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Processing of olfactory information is modulated by centrifugal projections from cortical areas, yet their behavioral relevance
and underlying neural mechanisms remain unclear in most cases. The anterior olfactory nucleus (AON) is part of the olfac-
tory cortex, and its extensive connections to multiple upstream and downstream brain centers place it in a prime position to
modulate early sensory information in the olfactory system. Here, we show that optogenetic activation of AON neurons in
awake male and female mice was not perceived as an odorant equivalent cue. However, AON activation during odorant pre-
sentation reliably suppressed behavioral odor responses. This AON-mediated effect was fast and constant across odors and
concentrations. Likewise, activation of glutamatergic AON projections to the olfactory bulb (OB) transiently inhibited the
excitability of mitral/tufted cells (MTCs) that relay olfactory input to the cortex. Single-unit MTC recordings revealed that
optogenetic activation of glutamatergic AON terminals in the OB transiently decreased sensory-evoked MTC spiking, regard-
less of the strength or polarity of the sensory response. The reduction in MTC firing during optogenetic stimulation was con-
firmed in recordings in awake mice. These findings suggest that glutamatergic AON projections to the OB impede early
olfactory signaling by inhibiting OB output neurons, thereby dynamically gating sensory throughput to the cortex.
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Significance Statement

The anterior olfactory nucleus (AON) as an olfactory information processing area sends extensive projections to multiple
brain centers, but the behavioral consequences of its activation have been scarcely investigated. Using behavioral tests in com-
bination with optogenetic manipulation, we show that, in contrast to what has been suggested previously, the AON does not
seem to form odor percepts but instead suppresses behavioral odor responses across odorants and concentrations.
Furthermore, this study shows that AON activation inhibits olfactory bulb output neurons in both anesthetized as well as
awake mice, pointing to a potential mechanism by which the olfactory cortex can actively and dynamically gate sensory
throughput to higher brain centers.

Introduction
The ability to perceive external information via sensory systems
is crucial for an animal to navigate and survive in a complex
environment. In a classical view, the brain processes sensory in-
formation solely based on a hierarchical organization where sen-
sory information is shaped and refined by subsequent processing
steps. However, to guarantee appropriate, flexible, and fast reac-
tions in a rapidly changing environment, it is beneficial to imple-
ment additional mechanisms that modulate information in a
situation-dependent fashion. One way to do so are cortical top-
down projections, where sensory information is received from
sensory cortices, and processed information is then transmitted
to downstream centers to modulate incoming sensory signals.
Understanding the neural mechanisms underlying sensory per-
ception thus requires information on the neural circuits involved
in both bottom-up and top-down mechanisms.

One prominent center of cortical top-down projections in
olfaction is the anterior olfactory nucleus (AON), an olfactory

Received Nov. 10, 2019; revised June 30, 2020; accepted July 5, 2020.
Author contributions: R.M.Q., J.B., L.W., K.L., D.B., and M.R. performed research; R.M.Q., J.B., L.W., K.L.,

D.B., and M.R. analyzed data; R.M.Q., J.B., L.W., D.B., and M.R. wrote the first draft of the paper; D.B. and
M.R. designed research; D.B. and M.R. edited the paper; M.R. wrote the paper.
The authors declare no competing financial interests.
This work was supported by Deutsche Forschungsgemeinschaft RO4046/2-1 and /2-2, Emmy Noether

Program to M.R., Research Training Group 2416 “MultiSenses–MultiScales: Novel approaches to decipher
neural processing in multisensory integration” 368482240/GRK2416, and Interdisciplinary Center for Clinical
Research within the faculty of Medicine at the RWTH Aachen University Grant IZKF TN1-7532007. Chrna7-Cre
mice were generated with funding from National Institutes of Health AG017517 to Scott W. Rogers Initial
data were acquired in Utah. We thank Scott W. Rogers and Petr Tvrdik for kindly providing the Chrna7-Cre
mice; the Technical Workshop at the Institute for Biology II, RWTH Aachen for excellent technical support;
Matt Wachowiak, Jeremy C. McIntyre, and all members of the M.R. laboratory for helpful discussion and
comments on the manuscript; and Drs. Looger, Akerboom, and Kim and the Genetically Encoded Calcium
Indicator Project at Janelia Farm Research Campus in collaboration with Penn Vector Core for providing with
GCaMP-expressing viruses.
Correspondence should be addressed to Markus Rothermel at m.rothermel@sensorik.rwth-aachen.de.
https://doi.org/10.1523/JNEUROSCI.2667-19.2020

Copyright © 2020 the authors

The Journal of Neuroscience, September 16, 2020 • 40(38):7269–7285 • 7269

https://orcid.org/0000-0002-4528-2676
https://orcid.org/0000-0002-0929-993X
mailto:m.rothermel@sensorik.rwth-aachen.de


cortical area located in the forebrain just caudally of the olfactory
bulb (OB), the first relay station of olfactory signals within the
brain. The AON can be divided into two distinct zones, pars
externa, a thin ring of cells in the rostral part of the AON, and
pars principalis containing the majority of AON cells (Valverde
et al., 1989; Brunjes et al., 2005). Its extensive connectivity with
primary and secondary processing centers (see Brunjes et al.,
2005) and its position as both a “bottom-up” relay of ascending
sensory input from the OB and a source of “top-down” input to
the OB renders the AON an interesting model system for investi-
gating higher-order olfactory processing and the interplay of
ascending and descending information.

The AON is the largest source of cortical projections to the
OB (Carson, 1984; Shipley and Adamek, 1984). AON-derived
axons have been shown to project to multiple layers of the OB
(Reyher et al., 1988; Padmanabhan et al., 2016; Wen et al., 2019).
This includes the granule cell layer, which contains the majority
of inhibitory interneurons of the OB, as well as the layers con-
taining the output neurons of the OB, the external plexiform,
and the mitral cell layer. Furthermore, AON projections are
bilateral; that is, the AON does not only send axons to the ipsilat-
eral but also, via the anterior commissure, to the contralateral
OB (Brunjes et al., 2005; Illig and Eudy, 2009; Wen et al., 2019).
Similar to cortical back projections from piriform cortex (Boyd
et al., 2015; Otazu et al., 2015), the AON was shown to send sen-
sory-evoked feedback to the OB (Rothermel and Wachowiak,
2014).

The AON has been implicated in a range of different func-
tions, including serving as the first site of integrated odor percept
formation (Haberly, 2001; Wilson and Sullivan, 2011), olfactory
memory (Haberly, 2001; Aqrabawi and Kim, 2018b, 2020;
Levinson et al., 2020), social interaction (Wacker et al., 2011;
Oettl et al., 2016; Wang et al., 2020), controlling food intake
(Soria-Gomez et al., 2014), and integrating activity within and
between the two OBs (Schoenfeld and Macrides, 1984; Lei et al.,
2006; Yan et al., 2008; Kikuta et al., 2010; Esquivelzeta Rabell et
al., 2017; Grobman et al., 2018). Despite this wide variety of pro-
posed functions, the exact role of centrifugal AON projections in
modulating ongoing OB activity remains poorly characterized.
Only a few studies have investigated the influence of centrifugal
AON projections on OB circuit function (Markopoulos et al.,
2012; Oettl et al., 2016; Grobman et al., 2018) demonstrating that
AON inputs can depolarize as well as inhibit mitral/tufted cells
(MTCs).

In the present study, we used optogenetic AON stimulation
to decipher AON effects on odor-related behavior. Whereas
AON stimulation was not perceived as an odor equivalent cue,
AON activation during odorant presentation reliably suppressed
behavioral odor responses. This effect was constant across odors
and concentrations. Optical AON stimulation in anesthetized as
well as in awake mice resulted in a substantial decrease in MTC
spiking during sensory stimulus presentation matching the be-
havioral results. These findings support the hypothesis that the
AON acts as a strong regulator of olfactory information trans-
mitted to higher brain areas.

Materials and Methods
Animals strain and care
We used a mouse line (Chrna7-Cre, kindly provided by S. Rogers and P.
Tvrdik, University of Utah) in which an IRES-Cre bicistronic cassette
was introduced into the 39 noncoding region of the cholinergic nicotinic
receptor alpha7 (Chrna7) (Rogers and Gahring, 2012; Rogers et al.,

2012a,b; Gahring et al., 2013). Animals of either sex were used. Animals
were housed under standard conditions in ventilated racks. Mouse colo-
nies were bred and maintained at RWTH Aachen University animal
care facilities. Food and water were available ad libitum unless otherwise
noted. All experimental protocols were approved by local authorities
and comply with European Union legislation and recommendations by
the Federation of European Laboratory Animal Science.

Viral vectors
Viral vectors were obtained from the viral vector core of the University
of Pennsylvania or Addgene. Vectors were from stock batches available
for general distribution. pAAV-EF1a-double floxed-hChR2(H134R)-
EYFP-WPRE-HGHpA (Addgene viral prep #20298-AAV1; http://n2t.
net/addgene:20298; RRID:Addgene_20298) and pAAV-Ef1a-DIO EYFP
(Addgene viral prep #27056-AAV1; http://n2t.net/addgene:27056;
RRID:Addgene_27056) were a gift from Karl Deisseroth. pAAV.Syn.
Flex.GCaMP6s.WPRE.SV40 was a gift from Douglas Kim & GENIE
Project (Addgene viral prep #100845-AAV1; http://n2t.net/addgene:
100845; RRID:Addgene_100845). Injection of Cre-dependent vector
(AAV1.EF1a.DIO.hChR2(H134R)-eYFP.WPRE.hGH(AAV.FLEX.ChR2.
YFP), AAV-Ef1a-DIO EYFP (AAV.FLEX.EYPF), pAAV.Syn.Flex.
GCaMP6s.WPRE.SV40 (AAV.FLEX. GCaMP6s) was performed as
described previously (Wachowiak et al., 2013; Rothermel et al., 2014).
Briefly, AON virus injection in adult (�6weeks) homozygous Chrna7-
Cre mice was performed using stereotaxic targeting (relative to bregma:
2.8 mm anteroposterior, 1.25 mm mediolateral, �2.7 mm dorsoventral)
(Rothermel and Wachowiak, 2014). Virus (0.5ml; titer 1.9� 1012) was
delivered unilaterally or bilaterally through a 26-gauge metal needle at a
rate of 0.1ml/min. Mice were individually housed for at least 30d before
evaluating for transgene expression or recording.

