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The Response Dynamics and
Function of Cholinergic and
GABAergic Neurons in the Basal
Forebrain During Olfactory Learning

Ping Zhou', Penglai Liut, Ying Zhang, Dejuan Wang* and Anan Li*

Jiangsu Key Laboratory of Brain Disease and Bioinformation, Research Center for Biochemistry and Molecular Biology,
Xuzhou Medical University, Xuzhou, China

Modulation of neural circuits is essential for flexible sensory perception and decision-
making in a changing environment. Cholinergic and GABAergic projections to the
olfactory system from the horizontal limb of the diagonal band of Broca (HDB) in the
basal forebrain are crucial for odor detection and olfactory learning. Although studies
have demonstrated that HDB neurons respond during olfactory learning, how cholinergic
and GABAergic neurons differ in their response dynamics and roles in olfactory
learning remains unclear. In this study, we examined the response profiles of these
two subpopulations of neurons during passive odor exposure and associative olfactory
learning. We show that the excitatory responses in both cholinergic and GABAergic
neurons tended to habituate during repeated passive odor exposure. However, while
these habituated responses were also observed in GABAergic neurons during a go-go
task, there was no such habituation in cholinergic neurons. Moreover, the responses to
S+ and S— trials diverged in cholinergic neurons once mice learned a go/no-go task.
Furthermore, the chemogenetic inactivation of cholinergic neurons in the HDB impaired
odor discrimination. Together, these findings suggest that cholinergic neurons in the
HDB reflect attention to positive reinforcement and may regulate odor discrimination
via top—down inputs to the olfactory system.

Keywords: basal forebrain, cholinergic neuron, GABAergic neuron, fiber photometry, go/no-go

INTRODUCTION

Acetylcholine is a crucial neuromodulator of brain function. It originates predominantly
from cholinergic neurons located in the basal forebrain, which also contains GABAergic and
glutamatergic neurons (Gritti et al., 2006; Do et al., 2016). As one of the most important and
widely projecting neuromodulatory centers in the mammalian brain, the basal forebrain has been
implicated in sensory perception, attention, arousal, and learning and memory (Herrero et al.,
2008; Conner et al., 2010; Robinson et al., 2011; Chubykin et al., 2013; Froemke et al., 2013; Han
etal., 2014).
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The olfactory system is an important sensory system for
mammals, and olfactory centers such as the olfactory bulb and
the piriform cortex receive dense innervation from the basal
forebrain (Luskin and Price, 1982; De Saint Jan, 2022). Both
cholinergic and GABAergic afferent fibers from the horizontal
limb of the diagonal band of Broca (HDB), a sub-region of
the basal forebrain, form dense innervations with olfactory
centers (Zaborszky et al., 1986; Villar et al, 2021; De Saint
Jan, 2022). For example, cholinergic axons innervate multiple
layers of the olfactory bulb and acetylcholine receptors are
widely expressed in the olfactory bulb and the piriform cortex
(Mechawar et al., 2004; Gomez et al., 2005; Saar et al., 2007;
Smith et al., 2015; Case et al., 2017). Similarly, HDB GABAergic
inputs form functional connections with neurons in the olfactory
bulb (Nunez-Parra et al, 2013; Sanz Diez et al, 2019).
Therefore, it is not unexpected that the cholinergic/GABAergic
projections from the HDB to olfactory centers modulate olfactory
processing and olfactory behaviors (Linster et al, 2001; de
Almeida et al,, 2013; Nunez-Parra et al., 2013; Rothermel et al,,
2014; Chan et al,, 2017; Cho and Linster, 2020). Cholinergic
modulation within the olfactory bulb and the piriform cortex
plays crucial roles in odor discrimination. Immunological lesions
of HDB cholinergic neurons increase generalization between
similar odors (Linster et al., 2001; Linster and Cleland, 2002).
Activation of the cholinergic system is beneficial for olfactory
learning (Chaudhury et al., 2009; Chapuis and Wilson, 2013;
Takahashi et al., 2021), whereas pharmacological blockade of
acetylcholine receptors in the olfactory bulb or the piriform
cortex impairs acquisition of odor discrimination (Chaudhury
et al.,, 2009; Chapuis and Wilson, 2013; Devore et al., 2014).
In addition, the inactivation of HDB GABAergic neurons
impairs habituation/dishabituation (Nunez-Parra et al.,, 2013).
Therefore, both cholinergic and GABAergic projections are
crucial for sensory processing and olfactory behaviors. However,
how neural activity in HDB correlates with olfactory behaviors,
especially whether and how cholinergic and GABAergic neurons
are activated during different olfactory tasks remains largely
unexplored.

