allow for heterogenous expression in similar regions or subtype-specific targeting, astrocytes
not only lack such diverse drivers, but many typical astrocyte markers show dynamic and/or
transient expression in neuronal stem cell populations. Here we introduce an approach to
target astrocytes, while avoiding potentially overlapping expression in neuronal lineages.
Towards this, we used the widespread astrocyte marker Aldh1L1 for genetic recombination,
followed by canonical astrocyte marker GFAP for viral promoter expression. This provided a
simple, intersectional approach for selectively targeting astrocytes while excluding neurons
(Figure 1). Another key feature of this experimental approach is that stereotaxic viral
targeting allows for adult- and region-specific manipulations. Notably, in cases where
circuit-associated behavioral outputs span multiple regions, complementary use of combined
viral approaches may allow for the dissection of regional contributions. Finally, given recent
studies illustrating regional diversity of astrocytes (Chai et al., 2017; Morel et al., 2018),
such reagents and approaches may be useful in dissecting the underlying functional diversity
of astrocytes within diverse brain regions.
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Although it is well appreciated that astrocytes play major roles in both synaptic assembly
(Elmariah, Oh, Hughes, & Balice-gordon, 2005; Ullian, 2001), and synaptic physiology in
the adult brain (Allen & Barres, 2009; Eroglu & Barres, 2010; Y. Yang, Higashimori, &
Morel, 2013), our studies reveal a new role for astrocytes in the circuit modulation of
sensory response maps within the OB. We show that odor-evoked physiological stimulation
generated calcium responses in glomerular astrocytes with domains corresponding to odor
input, resulting in a spatial map representation of odorants. Astrocytic calcium responses
showed similar odor specificities and spatial constraints to M/T cell responses, suggesting
coordinated, input-driven activity. However, it is important to note the differences in kinetics
between the two GECIs used to monitor astrocytic calcium and neuronal calcium. Due to
these differences, interpretation of relative rise and decay times may be distorted. The
differences in astrocyte calcium response kinetics in domains with and without neuronal
responses further suggest that astrocytes may have roles altered by neuronal activity. These
data suggest an important role for astrocytic calcium-mediated mechanisms in modulating
input circuit-specific olfactory responses. In astrocytes, calcium signaling has been
implicated in many intracellular and extracellular functions, including but not limited to
juxtacellular signaling, neurovascular coupling, changes in cell morphology, and
gliotransmission (Araque et al., 2014; Haydon & Carmignoto, 2006; Nedergaard, Ransom,
& Goldman, 2003; Stogsdill et al., 2017; Wang et al., 2006). Interestingly, the hotspots of
odor-evoked astrocyte activity are approximately the size of glomeruli. Indeed, glomerular
structures include astrocyte cell bodies residing along their periphery, with astrocytic
processes enclosing neuropil in a central-synaptic subcompartment (Chao, Kasa, & Wolff,
1997). Astrocytes associated with the same glomerulus form a large multicellular syncytium
through gap junctions located at their perisynaptic processes (Fujii, Maekawa, & Morita,
2017), which can lead to unitary functional glial network responses characterized by calcium
waves that propagate through astrocyte clusters within odor-activated glomeruli (Hirase,
Qian, Barthd, & Buzsaki, 2004; Roux, Benchenane, Rothstein, Bonvento, & Giaume, 2011).
Overall synchrony between astrocyte anatomy, spatial localization, and range of functions
may coordinate effects onto neurons at the cellular level through neuron-astrocyte
interactions, which then manifests into circuit-level phenomena.