Olfactometry
Odorants were presented as dilutions from saturated vapor in cleaned,
humidified air using a custom olfactometer under computer control
(Bozza et al., 2004; Verhagen et al., 2007; Rothermel et al., 2014).
Odorants were typically presented for 4-10 s. All odorants were obtained
at 95%-99% purity from Sigma Millipore and stored under nitrogen/ar-
gon. The following monomolecular odorants were used: isoamyl acetate
(IAA), methyl valerate, ethyl butyrate (EB), ethyl tiglate (ET), sec-butyl
acetate (secBA), methyl caproate (MH), 2-hexanone, 2-heptanone, cy-
clohexylamine, valeraldehyde (VA), propyl butyrate, 2-pentanone, ethyl
acetate, isopropyl butyrate, 4-methylanisole, 2-methylbutyraldehyde,
methyl benzoate, vinyl butyrate, hexanal (Hex), and Mix4 (2-hexanone,
sec-butyl acetate, ethyl butyrate, methyl valerate). The concentration of
the odorants ranged from 0.1% to 4.5% saturated vapor.

Awake, head-fixed preparation
Behavioral testing in awake, head-fixed mice was adapted from previ-
ously described protocols (Wachowiak et al., 2013). For behavioral
experiments, we expressed AAV.FLEX.ChR2.EYFP in the AON of
Chrna7 animals as previously described. A custom head bolt was affixed
to the skull with its posterior edge at lambda using dental acrylic. An
optic fiber (low OH, 200 mm core, 0.39NA; FT200EMT, Thorlabs) was
cut with a diamond knife and inserted into a 1.25-mm-diameter ceramic
ferrule (CFLC230, Thorlabs) with a 230 mm bore. The optic fiber was
adhered to the ferrule with epoxy (Epoxy 353ND Kit, Precision Fiber
Products). The tip of the optic fiber was finely ground with polishing
sandpaper and a grinding puck (D50-L, Thorlabs). After viral injection,
the optic fiber was implanted into the targeted brain region under the
guidance of a stereotactic device and a cannula holder (XCL, Thorlabs)
(same coordinates as above, except the fiber was positioned slightly dor-
sal to the injection site). To secure the implanted optic fiber, dental
cement was applied to the skull surface. After complete solidification of
the dental cement, the cannula holder was removed from the implanted
optic fiber. In control mice, viral injection was either omitted or AAV.
FLEX.EYPF was used. All steps were performed in a single surgical pro-
cedure under isoflurane anesthesia. Aseptic techniques were used
throughout the procedure, and local anesthetic (bupivacaine, 1%; Sigma
Millipore) was applied to all incision areas.
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Behavioral testing and optical stimulation
Experiments were performed in a custom-built behavioral setup.
Odorant presentation, water delivery, optical stimulation, and data ac-
quisition triggers were controlled with custom software written in
LabView (National Instruments). All mice (n=19: 12 ChR2 and 7 con-
trol animals) were initially trained on a simple lick/no-lick task structure.
Behavioral training began 10–11d after head bolt and optic fiber surgery.
Mice were water-deprived to ;85% of baseline body weight and gradu-
ally habituated to run on a free-floating Styrofoam ball in daily sessions.
Persistent limb movement or attenuated respiration was used as an indi-
cator of stress, in which case the session was terminated. An odor deliv-
ery port was positioned;5 mm in front of the animal’s snout, and a lick
spout was made available for water delivery. During the initial phases of
training, mice were allowed to lick for a small water reward (;5–6ml) at
increasing intertrial intervals (5–10 s, Phase I and II). After acclimation,
odorants were added to the training sessions (4 s duration, Phase III).
During this phase, odorants (typically one per session) were passively
presented and not rewarded.

Finally, mice were trained in a go/no-go odor paradigm (Phase IV).
Mice discriminated rewarded odorants (S1) from clean air (S�, “blank”)
by licking the lick spout in response to the S1 and refraining from lick-
ing to the S�. In each behavioral session, 4-8 odorants (randomly picked
out of a repertoire of 36 total odorants) were applied in random order.
S1/S� presentation was also randomized (50/50 distribution). Odorants
were presented for 4 s at a concentration of 0.5% (unless stated other-
wise) with an intertrial interval varying randomly from 15 to 24 s.
Incorrect licking (false alarms) at any time during presentation of the S�

was punished with a 7 s increase in the following intertrial interval. Mice
were tested in a single daily session (range: 50-210 trials [each S1 or S�

presentation is defined as one trial]; 30-90min). Analysis of behavioral
data was performed using custom scripts in MATLAB. A response on a
S1 trial (hit) and no response during an S� trial (correct rejection) were
categorized as correct responses during data analysis; no response on a
S1 trial (miss) or a response during an S� trial (false alarm) was catego-
rized as an incorrect response. Performance accuracy was calculated as
odor hits 1 correct rejections/number of trials. Animals had to reach
performance accuracy. 80% before being tested further.

Mice were tested in the following paradigms: optogenetic stimulation
in blank trials. The go/no-go odor paradigm (Phase IV) was modified
such that, in ;10% of S1 trials, a blank was presented and licking to
these trials would have been rewarded. AON photostimulation (4 s dura-
tion, unilateral or bilateral) was coupled to a subpopulation of S1 blank
trials. Optical stimulation trials were randomly interspersed with trials
with no stimulation (S1 and S�). On average, 11.56 0.57 (mean 6
SEM) optical stimulation trials were applied in one behavioral session.
Photostimulation intensity was gradually increased from trial to trial
(range 1-10 mW). Photostimulation light (delivered via a 200mm optical
fiber positioned at AON; as described above) was generated by a 473 nm
DPSS laser (VM-TIM, 07745). The optical stimulation protocol was
adopted from a pulse protocol previously established for optical piriform
cortex stimulation (Choi et al., 2011) (25ms pulses repeated at 20Hz for
4 s, maximal power 10 mW). Three additional pulse protocols were
tested in blank photostimulation trials: 5ms pulses 50Hz, 15ms pulses
50Hz, and 10ms pulses 20Hz using a power between 1 and 13 mW.
Lick responses in blank/blank 1 photostimulation trials were measured
in percentage of total trials in this condition. Performance accuracy in
this and all following paradigms was calculated as described above from
nonstimulated trials and is always provided as a measure of performance
and motivation of a particular animal in a task.

Optogenetic stimulation in odor trials. The go/no-go odor paradigm
(Phase IV) was modified such that AON photostimulation was coupled
to a subpopulation of S1 odor trials (same parameters as above). For
that, one odor was chosen and AON photostimulation (unilateral or
bilateral) was coapplied with that particular odor (4 s duration, starting
simultaneously). Selected odors changed between sessions. Optical stim-
ulation trials were randomly interspersed with trials with no stimulation
(S1 and S�). Photostimulation intensity was gradually increased from
trial to trial (range 1-10 mW). Unless noted otherwise, all photostimula-
tion trials before odor suppression are categorized as subthreshold

stimulations. Lick responses in odor 1 subthreshold/suprathreshold
photostimulation trials were measured in percentage of total trials in this
condition.

Optogenetic stimulation of different odors in one session. The
“Optogenetic stimulation in odor trials” paradigm was modified so that
after suprathreshold intensity was determined for one randomly chosen
odorant, AON photostimulation was coapplied with different odorants
within one session. Lick responses in odor 1 subthreshold/suprathres-
hold photostimulation trials were measured in percentage of total indi-
vidual odorant trials.

Optogenetic stimulation in odor concentration trials. The “Optogenetic
stimulation in odor trials” paradigm was modified: the minimal light in-
tensity for inhibiting odor detection at a concentration of 0.5% was
determined. Using this intensity, the odor concentration was gradually
increased (range 0.5%–4.5%). The lick delay (seconds, mean 6 SD) of
photostimulated ChR2 and control mice was determined for each tested
odorant concentration (4 s = no lick).

Decreasing the optical stimulation length relative to odor presenta-
tion. The “Optogenetic stimulation in odor trials” paradigm was modi-
fied: after suprathreshold intensity was determined for one randomly
chosen odorant, the overlap between laser and odor stimulation was var-
ied (while still starting simultaneously) (2 s laser, 4 s odor; 3 s laser, 6 s
odor; 4 s laser, 6 s odor). Lick delays of ChR2 mice were compared with
control animals (lick delay, seconds, mean6 SD).

Novel odor trials. The go/no-go odor paradigm (Phase IV) was
modified such that a novel odorant was applied for the first time. The
number of trials until the animal started licking to this novel odorant
was determined.

Optogenetic stimulation in S� odor trials. A new cohort of mice (2
ChR2, 1 uninjected control, and 1 EYFP control) was trained to lick for
no-odor (blank) trials (and refrain from licking to any odorants pre-
sented). The go/no-go odor paradigm (Phase IV) was modified such that
mice discriminated rewarded blank trials (S1) from nonrewarded odor-
ant trials (S�) by licking the lick spout in response to the S1 and refrain-
ing from licking to the S�. The “Optogenetic stimulation in odor trials”
paradigm was modified so that AON photostimulation was coupled to a
subpopulation of S� odor trials. Licking to photostimulation trials would
have been rewarded.

Extracellular recordings and optical stimulation
MTC unit recordings and optical OB stimulation were performed as
described previously with several modifications (Rothermel et al., 2014).
Briefly, mice were anesthetized with pentobarbital (50mg/kg) and placed
in a stereotaxic device. A heating blanket (Stryker, T/pump Professional)
was used to maintain body temperature at ;37°C during the experi-
ment. A local anesthetic (bupivacaine, 1%; Sigma Millipore) was injected
at every incision site. Mice were double tracheotomized, and an artificial
inhalation paradigm was used to control air and odorant inhalation in-
dependent of respiration (Wachowiak and Cohen, 2001; Spors et al.,
2006; Eiting and Wachowiak, 2018). Extracellular recordings were
obtained from OB units using 16-channel electrodes (NeuroNexus,
A1x16-5mm50-413-A16, Atlas Neuro, EXVI1R-100-S1-L6 NT) and an
RZ5 digital acquisition system (Tucker Davis Technologies). Recordings
from presumptive MTCs were obtained from the OB in a depth between
200 and 800mm (measured from electrode tip) and selected as described
by Carey and Wachowiak (2011); that is, selected units had to be well
isolated and located in the vicinity of the mitral cell layer. Electrode
depth was monitored with a digital micromanipulator (Sutter Instruments,
MP-225, or Thorlabs PT1/M-Z8). Recording sites were confined to
the dorsal OB. Odorant alone (“baseline”) and odorant plus optical
stimulation trials (at least three trials each) were interleaved for all
odorants (interstimulus interval 70s). Recordings with at least 5
repeated trials of each condition were subject to unit-by-unit statis-
tical analysis as described below.