Interestingly, previous studies have also shown that basal
forebrain neurons receive projections from multiple olfactory
regions and can be modulated by electrical stimulation of
the olfactory bulb and cortex (Linster and Hasselmo, 2000;
Zheng et al., 2018), indicating the existence of both feedforward
and feedback connections between the olfactory system and
the basal forebrain. In vivo electrophysiological recordings in
awake animals have further demonstrated the dynamic nature of
HDB neural activity during associative olfactory discrimination
learning: basal forebrain neurons are recruited slightly before
trial initiation in successful discrimination trials (Nunez-Parra
et al., 2020) and baseline neural activity in the HDB increases
during the acquisition phase of an odor-reward association
(Devore et al., 2016). Both results indicate that basal forebrain
neurons are involved in odor-associated learning. However,
whether and how activity in HDB cholinergic and GABAergic
neurons differs during odor-associated learning is unclear. In
addition, although a recent study focusing on acetylcholine
release in the HDB suggests that local cholinergic signaling

is rapidly modulated during olfactory learning (Hanson et al.,
2021), how cholinergic activity correlates with the stages in an
olfactory task remains elusive.

In the present study, we addressed these questions by
recording neural activity from cholinergic and GABAergic
HDB neurons in mice undergoing passive odor exposure
and odor-reward associative learning. Our data suggest that
cholinergic and GABAergic neurons display distinct response
dynamics during passive odor stimulation and olfactory learning,
and play different roles in odor discrimination.

MATERIALS AND METHODS

Animals

Male VGAT-Cre and C57BL/6] mice aged 10-16 weeks old were
used. Mice were housed in groups and maintained on a 12 h
light/dark cycle with ad libitum food and water except when
mice were trained for the behavioral task, during which they
were water restricted and allowed access to water to maintain
>80% of their original weight. Mice were individually housed
and allowed to recover from surgery for at least 2 weeks.
All experimental procedures were carried out in accordance
with protocols approved by the Xuzhou Medical University
Institutional Animal Care and Use Committee.

Virus Injection and Fiber Implant

The surgical procedures have been described in our previous
studies (Case et al., 2017; Wang et al., 2019, 2020, 2022). For virus
injection, mice were anesthetized with pentobarbital sodium
(i.p, 90 mg/kg) and head-fixed in a stereotactic frame (RWD,
Shenzhen, China). After exposure, the skull was thinned and
removed carefully in the targeted brain area. The AAV virus
(BrainVTA, Wuhan, China) was delivered to the HDB (AP:
0.15 mmy; lateral: 1.25 mm; DV: 5.58-5.63 mm) with a syringe
pump (Stoelting Quintessential Injector) connected to a 10-15
pm diameter glass micropipette, at a rate of 40 nl/min. To record
or inactivate cholinergic neurons, a total volume of 300 nl of virus
[AAV-ChAT-Cre and either AAV-axon-DIO-GCaMP6s/AAV-
DIO-EGFP or AAV-DIO-hM4D(Gi)-mCherry/AAV-DIO-
mCherry, in a 1:2 mixture] was injected into the HDB of
C57BL/6] mice. To record or inactivate GABAergic neurons,
300 nl of AAV-DIO-axon-GCaMP6s/AAV-DIO-EGFP or AAV-
DIO-hM4D(Gi)-mCherry/AAV-DIO-mCherry was injected
into the HDB of VGAT-Cre mice. After viral delivery, the
glass pipette was left in place for an additional 10 min before
being slowly withdrawn. For the chemogenetic experiments,
the incision was sutured after the virus injection. For fiber
photometry recordings, an optical fiber [0.37 numerical aperture
(NA), 200-pm diameter; Newdoon, Hangzhou, China] was
implanted in the HDB after the virus injection at the same
coordinates and fixed to the skull with cyanoacrylate glue
and dental acrylic alongside with a custom-made aluminum
headplate to allow head-fixation. Mice were then treated with
lincomycin hydrochloride and lidocaine hydrochloride gel
to alleviate inflammation and pain, housed individually, and
allowed to recover and virus expression for at least 2 weeks. After
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the behavioral tests, mice were sacrificed for standard histology
to confirm virus injection and fiber placement.