Inhibition is highly relevant within sensory circuits, playing an integral role in the brain’s
ability to adapt, learn, and discern similar sensory stimuli. For example, it has been
previously shown that inhibitory neurons directly influence phases of enhanced plasticity
during critical periods (Hensch, 2005). Inhibitory granule cells are the most numerous cell
type in the OB, and are thought to provide lateral inhibition for contrast enhancement
(Lledo, Saghatelyan, & Lemasson, 2004; Shepherd, Chen, Willhite, Migliore, & Greer,
2007). Intriguingly, we found that stimulation of astrocyte intracellular signaling through
hM3D led to an inhibition in neuronal activity, suggesting an additional mechanism for
inhibition in the OB. This astrocyte-derived inhibition could be facilitated directly onto M/T
cells via inhibitory gliotransmitters such as GABA (Yoon & Lee, 2014), through calcium-
dependent potassium buffering (Weiss et al., 2019), through modulation of synaptic
transmission from presynaptic inputs (Martin-Fernandez et al., 2017), or through inhibition
of M/T cells, either through astrocyte-derived excitation of inhibitory interneurons in the OB
or presynaptic modulation of olfactory sensory neurons (Petzold, Hagiwara, & Murthy,
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2009). However, use of DREADD manipulations does not exclusively modulate Ca2*
activity. Given that DREADD technologies are derived from GPCRs, a number of parallel
and intersecting pathways downstream of these GPCR activities may be effected to
ultimately result in the phenomena described in this study.

Interestingly, behavioral results that show increased sensory performance are
counterintuitive given that imaging data with hM3Dg-induced astrocyte intracellular
signaling led to a decrease in neuronal activity. We speculate that although this manipulation
results in decreased neuronal activity, this could lead to an increase in the signal-to-noise
ratio of odor-driven neuronal activity, and thus lend to enhanced detection of odors over
ambient background. Furthermore, these effects are only seen at odor concentrations near
detection thresholds (1076), suggesting that the contributions of astrocytes are subtle and are
not solely sufficient to completely override neuronal signaling. While the DREADDSs have
been commonly used, it is important to note the metabolic products of CNO could also have
off-target effects on behavioral assays (Manvich et al., 2018). Such potential off-target
effects have been shown to be dose-dependent, ranging from 1-20 mg/kg- with high
variability in individual subjects. As such, we cannot completely rule out the affects of
interoceptive effects from CNO on this behavioral task. A further limitation to our
experimental methods is the broad manipulation of astrocytes in the OB, rather than only the
astrocytes driven by odor-specific input. Future development of astrocyte-specific
technologies could facilitate experiments examining input- or circuit-specific modulation of
astrocytes as has been done in neurons (X. Liu et al., 2012; Sakurai et al., 2016).

We propose a model in which astrocyte signaling, responding to odor-evoked physiological
stimuli, leads to inhibition of M/T cells. There are many potential candidates for
gliotransmitters that may govern this process. For example, previous studies have reported
that ATP derived from astrocytes leads to local suppression of excitatory synaptic
transmission through the extracellular conversion to adenosine, followed by subsequent
binding to adenosine Al receptors (Haydon & Carmignoto, 2006; Pascual, 2005; L. Yang et
al., 2015) or purinergic receptors (Lohr, Grosche, Reichenbach, & Hirnet, 2014). The
diffusion and conversion of extracellular ATP to adenosine could account for widespread,
domain-specific inhibition. Alternatively, glutamatergic activation of inhibitory cells could
also lead to lateral inhibition of M/Ts (Abraham et al., 2010; Giridhar, Doiron, & Urban,
2011; Margrie, Sakmann, & Urban, 2001; Urban & Sakmann, 2002). Finally, given the
expanding repertoire of gliotransmitters, the ability of astrocytes to respond to different
patterns of neuronal activity with distinct gliotransmitter release (Covelo & Araque, 2018)
further increases the complexity of how astrocytes can influence neuronal circuits.

While our approach targets astrocytes in an unbiased manner, it doesn’t take into account the
potential of different astrocyte subpopulations (Chai et al., 2017; John Lin et al., 2017;
Morel et al., 2017), which may affect neurons in diverse ways. Additionally, complex
patterns of intracellular calcium elevations (Bindocci et al., 2017) may lead to different
downstream outputs from astrocytes. Astrocytes display localized calcium responses to
different neuronal stimuli (Bernardinelli et al., 2011), and coupled with multiple astrocytic
release processes dependent on v-SNARE proteins (Schwarz, Zhao, Kirchhoff, & Bruns,
2017) at the multitude of processes and leaflets present in complex astrocyte morphology,
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we cannot rule out the possibility that multiple gliotransmitters within specific astrocyte
processes onto different neuronal populations coordinate distinct odor-evoked neuronal
responses. Future experiments examining the detailed mechanisms by which astrocytes can
affect neuronal sensory systems will be crucial in understanding the extent of processing
involved in sensory circuits. Furthermore, although we do not observe any sex-specific
differences, we cannot completely rule this out due to the use of both sexes contributing to
all experiments and data. While we assayed these phenomena across multiple odorants, the
analyses were also limited by the low number of animals.