For optical OB stimulation, light was presented as a single 10 s pulse
either alone or simultaneous with odorant presentation using a 470 nm
LED and controller (LEDD1B, Thorlabs) and a 1 mm optical fiber posi-
tioned within 3 mm of the dorsal OB surface. The light power at the tip
of the fiber was between 1 and 10 mW.
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Electrophysiological data analysis
Basic processing and analysis of extracellular data followed protocols
previously described for multichannel MTC recordings (Rothermel et
al., 2014). Briefly, action potential waveforms with a signal-to-noise ratio
of at least 4 SDs above baseline noise were thresholded and saved to
disk. Offline sorting was done using the Bayesian clustering algorithm of
a spike sorting software (OpenSorter, Tucker Davis Technologies) (see
Fig. 6A). “Single units” typically fell within discrete clusters in a space
made up of principal components 1 and 2, and units with interspike
intervals lower than the absolute refractory period (,2.5ms) were
excluded from further analysis (Lewicki, 1998) (see Fig. 6B). For units to
be classified as presumptive MTCs, units additionally had to be located
in the vicinity of the mitral cell layer and display clear sniff modulation
(the maximum spike rate in a 100ms bin had to be at least 2 times the
minimum spike rate for the peristimulus time histogram; see Fig. 6B,
insets); similar as described by Carey and Wachowiak (2011).
Oversampling, the emergence of similar responses on more than one
channel, was rarely observed, probably because of the spacing (.50mm)
of the individual recording sites. Responses to optical or odorant stimu-
lation were analyzed differently depending on the experimental para-
digm: stimulation effects on spontaneous spike rate (no artificial
inhalation, “no-sniff” condition) were measured by calculating spikes/s
(Hz) for the 9 s before or during stimulation. Selection of “sniff-modu-
lated” units was performed as described previously (Rothermel et al.,
2014). Inhalation-evoked responses during inhalation of clean air
(“sniff” condition) were measured by averaging the number of spikes per
1 s period following each inhalation in the 9 inhalations before stimula-
tion or during stimulation and across multiple trials (minimum of 3 tri-
als in each condition for all units). Odorant-evoked responses were
measured as changes in the mean number of spikes evoked per 1 s inha-
lation cycle (D spikes/sniff) during odorant presentation, relative to the
same number of inhalations just before odorant presentation. For statis-
tical analysis, significance for changes in firing rate (baseline vs optical
stimulation) was tested on a unit-by-unit basis using the Mann–
Whitney U test on units tested with�5 trials per condition.

OB electrophysiological recordings in awake mice
We used a custom-built chronically implanted multitetrode array
(MTA) for OB recordings in awake mice with up to 32 channels, adapted
from guidelines kindly provided by the laboratory of Wolfgang Kelsch
(Oettl et al., 2019). Printed circuit boards were designed to accommodate
8 tetrodes in the OB and a fiber cable for optical AON stimulation (see
Fig. 8A). Virus injection, optic fiber, MTA, and head-bar implantation
were performed in a single surgical procedure. Mice were accustomed to
running on a Styrofoam ball, and recordings started ;3 weeks after the
surgery. Similar protocols as described above were used for extracellular
recordings/optical stimulation (20Hz 25ms pulses, 4 s; in some sessions,
4 s continuous stimulation) and electrophysiological data analysis.

Histology
Viral (AAV.FLEX.ChR2.YFP, AAV.FLEX.EYPF, and AAV.FLEX.
GCaMP6s) expression in AON cells/axonal projections and optic fiber
placement were evaluated with post hoc histology in all experiments to
confirm accurate targeting of AON neurons and a lack of expression in
OB neurons as described previously (Wachowiak et al., 2013; Rothermel
et al., 2014). Briefly, mice were deeply anesthetized with an overdose of
sodium pentobarbital and perfused with 4% PFA in PBS. Postfixation
was done in 4% PFA for at least 1 d before the brains were extracted and
later embedded in 3% low-melting-point agarose. Coronal sections at
200mm thickness were made using a vibratome (752/M vibroslice;
Campden Instruments). Slices were evaluated from native fluorescence
without immunohistochemical amplification with a TCS SP2 confocal
laser scanning microscope (Leica Microsystems) at 10� or 20�
magnification.

For immunohistochemistry, AON-injected (AAV.FLEX. GCaMP6s)
animals were perfused as described above. Brains were cryoprotected in
30% sucrose in PBS followed by embedding in optimal cutting tempera-
ture compound (Tissue Freezing Medium, Leica Microsystems).
Coronal slices (10-14mm) were cut on a cryostat (CM 3050S, Leica

Microsystems). Slices were first rinsed with PBS, and nonspecific bind-
ing was blocked with 10% normal goat serum diluted in PBS with 0.2%
Triton X-100 for 1 h at room temperature before incubation with pri-
mary antibody (rabbit anti-GAD651GAD67 antibody [ab11070] 1:100
and rabbit anti-CaMKII antibody [ab134041] 1:100, Abcam) in PBS with
0.02% Triton-X overnight at 4°C. As a secondary antibody, goat anti-
rabbit AlexaFluor-546 (Invitrogen) was used. The secondary antibody
was incubated for 1 h at room temperature before labeling was evaluated
as reported above. Colocalization of protein was quantified in ImageJ by
counting cells from confocal images (CAMKII: three images from two
mice; GAD: four images from two mice) from representative sections at
bregma;2.8 in each animal.

Statistical analysis
Significance was determined using the paired Student’s t test, Wilcoxon
signed rank test, Mann–Whitney U test, and Kruskal–Wallis test, where
appropriate. Multiple comparison tests were used for post hoc
comparisons.

Results
We used a mouse line in which an IRES-Cre bicistronic cassette
was introduced into the 39 noncoding region of the cholinergic
nicotinic receptor a7 gene (Chrna7) by homologous recombina-
tion (Rogers et al., 2012b). These mice show robust Cre-dependent
expression in cells of the AON in accordance with publications
showing strong Chrna7 expression in AON neurons (Dominguez
del Toro et al., 1994; Brunjes et al., 2005). Importantly, cellular Cre
expression at the level of the OB is sparse, allowing for a selective
labeling of AON neurons without the potential confound of trac-
ing OB cells via retrograde AAV transport (Rothermel et al.,
2013). Chrna7-cre mice have been used previously to drive
GCaMP expression in the AON (Rothermel and Wachowiak,
2014), with labeled cells showing morphologies reminiscent of
principal neurons with descending projections to the OB (Brunjes
and Kenerson, 2010). To gain a better understanding of the distri-
bution and nature of the Cre-positive cells in the AON, we
injected Chrna7-cre mice with an AAV-GCAMP construct
(n=11 mice). The bright cytosolic GCaMP expression allowed us
to quantify the number of infected cells in different AON regions
(Fig. 1A; pars dorsalis, pars lateralis, pars medialis, and pars ven-
troposterior, according to Kay and Brunjes, 2014) as well as
around the injection tract (16,466 cells counted). There was no sig-
nificant difference in the amount of labeled cells in the AON sub-
regions (pars dorsalis 6386 328 [mean 6 SD] cells/mm2, pars
lateralis 6136 366 cells/mm2, pars medialis 3036 331 cells/mm2,
pars ventroposterior 4046 285 cells/mm2). The injection tract in
the medial prefrontal cortex (mPFC) displayed significantly less
injected cells and therefore renders a contribution of those cells to
the observed effects unlikely (206 10 cells/mm2, p=1.9� 10�5,
Kruskal–Wallis test, nonpaired post hoc test). We also performed
immunostainings with antibodies for glutamate decarboxylase
(GAD651GAD67) as a marker of GABAergic inhibitory inter-
neurons and Ca21/calmodulin-dependent protein kinase II
(CaMKII), which has been described as marker for AON principle
neurons (Esquivelzeta Rabell et al., 2017; Libbrecht et al., 2018)
(Fig. 1B). GCaMP-positive cells were only rarely colabeled with
GAD antibodies (5.76 2.6%, n = 2 mice), but we found that a
considerable number of GCaMP-positive cells were also positive
for CAMKII (58.46 2.6%, n = 2 mice). In conclusion, labeled cell
bodies could be found in all AON areas, and most of these neu-
rons showmarkers of AON principle cells.

To target cortical top-down projections from the AON to the
OB, we injected AAV.FLEX.ChR2.EYFP into AON of Chrna7-
cre mice. Viral injection resulted in a ChR2-EYFP expression in
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all major AON subdivisions (pars principa-
lis, dorsal, lateral, medial, and ventral part;
including pars externa) similar to AAV.
FLEX. GCaMP6s injections (Fig. 1C). Four
weeks following unilateral virus infection,
ChR2-EYFP protein was apparent in AON
fibers throughout the OB (Fig. 1D): ipsilat-
eral AON axon terminals targeted mainly the
granule cell layer and, to a lesser extent, the
external plexiform layer, whereas fewer fibers
in the contralateral external plexiform layer
could be observed (Fig. 1D, right), consistent
with earlier reports (Reyher et al., 1988;
Rothermel and Wachowiak, 2014). Based on
these results, we conclude that our viral
approach mainly labels AON pars principalis
neurons reported to have bilateral OB
projections.