Immunohistochemistry

To verify viral expression, frozen brain sections containing
the HDB were prepared. The mice were anesthetized with
pentobarbital sodium (i.p., 90 mg/kg) and transcardially
perfused with 20 ml saline (0.9%), and then with 20 ml 4%
paraformaldehyde (PFA) in PB (0.1 M, pH 7.4). After perfusion,
brains were harvested, postfixed in 4% PFA for 24 h at 4°C, and
then were cryoprotected with 30% sucrose in PB until the tissue
sank. Brain tissue was then embedded in an OCT compound and
sectioned into 30 pum slices with a vibratome (Leica Inc). Coronal
brain slices containing the HDB were mounted onto microscope
slides and incubated with a blocking solution (10% normal goat
serum, 0.3% Triton X-100 in PBS) for 2 h at room temperature.
Next, the sections were incubated with the primary antibody
(goat anti-ChAT, 1:300, AB144P, Sigma-Aldrich) which was
diluted in a blocking solution for 48 h at 4°C. After washout of
primary antibodies, the sections were incubated with fluorescent
secondary antibodies (Alexa 594-conjugated donkey anti-rabbit
antibody, 1:500, A-11058, Thermo Fisher Scientific) for 2 h at
room temperature. After washing, the sections were incubated
with DAPI for nuclear staining, coverslipped with a 50% glycerol
mounting medium, and imaged with a confocal microscope
(Zeiss, LSM710).

Fiber Photometry

The C57L/6] mice (injected with AAV-ChAT-Cre and AAV-
axon-DIO-GCaMP6s/AAV-DIO-EGFP) or VGAT-Cre mice
(injected with AAV-axon-DIO-GCaMP6s/AAV-DIO-EGFP)
implanted with an optical fiber were head-fixed on an
air-supported free-floating Styrofoam ball. The GCaMPés
signals during passive odor exposure and the behavioral tasks
were monitored with a fiber photometry system (Thinkerbiotech,
Nanjing, China) using methods similar to our previous studies
(Wang et al., 2019, 2022). A dichroic mirror (MD498, Thorlabs)
reflected a laser beam from a 488-nm laser (OBIS 488LS,
Coherent) which focused through an objective lens (10x NA:
0.3; Olympus), and then coupled to an optical commutator
(Doric Lenses). An input cable (200-mm o.d., NA:0.37, 1.5-m
long) was connected to the implanted optical fiber and the laser
power at the tip of the optical fiber was set to 50 wW. GCaMP6s
fluorescence emissions were detected by a photomultiplier tube
(R3896, Hamamatsu) after being bandpass filtered (MF525-
39, Thorlabs). The photomultiplier tube current output was
converted to a voltage by an amplifier (C7319, Hamamatsu)
and was further filtered through a low-pass filter (35 Hz cutoff;
Brownlee, 440). The analog voltage signals were then digitized at
500 Hz and recorded by fiber photometry software. To exclude
that the cholinergic and GABAergic signals observed in mice
expressing GCaMP6s were not motion artifacts, we also used a
fiber photometry system with two excitation wavelengths, the
calcium-dependent excitation wavelength (470 nm) and the
calcium-independent isosbestic wavelength (580 nm).

Odor Delivery

An odor delivery system (Thinkerbiotech, Nanjing, China) was
used to deliver odors (Sinopharm Chemical Reagent, Shanghai,
China) which were dissolved in mineral oil at 1% (v/v) dilution.
A stream of charcoal-filtered air flowed over the odor which
was then diluted to 1/20 by an olfactometer. The duration
of odor presentation was 2 s in each trial and the inter-trial
interval was 30 s. The odor presentation was synchronously
controlled by the data acquisition system via a solenoid valve
driven by a digital-to-analog converter and air was delivered
to the mouse at a constant rate of 1 l/min to eliminate the
effect of airflow. The temporal information of the odor delivery
system was tested by a mini photo-ionization detector (PID,
Aurora Scientific, Canada). The latency from the odor trigger
to 10% PID maximum was around 50 ms, the rise time from
10% to 90% PID maximum was around 130 ms, and the time
to return to 10% PID maximum after trigger offset (decline)
was around 100 ms. Eight odors were used during passive
odor exposure: isoamyl acetate, 2-heptanone, phenyl acetate,
benzaldehyde, dimethyl butyric acid, n-heptane acid, n-pentanol,
and 2-pentanone.