Taken together, our experiments build upon our evolving understanding of astrocyte-neuron
interactions. In particular, that within sensory systems astrocytes play important functional
roles in regulating the integration of input in a multidimensional system. We found that
manipulation of astrocytes can lead to changes in neuronal activity patterns, resulting in
alterations to odor detection thresholds and odor discrimination. Overall, our study
reinforces the importance of examining interactions between multiple cell types toward
unraveling how these interactions contribute towards sensory circuit function. To fully
understand the complexity of how the brain shapes behavior, further investigation into glia
subtypes and their interactions with neurons is imperative for processing the wide array of
inputs into neuronal circuits.
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Significance

Sensory systems are required for processing information from the external environment.
Loss or damage to sensory systems dramatically complicates quality of life.
Understanding circuit mechanisms that contribute towards sensory processing is
important towards developing therapeutics to prevent sensory loss- or restore perception.
Here we utilized the mouse olfactory system as a model to identify contributions of
astrocytes towards sensory processing.
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Figure 1. Genetically targeted astrocytesin the adult olfactory bulb does not colabel with
neurons.

(A) Schematic of genetically targeting astrocytes in the adult olfactory bulb with viral
constructs driven by the GFAP promoter.

(B) Coronal section showing widespread expression of virally-transduced mCherry in
astrocytes throughout the OB. Scale bar, 300 um. Graph showing the percentage of
Aldh1L1-Cre astrocytes infected with AAV-GFAP-flex-mCherry that were also GFAP+. N =
2 male and 2 female mice.

(C) Coronal sections of the OB show that mCherry-expressing cells (astrocytes) do not
colocalize with periglomerular cells (tyrosine hydroxylase, TH) or EPL interneurons
(parvalbumin, PV). Scale bar, 100 pum.
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Figure 2. Astrocyte odor-evoked sensory maps visualized through calcium imaging overlap with
MI/T célls.

(A) Schematic of Cre-dependent AAV (top). Coronal section of mouse olfactory bulb
showed expression of GCaMP in M/T cells (bottom left) and jRCaMP1a in astrocytes
(bottom center) with no colocalization (merge, bottom right) in the glomerular layer. Scale
bar, 30 um.

(B) Schematic of widefield imaging of anesthetized mouse during odor presentation.
Imaging of GCaMP3 above the thinned skull over the mouse OB allows for generation of
neuronal olfactory sensory maps based on baseline subtraction of GCaMP3 signal. Scale bar,
500 pm.

(C) Example response maps to three different odorants. Response maps for M/T cells
expressing GCaMP (top) and astrocytes expressing jJRCaMP1a (middle) showed overlapping
expression (bottom). n = 3 male and 2 female mice
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(D) Example normalized traces of ROIs around glomeruli depicting temporal Kinetics of
fluorescent response in neurons and astrocytes to odorants before, during, and after odor
delivery.

(E) Average normalized traces of temporal kinetics of fluorescent responses in neurons and
astrocytes to odorants before, during, and after odor delivery.

(F) Quantification of (E). During odor delivery, there is no change in time to peak between
neurons and astrocytes. However, the decay-time (from 90% to 30% peak) shows a
significant increase in decay of calcium signaling in astrocytes compared to neurons. n = 3
male and 2 female mice

(G) Average normalized traces of temporal kinetics of fluorescent responses before, during,
and after odor delivery in neurons with and without astrocyte responses (top) and in
astrocytes with and without neuronal responses (bottom).

(H) Quantification of (G). During odor delivery, there is no change in time to peak or max
response between neurons with and without astrocyte domains. However, max response in
astrocytes was increased and time to peak was decreased in domains overlapping with
neuronal activity.
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Figure 3. DREADD-induced astrocyte activity inhibited neuronal responses.
(A) hM3Dgq or hM4Di DREADDs, expressed in astrocytes and activated by CNO, modulates

calcium signaling.