Activation of AON neurons in awake
animals is not perceived as an odorant
equivalent cue
To explore possible behavioral effects of
AON activation on odorant perception, we
initially asked whether photostimulation of
ChR2-expressing neurons in the AON could
serve as an odorant equivalent cue. The AON
as a sensory olfactory cortical area receives
direct MTC input from the OB. Since optoge-
netically induced “illusory” sensory perception
has been reported for different sensory areas
(O’Connor et al., 2013; Guo et al., 2015), we
tested whether AON activation might be able
to evoke odor sensations in mice. We used a
go/no-go odor discrimination assay in which
water-restricted head-fixed mice freely run-
ning on a Styrofoam ball (see Materials and
Methods) were exposed to different odors
(S1), all of which were rewarded (Fig. 2B). In
each behavioral session, 4-8 odorants were
randomly picked of a repertoire of 36 odor-
ants, so that over time, each mouse encoun-
tered all odorants. Within the session, the
selected odorants were applied in random
order (50-210 trials [S1 and S� presentations]
per session; 30-90min duration). S1/S� pre-
sentation was also randomized (50/50 distri-
bution). During this period, mice learned to
lick to any given odor stimulus and to refrain
from licking to clean air (S�, blank trial).
Whenmice performed reliably above criterion
(.80% accuracy; odor hits 1 correct rejec-
tions/number of trials; see Materials and
Methods), we tested whether unilateral
photostimulation of ChR2-expressing AON

Figure 1. Viral-mediated transgene expression in the AON of Chrna7-Cre mice. A, Left, Low-resolution image depicting
the left AON of a Chrna7-Cre mouse (2.6 bregma, coronal section). Colored regions represent AON pars principalis subdivi-
sions according to Kay and Brunjes (2014). Middle, Fluorescence image of the same region showing marker protein expres-
sion after stereotaxic injection. In this experiment, AAV-GCAMP was injected into AON to better visualize cell bodies. Right,
Quantification of the distribution of GCaMP6-positive cells in the different AON subdivisions, including the injection tract in
the mPFC. Error bars indicate SEM. There was no significant difference in the amount of labeled cells in the AON subre-
gions. Pars VP, Pars ventroposterior. B, Immunohistochemical staining of AON sections of Chrna7-Cre mice injected with
AAV-GCaMP6. Top row, Images represent GCaMP6 expression (green, left), antibody labeling for CaMK II (red, middle), and
overlay of both channels (right). Bottom row, Images represent GCaMP6 expression (green, left), antibody labeling for
GAD651 GAD67 (red, middle), and overlay of both channels (right). Arrows indicate examples of dually labeled cells. C,
AON section of a Chrna7-Cre mouse unilaterally injected with AAV-ChR2-EYFP. Left, Low-magnification confocal image
showing AON ChR2-EYFP expression (2.73 bregma; coronal section). Right, Magnification of AON region showing strong cel-
lular ChR2-EYFP expression. White arrows indicate labeled cell somata. D, Left, ChR2-EYFP-expressing AON fibers in the ip-
silateral OB following AON AAV-ChR2-EYFP injection in a Chrna7-Cre mouse. ChR2-EYFP-labeled AON axon terminals

/

targeted primarily the granule cell layer (GCL) and the external
plexiform layer. Middle, Magnified view showing abundant axo-
nal projections. Right, Confocal image from the contralateral
OB displaying AON terminals predominantly in the GCL.
***p, 0.0005, ns, not significant.
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neurons would elicit licking responses when applied without sen-
sory input (3 ChR2, 3 uninjected controls and 1 EYFP control, 32
sessions). Therefore, we modified the behavioral paradigm such
that, in ;10% of S1 trials, we presented a blank (clean air) instead
of an odorant (gray bars in the S1 condition; Fig. 2B) and licking
to these trials would have been rewarded. As expected, mice
did not lick to S1 blank trials (Fig. 2B,C). When we coupled
the AON photostimulation to a subpopulation of S1 blank tri-
als (gray bars with blue surrounding), mice equally failed to
respond, suggesting that activating AON was not able to elicit
an odor percept. In order to ask whether AON activation
might trigger odor perception, this low number of optogenetic
stimulation trials was necessary as mice had to stay trained
to associate water reward with real odor presentation.
Importantly, mice were not trained to report to optogenetic
stimulation since it has been shown that with a sufficiently
high trial number (�650 stimulations) animals can be trained
to report essentially any kind of rewarded stimulus in any
brain area, for example, from optogenetic stimulation of one
OB glomerulus (Smear et al., 2013) to electrical activation of
single cells (Histed et al., 2013). Lick responses in blank trials
did not differ significantly from responses in blank 1 photo-
stimulation trials within and between individual ChR2 or con-
trol animals (Fig. 2C; % blank responses 2.116 0.79 control,
4.176 4.17 ChR2; % blank 1 photostimulation responses

0.636 0.63 control, 0 ChR2; p = 0.29, Kruskal–Wallis test).
We performed the experiments using four different optoge-
netic pulse protocols. The absence of a licking response in the
photostimulation trials is unlikely to be caused by a lack of
motivation as general performance accuracy (odor hits 1 cor-
rect rejections/number of trials) was high in all mice, and
smaller differences in accuracy levels were not significant
within and between individual ChR2 and control mice
(94.566 1.89% control, 92.96 0.34% ChR2 [mean 6 SEM];
p = 0.09, Kruskal–Wallis test). Mice also failed to respond to
AON stimulation when this paradigm was repeated for 6 con-
secutive days, showing that mice did not report optogenetic
stimulation with this amount of trials.

Likewise, the lack of lick responses in blank 1 photostimula-
tion trials was not because of a failure to generalize for odorants
since both ChR2-expressing (4 animals, 10 sessions) and control
mice (3 uninjected animals, 6 sessions) directly licked to any not
previously encountered odor (Fig. 2D).

To exclude the possibility that the lack of lick responses in
blank 1 photostimulation trials was because of the unilateral
AON stimulation, which might be perceived differently com-
pared with bilaterally sampled S1 odorants, we also performed
bilateral AON stimulations in a separate cohort of animals (2
ChR2 mice and 1 EYFP control mouse, 18 sessions; see Fig. 4).
As with unilateral stimulation, no significant differences between

Figure 2. Optogenetic AON activation is not perceived as an odorant equivalent cue. A, Top, Schematic of experimental approach. Bottom, Overview of optical fiber tip locations
within the AON of ChR2 (blue) and control (gray) mice. D, Dorsal; M, medial. B, Representative part of one behavioral session (left, ordinate displays trial number in chronological
order). Mice were trained in a go/no-go odor paradigm and discriminated rewarded odorants (S1, yellow squares, odor duration 4 s) from clean air (S–, “blank,” gray squares) by
licking in response to the S1 and refraining from licking to the S–. Three to eight odorants (randomly picked out of a repertoire of 36 total odorants) were applied in random order.
For simplification, yellow squares represent all odorants in this session. Middle, Right, Behavioral session subtrials ordered by S1 (middle) and S– (right) trials. Solid black dot rep-
resents first licks in each trial. Light dots represent subsequent licks. Each trial is categorized according to the classification depicted on the left. Briefly, a response on a S1 trial
(hit) and no response during an S– trial (correct rejection) were categorized as correct responses (black dots at the end of the odor presentation); no response on a S1 trial (miss)
or a response during an S– trial (false alarm) was categorized as incorrect responses (red dots at the end of the odor presentation). Approximately 10% of S1 trials consisted of a
blank presentation, and licking to these trials would have been rewarded. Blue box represents blank1 AON photostimulation trials (in S1 condition). Mice did not lick to S1 blank
or S1 blank1 photostimulation trials. C, Odor response accuracy and % responses in blank and blank1 photostimulation trials for control and ChR2 animals. No significant differ-
ence was observed within and between individual ChR2 or control mice (n = 7 mice, 32 sessions). D, Part of a representative “Novel odor trial” session. Pink represents the novel
odorant. Yellow represents “familiar” odorants. The animal responded to the novel odorant in the first trial. No difference in licking response to novel or familiar odorants was
observed. ns, not significant.
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responses in blank trials and responses in
blank 1 photostimulation trials could be
observed (% blank responses 1.786 1.67
control, 4.346 1.21 ChR2; % blank 1
photostimulation responses 3.336 3.16
control, 2.16 2.08 ChR2; p=0.81, Kruskal–
Wallis test). General performance accuracy
was high and not significantly different
within and between ChR2-expressing and
control mice (95.89 6 1.14% control,
93.796 0.67% ChR2 [mean 6 SEM];
p=0.65, Kruskal–Wallis test).

In conclusion, our data suggest that
AON activation does not seem to trigger
odor perception.

AON activation impairs odor detection
in awake behaving animals
Next, we asked whether photostimulation
of ChR2-expressing neurons in the AON
might affect behavioral odor responses.
Experiments were partially conducted in
the same animal cohort used for the pre-
vious behavioral experiments. A similar
go/no-go odor discrimination assay was
used in which mice were trained to lick
to different odors (S1) and refrain from
licking to clean air (S�). Each behavioral
session consisted of an initial baseline
session (duration range from 10 to 30min;
20-100 trials) in which the mouse’s re-
sponse to different odors (S1) and clean air
(S�) was determined. Both experimental
groups (ChR2-injected and control ani-
mals) performed reliably above criterion
(80% accuracy). Following this baseline pe-
riod, one odor was randomly chosen and
AON photostimulation was coapplied with
that odor (Fig. 3A; 4s duration, starting
simultaneously; 20Hz with 25ms pulses,
for 4s), adopted from Choi et al. (2011).
Odor1 AON stimulation trials were inter-
leaved with S� and odor only trials (Fig.
3A; 8 ChR2, 4 uninjected controls, and 1
EYFP control, 126 sessions). During this
period, the photostimulation intensity was
gradually increased (range 1-10 mW).
Plotting lick latency as a function of laser
power (Fig. 3B) revealed a photostimulation
power-dependent increase in lick latency
(0.516 0.03 to 1.56 0.31 s; photostimulated

Figure 3. Optogenetic AON activation suppresses odorant detection. A, Representative go/no-go behavioral session. Mice
were trained in a go/no-go odor paradigm and discriminated rewarded odorants (S1, yellow squares, odor duration 4 s)
from clean air (S–, “blank,” gray squares) by licking in response to the S1 and refraining from licking to the S–. Three to
eight odorants (randomly picked out of a repertoire of 36 total odorants) were applied in random order. For simplification,
yellow squares represent all odorants in this session. One odor was chosen, and AON photostimulation was coapplied with
that particular odor (4 s duration, starting simultaneously). Selected odors changed between sessions. Optical stimulation tri-
als were randomly interspersed with trials with no stimulation (S1 and S–). Photostimulation intensity was gradually
increased from trial to trial (range 1-10 mW). Unless noted otherwise, all photostimulation trials before odor suppression are
categorized as subthreshold stimulations (blue represents suprathreshold trials). Lick responses are only depicted in the mag-
nification on the right. AON photostimulation strongly suppresses odorant detection. B, Lick latency (s) plotted as a function