Overview of Training and Behavioral Tasks

The animal training and behavioral tasks were carried out using
methods similar to our previous studies (Wang et al., 2022; Wu
et al., 2022). For fiber photometry recordings, head-fixed mice
were trained on an air-supported free-floating Styrofoam ball
which allowed the mice to maneuver. Mice were water restricted
for 2-3 days before behavioral training (a go/go task and a
go/no-go task). The body weight of the training mouse was
monitored daily and maintained at 80%-85% of its initial weight.
Mice performed daily sessions of the behavioral task, with each
session consisting of 120 trials. Two odor pairs (isoamyl acetate
vs. 2-heptanone and phenyl acetate vs. benzaldehyde) were used
during the behavioral tasks. One of the two odors was pseudo-
randomly delivered (maximum of two trials in a row with the
same odor) on each trial which consisted of a 2-s odorant delivery
period, followed by a 1-s answer period, during which the mouse
could choose whether or not to lick the lick spout. Mice were
first trained to lick the water spout for reward and then were
trained to get water reward only during odor presentation (the
go/go task). During the go/go task, the mice were rewarded by
licking the water spout during the answer period when either
of the odors was delivered. The water release was triggered by
licking measured by a pair of infrared photobeams 0.5 s before
the end of the S+ presentation. The mouse would get the water
reward for 1 s and the water release would be turned off by an
electromagnetic valve, ensuring that the mouse can only access
water for 1 s. Next, the mice were trained to perform a go/no-
go task in which they learned to discriminate the reinforced
odor (S+) from the unreinforced odor (S-) to receive the water
reward. In this task, mice learned to lick the water spout in go
trials (S+ trials) and withhold licking in no-go trials (S- trials).
Thus, in go trials, mice would get a water reward by licking
(Hit), otherwise the trial would be classed as a Miss (no water
reward was delivered). In no-go trials, water was never delivered
regardless of whether they licked (false alarm, FA) or correctly
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refrained from licking during the odor (S-) presentation (correct
rejection, CR). Hits and CRs were classed as correct responses
and Misses and FAs were classed as wrong responses upon
which a 10-s timeout punishment was introduced. Behavioral
performance was evaluated in blocks of 20 trials (10 S+ and 10 S-
trials presented at random), and each session included 10 blocks.
The percentage correct value for each block was calculated
and mice were trained to achieve a performance criterion of
>80% correct for two consecutive blocks. The GCaMP6s signals
were recorded simultaneously throughout the whole behavioral
task.

For chemogenetic experiments, the behavioral tasks were
performed in freely moving mice under the same training
protocols. Mice were injected daily with saline or CNO (i.p.,
3.3 mg/kg) 40 min before the training started. The trial was
initiated by the training mouse entering the odor port and
breaking a photodiode beam. Behavioral performance was
evaluated in each session (day) which included 140-160 trials.
During the easy task, isoamyl acetate (0.01%) and 2-heptanone
(0.01%) were used as the S+ and the S-. In the difficult task,
a 6:4 combination of isoamyl acetate (0.01%) and 2-heptanone
(0.01%) was used as the S+ and a 4:6 combination of
isoamyl acetate (0.01%) and 2-heptanone (0.01%) was used as
the S-.