(B) Representative images of viral hM3D-mCherry expression in astrocytes in the OB. Scale
bar, 100 pm. i) Hoeschst stain of coronal OB section. ii) Viral hM3D-mCherry expression in
OB astrocytes. iii) Merge of i) and ii). iv) High magnification of membrane-bound hM3D-
mCherry in OB astrocyte. Scale bar, 5 pm.

(C) Schematic of imaging protocol. Sensory maps of odorants were imaged in one OB in
triplicate before and after CNO or Saline injection.

(D) Sensory maps of mitral cells before (top) and after (bottom) CNO induction of hM3D in
astrocytes.

(E) Graph of change in fluorescence in neurons before and after injection of CNO to
stimulate astrocyte activity. After CNO administration, neurons showed a decrease in
fluorescence in activated regions during odorant presentation (n = 5 male and 8 female
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mice). Example trace (inset) reveals similar temporal kinetics for rise and decay during and
after stimulus presentation, respectively.

(F) Sensory maps of mitral cells before (top) and after (bottom) CNO induction of hM4D in
astrocytes.

(G) Graph of change in fluorescence in neurons before and after injection of CNO to inhibit
astrocyte activity. After CNO administration, neurons showed an increase in fluorescence in
activated regions during odorant presentation (n = 5 male and 4 female mice). Example trace
(inset) reveals similar temporal Kinetics for rice and decay during and after stimulus
presentation, respectively.
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Figure 4. Astrocytic calcium directly affected olfactory behavior
(A) Schematic of olfactory-associated Go-NoGo behavioral task.

(B) Odor detection curve in n = 8 male and 8 female control mice. Mice were reliably able
to detect odors at 107> (v/v) and performed approximately at chance at 10~7.

(C) Odor detection curve in n = 4 male and 6 female mice expressing hM3Dgq. Black lines
represent the detection curve before CNO treatment while red lines represent odor detection
curve after CNO treatment.

(D) At the concentration in which performance was most sensitive (1076), Gq-mediated
astrocyte activity increased performance in detecting and responding to odorant cues. n = 4
male and 6 female mice. *p = 0.0149, Paired Student’s t-test.
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(E) Odor detection curve in n = 4 male and 3 female mice expressing hM4Di. Black lines
represent the detection curve before CNO treatment while red lines represent odor detection
curve after CNO treatment.

(F) At the concentration in which performance was most sensitive (1076), Gj-mediated
astrocyte activity decreased performance in detecting and responding to odorant cues. n =4
male and 3 female mice. *p = 0.0216, Paired Student’s t-test.
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Antibody name Structureand Catalog Concentration | RRID

host number
Anti-GFAP antibody 1gG, Polyclonal antibody, Host rabbit | DAKO 20034 1:1000 AB_2811722
Anti-Thx21 antibody 1gG, Polyclonal antibody, Host rabbit | NA 1:500 NA
Anti-calretinin antibody 1gG, Polyclonal antibody, Host mouse | Millipore MAB1572 1:1500 AB_94259
Anti-parvalbumin antibody 1gG, Polyclonal antibody, Host mouse | Millipore MAB1572 1:3000 AB_2174013
Alexa-488 anti-rabbit antibody | 1gG, Polyclonal antibody, Host goat Thermofisher A10040 | 1:500 AB_2534016
Alexa-488 anti-mouse antibody | 1gG, Polyclonal antibody, Host goat Thermofisher A11001 | 1:500 AB_2534069
Anti-TH antibody 1gG, Polyclonal antibody, Host rabbit | Millipore Ab152 1:2000 AB_390204

J Neurosci Res. Author manuscript; available in PMC 2021 May 25.

Page 25



	Abstract
	Graphical Abstract
	Introduction
	Materials and Methods
	Experimental Subjects
	Stereotaxic microinjection of adeno-associated viruses
	Immunohistochemistry and confocal imaging
	Calcium imaging
	Olfactory associative training and odor detection threshold assays
	Quantification and Statistical Analysis
	Data and software availability

	Results
	Genetic labeling of olfactory bulb astrocytes
	Astrocytes display odor response maps that overlap with mitral and tufted cells
	Astrocyte intracellular signaling modulates neuronal activity
	Local astrocyte signaling affects olfactory behavior

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table T1