/

of laser power (mW). Increased laser power led first to an
increase in lick latency before causing complete suppression of
odorant-evoked licking. C, Odor response accuracy and %
responses during subthreshold/suprathreshold odor 1 photo-
stimulation trials for control and ChR2 animals. Suprathreshold
stimulation selectively suppresses odorant detection in all tested
ChR2 mice. There was no difference in task accuracy and %
responses in subthreshold trials within and between control
and ChR2 mice (n=13 mice, 126 sessions). ***p, 0.0005,
ns, not significant.
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odor, p= 0.03, Wilcoxon signed rank test) that was restricted to the
odor coupled to photostimulation in the ChR2 group (0.466 0.02
to 0.566 0.11 s; nonphotostimulated odors, p=0.36, Wilcoxon
signed rank test). A further slight increase in photostimulation inten-
sity caused a failure of licking responses (0.516 0.03 to 4 s [licktime-
out]; photostimulated odor, p = 0.03, Wilcoxon signed rank
test) of only that particular odor coupled to light stimulation
(0.466 0.02 to 0.586 0.1 s; nonphotostimulated odors, p= 0.46,
Wilcoxon signed rank test; Fig. 3B). This effect was not observed
in control animals (0.456 0.01 to 0.436 0.02 s; photostimulated
odor, p= 0.44; 0.456 0.02 to 0.456 0.01 s; nonphotostimulated
odors, p=0.9, Wilcoxon signed rank test). “Suprathreshold”
photostimulation significantly inhibited responses to odor pre-
sentation (measured in percentage of the total number of trials
in this condition) in all ChR2 mice compared with control ani-
mals (Fig. 3C, blue bars; 97.596 1.58% control, 1.936 0.66%
ChR2 [mean 6 SEM]; p= 5� 10�10, Kruskal–Wallis test, non-
paired post hoc test). The reduction of a licking response in these
“suprathreshold” photostimulation trials was unlikely to be the
result of a declining motivation as general performance accuracy
as well as the percentage of responses during odor presentation
in subthreshold stimulation trials did not differ significantly
within and between ChR2 and control mice (Fig. 3C, dark and
light gray bars; accuracy: 96.616 0.37% control, 91.16 0.76%
ChR2; p=0.08, subthreshold stimulation: 97.016 1.1% control,
92.746 1.67% ChR2; p= 0.13 Kruskal–Wallis test). Additionally,
odor presentation without photostimulation led to a normal
response in ChR2 mice. Control mice did not show any effects
on photostimulation regardless of the applied laser power (range
1-10 mW) as did ChR2 mice when trained to a nonolfactory
detection task (data not shown), showing that mice could per-
form well during light stimulation. Inhibition of licking response
to odor presentation during “suprathreshold” photostimulation

trials was also observed in bilaterally stimulated mice (Fig. 4; 100%
control, 2.5 6 2.05% ChR2 [mean 6 SEM]; p=1.25� 10�9,
Kruskal–Wallis test, nonpaired post hoc test).

We also tested whether AON photostimulation is able to sup-
press responses to different odorants. Therefore, in separated ses-
sions, different odorants were coupled to the photostimulation.
Licking responses could not only be inhibited by AON photosti-
mulation for all tested monomolecular odorants but also for an
odor mixture (Table 1; 8 ChR2 animals, 97 sessions, 12 mono-
molecular odorants, one mixture of 4 odorants; each odorant
was tested in at least 4 sessions). In sessions where we switched
optogenetic stimulation rapidly between up to 6 odorants, we
were able to demonstrate that licking to all stimulation coupled
odorants could be inhibited, even within a single behavior ses-
sion (Fig. 5A). This demonstrates that (1) AON-mediated inhibi-
tion of odor responses is not odor-specific; (2) the AON inhibits
odor responses on a fast timescale; and (3) there is no training
effect involved. As shown previously, animals were able to gener-
alize to a novel odor stimulus (Fig. 2D), which renders it unlikely
that the absence of licking in odor 1 photostimulation trials is
caused by an AON-mediated change in/or novel odor percept.
Photostimulation in control animals had no significant effect on
odor responses (Table 1; 4 controls, 101 sessions, 12 monomolec-
ular odorants, one mixture of 4 odorants). We also examined
whether the effect of AON activation could be overcome by
stronger sensory input. For this, we set the laser strength to the
minimal light intensity necessary for inhibiting odor detection at
a concentration of 0.5% (saturated vapor pressure). Odor con-
centration was then gradually increased from 0.5% to 4.5% (Fig.
5B). AON photostimulation significantly inhibited odor detec-
tion over this whole concentration range (lick delay [seconds,
mean 6 SD] of ChR2 mice [4 animals, 40 sessions] vs photosti-
mulated controls [3 animals, 53 sessions]; 4 s = no lick, 0.1%,
46 0 s vs 0.526 0.05 s, p = 5.8� 10�4; 0.5%, 3.976 0.06 s vs
0.586 0.57 s, p = 2.5� 10�4; 1%, 46 0 s vs 0.836 0.91 s, p =1�
10�4; 2%, 46 0 s vs 0.46 0.08 s, p=4.6� 10�5; 3%, 46 0 s vs
0.46 0.05 s, p=4.5� 10�5; 4%, 3.816 0.36 s vs 0.566 0.32 s,
p= 0.009; Mann–Whitney U test for�4 sessions per odorant
concentration).

Figure 4. Bilateral AON photostimulation in odor and blank trials. Odor response accuracy
and % responses in odor, odor1 photostimulation, blank, as well as blank1 photostimu-
lation trials for EYFP control and ChR2 mice (suprathreshold photostimulation; same laser in-
tensity in odorant and blank trials). No significant differences between responses in blank
trials and responses in blank1 photostimulation trials could be observed. Photostimulation
in odor trials, however, suppressed odorant detection in all tested ChR2 mice. Task accuracy
and % responses in odor/blank trials within and between EYFP control and ChR2 mice were
not statistically different (n= 3 mice, 18 sessions). ***p, 0.0005, ns, not significant.

Table 1. Optogenetic AON activation modulates odorant detection independent
of odor identitya

Odor
No. of
sessions

Control

p

ChR2

pSubthreshold Suprathreshold Subthreshold Suprathreshold

IAA 23 93.52 98.56 NS 93.43 2.00 ***
MV 29 100.00 94.82 NS 94.72 0.00 ***
ET 10 91.67 100.00 NS 94.44 0.00 *
PB 14 99.60 97.33 NS 97.22 5.00 *
MH 15 100.00 97.27 NS 89.32 1.79 ***
secBA 19 100.00 94.65 NS 91.51 0.67 ***
EB 16 100.00 96.75 NS 92.61 0.00 ***
MB 12 100.00 100.00 NS 90.29 2.22 **
2-Hep 13 99.24 94.84 NS 94.45 0.00 ***
2-Hex 10 90.28 98.72 NS 95.00 0.00 *
VB 9 95.05 100.00 NS 94.33 6.25 *
2-Pen 17 100.00 100.00 NS 92.51 2.38 ***
Mix4 11 95.42 98.57 NS 98.75 0.00 *
Total 198
aAON photostimulation was coapplied with different odorants within one session. Photostimulation signifi-
cantly reduces licking responses in suprathreshold trials across all tested odorants (12 monomolecular odor-
ants, one mixture of 4 odorants) in ChR2 mice (8 animals, 97 sessions). No significant difference in
performance between subthreshold and suprathreshold trials was observed in control animals (4 animals,
101 sessions).
*p, 0.05; **p, 0.005; ***p, 0.0005.
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Finally, we investigated the relative timing of AON photosti-
mulation effects on behavioral responses by varying stimulation
times from the default settings (4 s both, given simultaneously).
Using a paradigm of decreased photostimulation time relative to
the odor duration, we found that ChR2 mice (3 animals, 12 ses-
sions) immediately licked at the end of the photostimulation: a 2,
3, and 4 s optical stimulation, which was followed by several sec-
onds of “unmasked” odor, resulted in a lick delay of 2.386 0.08,
3.526 0.08, and 4.876 0.22 s, respectively (Fig. 5C). Lick delays
of ChR2 mice at any photostimulation length were significantly
different compared with control mice (3 animals, 17 sessions)
(lick delay [seconds, mean 6 SD] of ChR2 mice vs photostimu-
lated controls; 2 s photostimulation 2.386 0.08 vs 0.426 0.07 s,
p=0.004; 3 s photostimulation 3.526 0.08 vs 0.466 0.06 s, p=
0.02; 4 s photostimulation 4.876 0.22 vs 0.436 0.04 s, p=0.03;
Mann–Whitney U test). Interestingly, ChR2 mice failed signifi-
cantly more often to lick in response to 4 s photostimulation tri-
als compared with shorter stimulation lengths (Fig. 5C; % missed
trials; 2 s photostimulation 9%, 3 s photostimulation 7%, 4 s

photostimulation 61%; p=2.5� 10�9, Kruskal–Wallis test, non-
paired post hoc test). This suggests that longer photostimulation
produces longer-lasting effects. In contrast to that, varying the
odor length at a fixed photostimulation had no significant effect
on lick latency (laser 2 s, lick delay: 2.76 0.18 s [4 s odor],
3.076 0.24 s [6 s odor], 2.56 0.11 s [8 s odor], p=0.12, Kruskal–
Wallis test; data not shown).

Taken together, we found that, in mice trained to associate water
rewards with odorants, optogenetic AON stimulation alone was not
able to elicit a behavioral response. AON stimulation during odor
presentation, however, strongly suppressed licking responses.