Electrophysiological Recordings

Brain Slice Preparation

C57BL/6] and VGAT-Cre mice injected with AAVs in the HDB
were used to test the responses of neurons expressing hM4D(Gi)
to CNO perfusion. Mice anesthetized with pentobarbital sodium
(i.p., 90 mg/kg) were subjected to cardiac perfusion with ice-cold
dissection buffer saturated with 95% 0,/5% CO, containing
(in mM): 85 NaCl, 2.5 KCI, 1.25 NaH,;POy4, 25 NaHCOs3,
25 glucose, 75 sucrose, 0.5 CaCl,, and 4 MgCl,. The brain was
subsequently removed and slowly sliced with a vibratome (VT
12008S; Leica Inc.). Coronal brain slices containing the HDB (350
pwm) were recovered at 37°C for 60 min in a chamber filled with
oxygenated artificial CSF (ACSF) containing (in mM): 119 NaCl,
2.5K(l, 1.25 NaH, POy, 2.5 CaCl,, 1.3 MgCl,, 1.3 NaHCO3, and
10 glucose, equilibrated with 95% O,/5% CO;. One hour later,
the holding chamber with slices was placed at room temperature
and the slices were ready for patch-clamp recordings.

Patch-Clamp Recordings

Electrophysiological experiments were performed using the
protocol described in our previous work (Wang et al., 2020,
2022). In brief, slices were transferred to a recording chamber and
carbogen-saturated ACSF was perfused constantly at a flow rate
of 2-3 ml/min at room temperature. The HDB in coronal brain
slices was identified by visualizing the slices through a 60x water-
immersion objective under near-infrared DIC illumination with
an upright microscope (ECLIPSE EN1, Nikon) equipped with
wide-field fluorescence to identify fluorescently labeled (Gi-
mCherry) neurons. Whole-cell patch-clamp recordings were
obtained with a MultiClamp 700B amplifier (Molecular Devices),
a Digidata 1440 A analog-to-digital converter (Molecular
Devices), and pClamp 10.4 software (Molecular Devices).

Voltage traces were sampled at 10 kHz and filtered at 2 kHz.
Recording electrodes had a resistance of 4-6 MQ when filled with
an intrapipette solution containing (in mM): 135 K-gluconate,
5 KCl, 0.5 CaCl,, 10 HEPES, 2 Mg-ATP, 0.1 GTP, and 5 EGTA,
300 mOsm, pH 7.3 adjusted with KOH. All drugs were obtained
from Sigma-Aldrich. Electrophysiological data were analyzed
with Clampfit 10.2 (Molecular Devices) and the “event detection
feature” was used to analyze the frequency of action potentials.

Statistical Analyses

Behavioral Performance

For the go/no-go task, the correct value in each block was
calculated as: (number of Hit trials + number of CR trials)/total
number of trials. The performance on S+ trials was calculated
as number of Hit trials/(number of Hit trials + number of Miss
trials). The performance on S— trials was calculated as number
of CR trials/(number of FA trials + number of CR trials).

Analysis of Fiber Photometry Data

Data were exported as MATLAB .mat files and segmented
according to the onset of odor stimulation on individual
trials. We derived the values of fluorescence change (AF/F) by
calculating (F — Fy)/Fy, where F is the baseline fluorescence
signal averaged over a 5-s-long control time window, which
preceded the onset of odor stimulation. AF/Fs are presented as
heat maps or trial-averaged traces. Averaged AF/F value for 4 s
from the onset of odor deliverywas quantified as the area under
the peak (the area under the curve, AUC).

ROC Analysis

We used receiver operating characteristic (ROC) analysis to
assess the classification of the responses evoked by two odors
within an odor pair (Gadziola et al, 2015, Wang et al,
2019). ROCs were estimated using the ROC function from
the MATLAB exchange. The area under the ROC (auROC)
is a nonparametric measure of the discriminability of two
distributions. The area under the ROC curve was defined as
ranging from 0.5 to 1.0. A value of 0.5 indicates completely
overlapping distributions, whereas a value of 1.0 indicates perfect
discriminability.

Calculation of Differences in AF/F

We used the difference in AF/F to assess the extent of the
divergence in the responses during the go/no-go and go/go tasks.
In the go/no-go task, the responses in S+ trials and S- trials were
defined as Res S+ and Res S—, respectively. The difference in AF/F
was calculated as follows: ABS (Res S+ — Res S-)/[ABS (Res
S+) + ABS (Res S-)], where ABS represents the absolute value.
Similarly, in the go/go task, the responses in odor A trials and
odor B trials were defined as Res A and Res B, respectively. The
difference in AF/F was calculated as follows: ABS (Res A — Res
B)/[ABS (Res A) + ABS (Res B)].