AON stimulation changes odor perception
So far, our data rather favor the interpretation of an AON-medi-
ated suppression of odor detection compared with a modulation
of odor perception (e.g., intensity, timing). To distinguish
between these two possibilities, we trained a separate cohort of
animals (2 ChR2 mice, 1 uninjected control, and 1 EYFP control
mouse, 20 sessions) to lick to blank stimuli (S1) while refraining

Figure 5. Optogenetic AON activation modulates odorant detection independent of odor identity and concentration. A, Lick responses to different odorants could also be inhibited within a
single behavior session by quickly switching optical stimulation between odorants. Representative part of one behavioral session showing suppression of odor detection for two different odor-
ants. In contrast to previous plots, individual odorants are color-coded. B, AON photostimulation significantly inhibits odor detection over a large concentration range. Representative part of a
training session in which odor concentration was gradually increased from 1% to 4.5%. Suppression of odor detection occurred at all tested concentrations. C, Timing of AON photostimulation
affects behavioral responses. Decreasing the photostimulation time relative to the odor duration led to an immediate response (lick latency [s]) at the end of the photostimulation in ChR2 ani-
mals. Blue box represents photostimulation duration. Black bar represents odor stimulation length. Longer stimulation times also increased the number of missed trials (red dotted line). D,
AON photostimulation in S– odor trials. Blank response accuracy and % responses in odor and odor1 photostimulation trials for control and ChR2 mice. Animals trained to report the absence
of odorants did not lick in odor 1 AON stimulation trials. No significant difference was observed within and between individual ChR2 or control mice (n= 4 mice, 20 sessions). *p, 0.05.
**p, 0.005, ns, not significant.
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to lick to any given odorants (S�). After reaching criterion per-
formance, we stimulated the AON during S� odor presentation
(and licking to these trials would have been rewarded): if AON
stimulation completely suppresses odorant perception, odor 1
AON stimulation should be perceived as clean air and mice
should lick. If stimulation alters the perception of the odor, the
mice should not lick. We found that mice did not start to lick to
odor1 photostimulation trials (Fig. 5D). Lick responses in odor
trials did not differ significantly from responses in odor 1 pho-
tostimulation trials within and between individual ChR2 or con-
trol animals (Fig. 5D; % odor responses 9.216 0.6 control,
12.246 1.62 ChR2; % odor1 photostimulation responses 3.936
1.07 control, 0 ChR2; p=0.09, Kruskal–Wallis test). General per-
formance accuracy was high and did not differ significantly within
and between individual ChR2 and control mice (91.356 0.76%
control, 86.916 1.85% ChR2 [mean 6 SEM]; p=0.19, Kruskal–
Wallis test). Mice also failed to respond to odor 1 AON stimula-
tion when this paradigm was repeated for 6 consecutive days.
These results render it unlikely that mice perceive odor 1 AON
stimulation as clean air. Instead, AON stimulation might modu-
late odor perception so profoundly that mice, trained to respond
to odors, do not recognize it as a go stimulus anymore.

Optogenetic activation of AON axons in the OB has an
inhibitory effect on spontaneous and inhalation-evoked
MTC spiking
The observed changes in behavior could be caused by a large
number of modulatory changes along the different levels of odor
processing since the AON is abundantly connected with olfac-
tory as well as nonolfactory brain centers. We next switched to
electrophysiological recordings to elucidate possible mechanisms
of AON stimulation-dependent change in odor perception.
Because of the dense top-down projections from the AON to the
OB, which constitutes the first relay station of olfactory informa-
tion in the brain, we tested for direct AON-mediated modulation
of OB output activity.

For this, we stimulated AON fibers while recording electrical
activity in the OB of anesthetized mice. Direct stimulation of
AON fibers in the OB should prevent interfering effects from
other brain areas, whereas the anesthetized preparation offers
tight sensory stimulation control. We directed 473 nm light (at
similar power levels used in behavioral experiments; 1-10 mW
total power) onto the dorsal OB surface while recording multi-
channel electrical activity from dorsally located presumptive
MTCs in anesthetized, double-tracheotomized mice (Fig. 6K)
(see Materials and Methods).

First, to assess the impact of AON fiber stimulation on MTC
excitability in the absence of sensory input, we optically activated
AON axons without ongoing inhalation (Fig. 6C–E). In the ab-
sence of inhalation-derived input, MTCs display irregular firing
(Carey and Wachowiak, 2011; Courtiol et al., 2011; Rothermel et
al., 2014). Optical stimulation led to a significant reduction in
MTC spontaneous spiking from 3.46 3.68Hz (mean 6 SD)
before stimulation, to 1.816 2.45Hz during stimulation (n= 51
units from 8 mice; p= 1.52� 10�4, Wilcoxon signed rank test).
Only cells in which the stimulation was repeated�5 times were
included for analysis. This criterion supports a test of signifi-
cance on each unit; 21 of these units (41%) showed a significant
stimulation-evoked change in firing activity when tested on a
unit-by-unit basis (Mann–Whitney U test). Of these cells, 19
showed a statistically significant reduction in firing rate, and
only 2 showed an increase (Fig. 6D). Among these 19 units, the
median firing rate decreased by 2.896 3.06Hz. In all recorded

units, the decrease in spontaneous firing rates persisted for the
whole duration of the optical stimulation (10 s). Following the
stimulation, an increase in spiking was observed that returned to
prestimulus levels within 25 s after stimulation ceased (Fig. 6C,
E). Spiking activity was also reduced when exclusively stimulat-
ing AON-derived fibers in the contralateral OB in unilaterally
injected animals (n=13 units from 2 mice; 3.166 2.31Hz before
stimulation, 2.166 2.05Hz during stimulation; p=0.017, Wilcoxon
signed rank test; Fig. 6D, inset). In control mice, the same optical
stimulation protocol failed to significantly modulate MTC sponta-
neous spiking (n = 15 units from 2 mice; 7.436 3.51Hz before
stimulation, 7.516 3.65 during stimulation; p = 0.5, Wilcoxon
signed rank test; data not shown). Thus, optogenetic activation of
AON fibers leads to a strong reduction of spontaneous spiking of
MTCs.

Next, we investigated the effect of AON axon activation on
MTC responses during artificial inhalation of clean air. Inhalation-
linked spiking patterns could be observed in 85 units from 10 mice,
most likely reflecting weak sensory-evoked responses (Grosmaitre
et al., 2007; Carey et al., 2009; Rothermel et al., 2014). Optical stimu-
lation of AON axons strongly diminished inhalation-linked spiking
of MTCs (Fig. 6F). However, an initial but fast decaying (within
30ms) excitatory stimulation effect (Fig. 6I), similar to that reported
by Markopoulos et al. (2012), could be observed by adjusting the
bin size from 100 to 1 ms. Light-induced reduction of spiking
activity was highly significant across the population of pre-
sumptive MTCs, with median spike rate decreasing from
3.076 2.4Hz to 1.666 2.39Hz during optical stimulation
(p = 7.45� 10�11, Wilcoxon signed rank test). When tested on
a unit-by-unit basis, 54 of 85 recorded units (62.35%) showed
a significant optical stimulation-evoked change in spiking
(Fig. 6G); 52 units showed a significant decrease in spikes per
sniff. Inhalation-evoked spiking of these 52 cells decreased by
2.26 1.69 spikes/sniff/s (mean6 SD). Only 2 units showed an
increase in spikes per sniff. Sniff-triggered spike histograms
depicting MTC spiking within the course of one inhalation/
sniff showed that, although AON axon stimulation in the OB
strongly reduced peak spike rate, it did not alter the temporal
pattern of MTC responses relative to inhalation (Fig. 6J); that
is, the time bin of peak firing did not change across the popu-
lation of recorded units (p = 0.16, paired t test comparing time
bin of the peak of inhalation-evoked firing rate for baseline vs
optical stimulation). Across the population of all recorded
units, the decrease in inhalation-evoked spike rates persisted
for the duration of the 10 s optical stimulation (Fig. 6H) and
was not significantly different from the reduction in spike rate
observed on spontaneous MTC firing (decrease by 1.596 2.94
spontaneous MTC spiking condition, 1.416 1.82 inhalation
evoked spiking condition, p = 0.46, Mann–Whitney U test).
Following stimulation, spike rate increased above baseline lev-
els for ,25 s before returning to prestimulus levels (Fig. 6F,
Unit 2, Fig. 6H). Thus, transient activation of AON axons in
the OB leads to a reduction in inhalation-linked MTC activity
without grossly reorganizing temporal patterns of sensory
input. This inhibition has a fast onset and persists for the du-
ration of the optical stimulation.

Optogenetic activation of AON axons in the OB suppresses
odorant-evoked MTC spiking
Since odor detection was strongly suppressed in our behavioral
data, we next evaluated the impact of bulbar AON modulation
on odorant responses by comparing MTC odorant responses
with and without optogenetic AON activation (Fig. 7A). Across
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Figure 6. Optogenetic activation of AON axons in the OB inhibits spontaneous and inhalation-evoked MTC spiking. A, Top, Exemplary recording of digitized spike waveforms from presump-
tive MTCs, both with a clear odor response. For unit classification (e.g., the degree of sniff modulation; see Materials and Methods), odorants were applied before the optogenetic stimulation
experiments (no sniff, sniff, odor). Action potential waveforms with a signal-to-noise ratio of at least 4 SD above baseline were saved to a disk (sample rate 24 kHz) and further isolated using
offline spike sorting. Bottom left, Isolation of waveforms into two different units by principal components 1 and 2. Bottom right, Spike waveforms of the isolated units. B, Exemplary interspike
intervals (ISI). Top, ISI distribution of a single-unit. Inset, Sniff-triggered spike histogram of MTC spikes aligned to the start of inhalation depicting clear sniff modulation. Bottom, ISI distribution
of a multi-unit. Many events were detected at intervals ,2 ms and are therefore in violation of the refractory period for a single neuron. Inset, Sniff-triggered spike histogram of the same
unit showing no sniff modulation. C, Raster plot and spike histogram of spontaneous spiking of two presumptive MTCs in the absence of inhalation (no sniff condition). The spike rate was cal-
culated per 100 ms bin. Spike rate decrease during optical stimulation of the dorsal OB (“stim,” blue-shaded box). Inset, Spike waveform of the recorded units. D, Plot of spontaneous MTC firing
activity in the 9 s prior (“no stim”) and during light stimulation (“stim”) for all tested units (n = 51, 8 mice). Firing activity of most units was reduced during photostimulation. All units were
subjected to a unit-by-unit test for significant effects of AON stimulation. Open circles represent units that showed significant light-evoked changes. Blue filled circles represent example units in
C. Nine showed a statistically significant reduction in firing rate, and only two showed an increase. Inset, Spiking activity was also reduced when exclusively stimulating AON-derived fibers in
the contralateral OB in unilateral injected animals (n= 13 units from 2 mice). E. Time course of light-evoked (blue bar) changes in spontaneous MTC firing (mean 6 SEM across all units).
Trace represents change in mean spike rate in 1 s bins relative to the mean rate before stimulation. The time axis is relative to time of stimulation onset. A clear reduction in spiking activity
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the population of recorded presumptive MTCs (n = 55 units,
from 6 mice), AON axon stimulation significantly decreased
MTC odor activity (Fig. 7A–C), with a decrease from 4.026 2.37
spikes/sniff/s (median 6 SD) during odorant presentation alone
to 2.956 2.96 spikes/sniff/s during odorant paired with light
(p=1.55� 10�4, Wilcoxon signed rank test). Optical stimulation
also decreased the odorant-evoked component of the MTC
response when evaluated on a single-cell level (measured as D
spikes/sniff/s relative to pre-odor presentation; Fig. 7B). Tested
on a unit-by-unit basis, 19 of the 55 recorded cells (35%) showed
a significant change in odor-evoked spiking; 17 of those cells
showed a significant decrease, only 2 showed an increase. The
median decrease in spike rate, across the 17 cells found to be sig-
nificantly inhibited, was 2.64 spikes/sniff/s (from 3.426 1.84 to
0.786 1.15). As with effects on spontaneous spiking, the reduc-
tion of odorant-evoked MTC responses occurred rapidly and
persisted for the duration of optical stimulation. The light-medi-
ated inhibition was followed by an increase in spiking that lasted
for ,25 s after the end of optical stimulation (Fig. 7A, Units 1
and 2; Fig. 7C). As with inhalation-evoked MTC responses, no
change in the temporal component of MTC odor responses
could be observed (Fig. 7D, inset; p= 0.6, paired t test comparing
time bin of the peak of odorant-evoked firing rate for baseline
versus optical stimulation; n=55 units from 6 mice). Optical
stimulation resulted in an uniform spike reduction across the
sniff cycle (Fig. 7D). Overall, this shows that activating AON
axons strongly reduces not only MTC spontaneous activity but
also sensory-evoked responses.

Finally, we tested how AON modulates MTC activity across
multiple odorants. Thus, in a separate set of experiments, we
measured responses of the same MTC to multiple odorants (for
odorant panel, see Materials and Methods) with and without
optogenetic activation of AON bulbar input (75 units, 3 animals,
375 cell-odor pairs). Odorant-evoked spike rates uniformly
decreased during light stimulation for the example unit (Fig. 7F)
as well as for the average across all recorded units (Fig. 7G).

AON-mediated reduction of MTC sensory responses was homo-
geneous across the different odorants tested (Fig. 7E; p= 0.22,
Kruskal–Wallis test); 68% of cell-odor pairs (255 cell-odor pairs)
even exhibited an inhibition below pre-odor baseline firing rates.
Only 2.6% (10 of the 375 cell-odor pairs) showed an increase
(.1 Dspike/s) in odorant-evoked spike rates during AON activa-
tion (Fig. 7H). Thus, the AON strongly inhibits sensory-evoked
responses across odorants similar to what we observed in the be-
havioral experiments.

Optogenetic AON activation reduces odorant-evoked MTC
activity in awake mice
To further elucidate the mechanism behind the suppression of
licking response observed in the behavioral experiments, we con-
ducted multitetrode recordings and optical AON stimulation in
awake mice. MTAs with 32 recording channels were chronically
implanted in the OB of 3 mice injected with AAV-ChR2-EYFP
into the AON (Fig. 8A). Odorants were either presented alone or
in combination with AON photostimulation. While odorant
responses across the population of recorded presumptive MTCs
(n = 61 units, from 3 mice, 10 sessions total) were generally
sparse, AON stimulation significantly decreased sensory-evoked
MTC activity (Fig. 8C; decrease from 9.226 7.61 spikes/s [me-
dian 6 SD] during odorant presentation alone to 5.736 6.43
spikes/s during odorant paired with light, p= 1.05� 10�5,
Wilcoxon signed rank test). Optical stimulation also reduced
MTC activity when evaluated on a single-cell level (measured as
D spikes/s relative to pre-odor presentation) (Fig. 8D). Tested on
a unit-by-unit basis, 35 of the 61 recorded units (57%) showed a
significant decrease in odor-evoked spiking.

In summary, our results point to AON-mediated MTC sup-
pression as at least one mechanism underlying the strong behav-
ioral response elicited by optogenetic AON stimulation.

Discussion
The AON is the most anterior part of olfactory cortex, lying
directly behind the OB, and constitutes its largest source of corti-
cal projections. Despite these prominent features, the role of
AON in odorant processing as well as the behavioral consequen-
ces of its activation have been sparingly investigated. Since the
AON itself has been proposed as the first stage of odorant feature
convergence, receiving structured sensory information in a bot-
tom-up fashion and coding itself for odor objects (Haberly,
2001), we first tested whether AON photostimulation can be per-
ceived as a sensory equivalent cue, similar to what has been
reported for other sensory-processing areas (O’Connor et al.,
2013; Guo et al., 2015). In contrast to the predictions from
Haberly (2001), optogenetic AON stimulation does not elicit a
behavioral response in animals trained to report the presence of
odorants. Pairing optical stimulation with odor presentation reli-
ably suppressed odorant responses of awake freely behaving
mice. Mice trained to report the absence of odorants, however,
did not lick in odor1 AON stimulation trials. This suggests that
optogenetic AON stimulation does not completely block odor
perception, at least not to such an extent that mice would confuse
it with no-odor trials. Still, the change in perception we are caus-
ing by AON stimulation seems to be so profound that mice do
not perceive an odorant as a go stimulus anymore. This is true
over a range of concentrations and stimulation regimens. Future
studies are aimed at revealing the nature of this AON-mediated
effect on odor perception.

/

can be observed during optical stimulation. F, Raster plot and spike histogram of MTC spiking
during inhalation of clean air and optical stimulation (blue shaded area). Inhalation-evoked
spike rates decreased during optical stimulation. Inset, Spike waveform of the recorded units.
G, Plot of inhalation-evoked spontaneous MTC spiking in the 9 s prior (“no stim”) and during
light stimulation (“stim”) for all tested units (n = 85, 10 mice). Firing activity of most units
was reduced during photostimulation. Open circles represent units that showed significant
light-evoked changes in firing activity when tested on a unit-by-unit basis. Blue filled circles
represent example units in F. A total of 52 units showed a significant decrease in spikes per
sniff; only two units showed an increase. H, Time course of stimulation-evoked changes in in-
halation-evoked MTC spiking. Spiking activity is strongly reduced during optical stimulation.
I, Optogenetic AON stimulation elicits fast but brief excitatory responses in MTC. Time course
of changes in spontaneous firing rate 50ms before and 50ms after the start of the optical
stimulation during ongoing inhalation (sniff) show that optogenetic AON stimulation elicits
fast but brief excitatory responses in MTC. The mean firing rate of all recorded units (n = 85
units, 10 mice) during the 1 ms time bins is depicted as spikes/s (stim – no stim). In the first
milliseconds of optical stimulation, MTCs show an increase in spontaneous spiking. J, Sniff-
triggered spike histogram of inhalation-evoked MTC spiking aligned to the start of inhalation
of clean air before (blue) and during (red) optical stimulation, normalized to the maximum
bin in the no-stimulation condition. Bin width, 100 ms. The histogram is compiled from sig-
nificant units, with firing rate normalized separately for each unit. Optical stimulation
strongly reduced peak spike rate. Inset, Sniff-triggered spike histogram normalized to the
maximum and minimum bin for the two conditions independently. No change in spiking dy-
namics after OB stimulation was observed. K, Schematic of experimental approach. (1) 16-
channel silicon probe. (2) Optical fiber. Optical stimulation was performed at the level of the
OB to selectively target AON axonal projections to this area (for details, see Materials and
Methods).
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Figure 7. Optogenetic activation of AON axons in the OB inhibits odor-evoked MTC spiking. A, Odorant-evoked MTC spiking is suppressed by optical OB stimulation for neurons that show an
excitation (Unit 1, top) or suppression (Unit 2, bottom) of firing rate in response to odorant presentation. Inset, Spike waveform of the recorded units. B, Plot of odorant-evoked changes in
MTC spiking activity (D spikes/sniff) in the absence (“no stim”) and during (“stim”) photostimulation (n = 55, 6 mice). Open circles represent units that showed significant light-evoked changes
in firing activity when tested on a unit-by-unit basis. Seventeen of those cells showed a significant decrease; only two showed an increase. C, Time course of the effect of AON fiber activation
on odor-evoked MTC spiking, averaged across all units. Shaded area represents the variance (6SEM) around mean. Blue bar represents the time of optical stimulation and simultaneous odor-
ant presentation. Photostimulation leads to a strong reduction of odorant-evoked firing activity. Inset, Changes in odor (ET) evoked spiking with (light blue) and without optical stimulation
(brown). D, Sniff-triggered spike histogram of odorant-evoked MTC spiking during odorant presentation in baseline conditions (“no stim,” blue) and during (“stim,” red) optical OB stimulation.
Inset, Sniff-triggered spike histogram normalized to the maximum and minimum bin for the two conditions independently. E, Light-evoked changes of odorant-evoked MTC activity for all
tested odorants. F, Effect of OB optical stimulation on odorant response spectrum for an example MTC tested with five odorants. Blue represents baseline response. Red represents response dur-
ing optical stimulation. Odorants are ordered with the strongest excitatory response in the baseline condition in the middle of the abscissa. The effect of optical stimulation varies with odorant
but is always inhibitory. Circles represent firing rates for each trial. Lines connect median responses across all tested trials. G, Effect of OB optical stimulation on odorant response spectrum aver-
aged across all recorded MTCs. Blue represents baseline response. Red represents response during optical stimulation. Odorants are ordered separately for each unit, with the strongest excita-
tory response in the baseline condition in the middle of the abscissa. Odorant-evoked spike rates uniformly decreased during light stimulation. Lines connect median responses. Shaded areas
represent the variance (SEM). H, Odorant response magnitudes (D spikes/s) plotted for baseline (blue) and optical stimulation (red) as a function of cell identity, sorted in order of magnitude
of excitatory response in baseline conditions. Most units show a decrease in odorant-evoked excitation, including those that are suppressed during odorant presentation.
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The obtained results might point to-
ward the AON as an important modula-
tor of odor perception rather than being a
pure odor-encoding region. In concord-
ance to the behavior data, we could show
that activation of AON in the anesthe-
tized animal elicits a strong inhibition of
MTC firing on spontaneous as well as on
sensory-evoked activity and provide
proof of concept evidence of an AON-
mediated inhibition of MTC output in
awake animals, making this the first
report of matching physiological and
behavioral changes in sensory-evoked
responses using fast, timely controlled
optogenetics for the AON so far.