Statistical Tests

All statistical analyses were performed in MATLAB. The
Shapiro-Wilk test was used to assess the normality of the data.
We used two-way ANOVA, Wilcoxon signed-rank test, and
paired t-test; all tests were two-sided. All data in the study are
presented as the mean + SEM.
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RESULTS

Both Cholinergic and GABAergic
Responses Decrease Over Time With

Repeated Odor Exposure
GCaMP6s signals of cholinergic/GABAergic HDB neurons were
monitored by fiber photometry in awake, head-fixed mice.

GCaMP6s expression was genetically restricted to cholinergic
neurons by injecting a composite virus solution (AAV-ChAT-
Cre and AAV-DIO-axon-GCaMP6s) into the HDB in C57BL/6]
mice (Figures 1A,B). Similarly, VGAT-Cre mice injected
with AAV-DIO-axon-GCaMP6s were used to record Ca®*
signals in HDB GABAergic neurons (Figures 1C,D). First, we
characterized the population response of cholinergic/GABAergic
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FIGURE 2 | Control mice expressing EGFP and the second fluorescent channel show no changes in fluorescence upon odor exposure. (A) Heat maps and
trial-averaged traces of AF/F from a representative C57BL/6J mouse injected with AAV-ChAT-Cre and AAV-DIO-EGFP. (B) Heat maps and trial-averaged traces of
AF/F from a representative VGAT-Cre mouse injected with AAV-DIO-EGFP. (C) Heat maps and trial-averaged traces of AF/F recorded from C57BL/6J mice injected
with AAV-ChAT-Cre and AAV-DIO-axon-GCaMP6s using the targeted recording channel (470 nm) and a second fluorescent channel (580 nm). n = 32 animal-odor
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neurons in awake, head-fixed mice during passive odor exposure.
The animals were exposed to a 2-s pulse of odor stimulation
for 120 successive trials. Both cholinergic/GABAergic neurons
displayed a rapid increase in the Ca?* signal upon odor delivery.
However, the responses decreased as the trials progressed

(Figures 1E,ELJ). We compared the averaged AF/F for the
first three trials with that for the last three and found that
the AF/F was significantly lower at the end of the experiment
(Figures 1G,K; G: paired t-test, P = 8.9 x 1074 K: paired ¢-
test, P = 0.001). Decreased responses were also observed for
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FIGURE 3 | The response profiles of HDB cholinergic and GABAergic neurons during the go/go task. (A) Diagram of the experimental paradigm. (B) Timeline for a
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other odors (Figures 1H,L; H;: paired t-test, P = 6.8 x 107>;
H,: paired t-test, P = 0.012; Hj: paired t-test, P = 0.0023;
L;: Wilcoxon signed-rank test, P = 0.0044; L,: Wilcoxon
signed-rank test, P = 0.0033; L3: paired t-test, P = 0.0049).
Similar results were obtained when we compared the averaged
AF/F for the first five trials with that for the last five trials
(Supplementary Figures 1A,B; A: Isoamyl acetate, paired t-
test, P = 0.0019; 2-Heptanone, paired t-test, P = 7.57 x 107>,
B: Isoamyl acetate, paired t-test, P = 0.0010; 2-Heptanone,
paired t-test, P = 0.0076). We used mice that expressed EGFP
in HDB cholinergic and GABAergic neurons as a control,
which did not show any changes in fluorescence during
passive odor exposure (Figures 2A,B). In addition, we also
used a second fluorescent channel (580 nm) as a control.
We found that while odor evoked strong responses in the
targeted recording channel, almost no responses were found
in the control channel (Figures 2C,D). These results suggest

that the cholinergic and GABAergic signals observed in mice
expressing GCaMP6s were not motion artifacts. All these
results suggest that cholinergic and GABAergic HDB neurons
display decreased responses to odors during repeated passive
exposure.