Optogenetic stimulation of AON
Optogenetic activation was achieved
through viral ChR2(H134R)-EYFP exp-
ression in the AON of nicotinic receptor
a7 (Chrna7)-Cre mice (Rogers et al.,
2012b). As shown previously (Rothermel
and Wachowiak, 2014), this approach
labels a substantial amount of cells within
the AON that correspond with morpho-
logic descriptions of principal cells
(Brunjes and Kenerson, 2010). Here, we
were able to show a wide overlap (;60%)
of Cre-expressing cells and CaMKII, a
marker for principle AON neurons
(Libbrecht et al., 2018). While only few
Cre-expressing neurons express the in-
hibitory marker GAD, we can only specu-
late about the identity of the remaining
cells since information on the cellular
AON composition is sparse (Kay and
Brunjes, 2014).

Expression of Cre-dependent constructs could be observed in
all AON areas, including pars externa. Recently, it was shown
that a subpopulation of AON neurons, AON pars externa, can
elicit EPSPs in contralateral OB mitral cells (Grobman et al.,
2018). In our experiments, we rarely observe excitatory MTC
responses in response to AON stimulation (beyond the first few
milliseconds). While we cannot rule out that these rare excitatory
effects are because of weak AON pars externa stimulation, or
reflecting differential AON effects on different OB output types
(mitral vs tufted cells), we argue that the dominant inhibitory
response observed in our study is likely mediated by AON pars
principalis because of intense viral expression, and the AON
fiber placement in this area.

Optogenetic stimulation in anesthetized electrophysiological
recordings was performed at the level of the OB to exclude disy-
naptic or even polysynaptic effects from other targets of AON
projections. In behavior experiments, optogenetic stimulation
had to be performed at the level of the AON to exclude insuffi-
cient photostimulation, since even monomolecular odorants
elicit complex OB activity pattern (Johnson and Leon, 2007;
Johnson et al., 2009; Ma et al., 2012; Baker et al., 2019), and stim-
ulation of just the dorsally located AON fibers in the OB would
most probably have yielded false-negative results. However,
like the behavioral experiments, the awake electrophysiological
recordings were performed using direct AON stimulation.

Recoding MTC activity in the anesthetized or awake condition,
using either AON OB fiber or direct AON stimulation, caused a
significant inhibition of spontaneous as well as odor-evoked
firing in OB output neurons. It might seem surprising that this
inhibition is not larger given the strong impact of AON stimula-
tion on behavior. While more MTCs show a significant suppres-
sion in the awake versus the anesthetized condition (57% vs
35%) pointing to state-dependent effects, the incomplete inhibi-
tion of the MTC population might also imply the importance of
other structures in mediating AON-caused modulations on odor
perception, such as piriform cortex, olfactory tubercle, or hippo-
campus, which are intensely connected with the AON (Haberly
and Price, 1978; Davis and Macrides, 1981; Luskin and Price,
1983; Aqrabawi and Kim, 2018a). During optogenetic stimula-
tion, we did not observe changes in running behavior or accu-
racy in nonolfactory tasks. Although these findings render it
unlikely, we cannot rule out that task performance could be
affected by other components (e.g., motor or memory function).
Future experiments will address the contribution of OB output
inhibition to behavioral suppression in more detail.

Circuit mechanisms underlying AONmodulation
Since AON-derived back projections to the OB are glutamater-
gic, reports of inhibitory AON modulation effects seem counter-
intuitive. The circuit mechanisms underlying the strong
inhibitory effects by glutamatergic AON fibers on MTCs in the
OB remain to be elucidated. Projections from AON to OB are

Figure 8. Optogenetic AON activation decreases odor-evoked MTC activity in awake mice. A, Schematic of the experimen-
tal approach. A MTA was implanted into the OB of AON AAV-ChR2-EYFP-injected Chrna7-Cre mice, and an optical fiber was
implanted into the AON. B, Top, Exemplary waveforms from a presumptive MTC recorded in the awake mouse. Middle, Spike
waveforms. Bottom, ISI distribution of a well-isolated unit. C, Raster plot and spike histogram of MTC spiking during odor
presentation alone (top) and in combination with AON stimulation (bottom). A decrease in odorant-evoked MTC spiking was
observed during optical stimulation. D, Plot of odorant-evoked changes in MTC spiking activity (D spikes/sniff) in the absence
(“no stim”) and during (“stim”) photostimulation (n= 61 units, 3 mice). Open circles represent units that showed a signifi-
cant decrease in firing activity when tested on a unit-by-unit basis.
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diverse in terms of source, and their exact targets in the OB are
still not fully known (for review, see Brunjes et al., 2005). In our
experiments, expression was predominately observed in the
granule cell and external plexiform OB layers, reaching up to the
border of the glomerular layer, consistent with earlier character-
izations of AON–OB projections (Reyher et al., 1988). This pro-
jection pattern as well as in vitro results from Markopoulos et al.
(2012), suggest disynaptically mediated inhibition via inhibitory
periglomerular neurons in the periglomerular layer and/or gran-
ule cells in the granule cell layer.

The AON has been shown to send projections to the ipsilat-
eral as well as to the contralateral OB (Schoenfeld and Macrides,
1984; Shipley and Adamek, 1984; Kay and Brunjes, 2014). In
most of our electrophysiological experiments, we were unable to
distinguish between effects elicited from ipsilateral or contralat-
eral AON projections because of the bilateral injections per-
formed in these animals. However, optogenetically stimulating
fibers in the contralateral OB after unilateral AON injection in a
subset of electrophysiological experiments revealed inhibitory
effects qualitatively similar to those in bilaterally injected ani-
mals. Since contralaterally projecting fibers predominantly target
the granule cell layer (Davis and Macrides, 1981; Reyher et al.,
1988; Markopoulos et al., 2012; Rothermel and Wachowiak,
2014), these findings, as well as the strong inhibition seen in be-
havioral experiments with unilateral AON stimulation, point to
granule cells being the major mediators of cortically derived inhi-
bition in the OB, in accordance with findings from previous
studies (Boyd et al., 2012; Markopoulos et al., 2012).

Functional role of modulating AON activity
Our experiments show that the inhibitory influence of AON on
olfactory behavior can be very strong. Inhibition in the OB has
been proposed as a mechanism to sharpen the odor tuning of
MTC (Yokoi et al., 1995); however, the observed uniform inhibi-
tion of all odorant responses within a unit is not consistent with
an AON-mediated sharpening of odor responses. Optical stimu-
lation is likely stronger and spatiotemporally more homogeneous
compared with “intrinsic” AON activity. Despite the large range
of functions the AON is associated with (Rajan et al., 2006; Yan
et al., 2008; Kikuta et al., 2010; Soria-Gomez et al., 2014; Oettl et
al., 2016; Padmanabhan et al., 2016; Esquivelzeta Rabell et al.,
2017; Aqrabawi and Kim, 2018b; Grobman et al., 2018), activity
in the AON is poorly characterized, especially in terms of sensory
evoked activity or as a result of its input from upstream areas,
such as anterior piriform cortex (Haberly and Price, 1978;
Luskin and Price, 1983; Haberly, 2001; Hagiwara et al., 2012),
amygdala (De Carlos et al., 1989; Gomez and Newman, 1992;
Canteras et al., 1995; Petrovich et al., 1996), basal forebrain
(Broadwell and Jacobowitz, 1976; Luiten et al., 1987; De Carlos
et al., 1989; Carnes et al., 1990; Gaykema et al., 1990; Zaborszky
et al., 2012; Gielow and Zaborszky, 2017), hippocampus
(Swanson and Cowan, 1977; van Groen and Wyss, 1990;
Aqrabawi and Kim, 2018a), or mPFC (Sesack et al., 1989). Thus,
speculation about more “naturalistic” activity and stimulation of
AON is complicated and certainly out of the scope of this study.
The fact that AON-derived fibers in the OB are activated in an
odorant-specific manner (Rothermel and Wachowiak, 2014) cer-
tainly speaks for AON-dependent modulation acting in a specific
and fine-tuned way. Assuming a more “specific” activity in AON
top-down fibers, very distinct inhibitory processes within the OB
could be supported, such as fast adaptation or adjusting the
dynamic range of MTCs to strong odorants, rather than a com-
plete disruption of sensory responses. Additionally, there might

also be “state-dependent” AON activation by higher brain areas,
which might be spatiotemporally much broader, thereby poten-
tially more closely reflecting the here applied optical stimulation.
In line with our results, activation of a subregion of the AON
(medial AON, potentially driven by hippocampal inputs) using a
chemogenetic approach was recently reported to reduce olfactory
sensitivity as well as to impair the performance of olfaction-de-
pendent behaviors (Aqrabawi et al., 2016). However, because of
the slow nature of the chemogenetic approach, the temporal
component of this effect could not be investigated.

In conclusion, our results demonstrate the strong modulatory
potential of the AON on odor responses. We show that AON
stimulation in awake mice suppresses odor responses regardless
of odor identity or odor concentration. Furthermore, AON acti-
vation elicited a strong inhibition of spontaneous as well as odor-
evoked MTC firing in the anesthetized animals with even
strongly odorant-activated units being inhibited below pre-odor
baseline firing rates. Together, our study provides the first report
of matching physiological and behavioral changes in sensory-
evoked responses using fast, timely controlled optogenetics for
the AON and implicates the AON as a potential gatekeeper of ol-
factory information.
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