Responses of Cholinergic Neurons Remain
Stable During Olfactory Associative

Learning

Previous studies have shown that cholinergic neurons are
recruited during associative learning (Devore et al., 2016; Nunez-
Parra et al., 2020). Thus, we next examined the response
profiles of HDB cholinergic neurons during olfactory associative
learning (Figure 3A). Mice were trained to learn a go/go
task in which they could receive the water reward by licking
the water spout within a defined time window after odor
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presentation (Figure 3B). We recorded Ca?' signals from  AF/F from the first three trials with that from the last three
cholinergic/GABAergic neurons during a 120-trial session in  trials (Figures 3C,F). Interestingly, while GABAergic neurons
animals proficient in the go/go task and compared the average  showed decreased responses in the late stage of the session
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(Figures 3G,H; H: paired t-test, P = 0.0042), the responses
of cholinergic neurons were relatively stable across the session
(Figures 3D,E; E: paired t-test, P = 0.11). Similar results
were obtained when we compared the averaged AF/F for the
first 10 trials with that for the last 10 trials (Supplementary
Figures 1C,D; C: Isoamyl acetate, paired t-test, P = 0.14; 2-
Heptanone, paired t-test, P = 0.51. D: Isoamyl acetate, paired
t-test, P = 0.0066; 2-Heptanone, paired t-test, P = 0.012).
These results indicate that the responses of HDB cholinergic
neurons may reflect attention to rewarded odors during olfactory
associative learning.

The different odor response properties between cholinergic
and GABAergic neurons might be due to the difference in
bleaching of the marker protein. To exclude this possibility,
we analyzed the baseline Ca?" fluorescence change during
a session (120 trials). We found that both cholinergic and
GABAergic fluorescence decreased slightly, which might be
resulted from the bleaching of the marker protein. However,
there was no significant difference between the baseline
cholinergic and GABAergic fluorescence (Supplementary
Figure 2A). Further analysis indicated that both the cholinergic
and GABAergic fluorescence negatively correlated
with the trial numbers, whereas there was no significant
difference between the two groups (Supplementary Figure
2B; Wilcoxon signed-rank test, P = 0.31). Thus, the different
response properties between cholinergic and GABAergic

was

neurons in the go/go task were not due to the difference
in bleaching.

Cholinergic Neurons Develop Separated
Responses to the S+ and S— During Odor
Discrimination Learning

Our data suggest that the responses of cholinergic neurons to
odor presentation decrease with repeated passive odor exposure
but remain stable when attention is required to obtain a reward,
raising the question of whether cholinergic neurons might
respond differently to rewarded trials vs. unrewarded trials
during an odor-discrimination task. To address this question,
we recorded the responses of HDB cholinergic neurons while
head-restrained mice learned to respond differently to odors
in a go/no-go odor discrimination task (Figure 4A; see also
“Materials and Methods” Section). Thirsty mice were trained
to lick the water spout for reward upon a rewarded odor (S+)
presentation and refrain from licking upon an unrewarded odor
presentation (Figure 4B). The possible behavioral responses
were Hit, correct rejection (CR), false alarm (FA), and miss
(Figure 4C). The behavioral performance was assessed by
calculating the percentage of correct responses to the S+ and
S— odors in blocks of 20 trials in which 10 S+ and 10 S—
odors were delivered randomly. The learning curve across all
trained mice is shown in Figure 4D. The behavioral performance
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of mice improved from near chance levels (50% correct) in
Block 1 to well above the learning threshold (80% correct) in
Block 10.

Figure 4E shows the responses of cholinergic neurons for a
representative mouse learning to discriminate between the S+
and S—. The traces were sorted into trials where the mouse
was beginning to differentiate the odors (left, the first block)
and trials where the mouse was proficient in discriminating
the odors (right, the block with the highest correct rate, the
best block). We found that the neural responses to S+ trials
and S— trials were similar during the first block. However, the
responses diverged once the mouse had learned the go/no-go
task (Figure 4E). To compare the classification of the responses
during S+ trials and S— trials, we performed an ROC analysis.
For the example shown in Figure 4E, the auROC, representing
the difference in responses to S+ trials and S— trials, was larger
in the best block than in the first block (Figure 4F, the first
block: 0.56, the best block: 0.88), indicating that discriminability
of the responses in S+ trials and S— trials was improved after the
mouse learned the go/no-go task. Increased auROCs after mice
learned the task were observed across all animals (Figures 4G-I;
I: paired t-test, P = 0.0067, n = 16 animal-odor pairs from
eight mice). To quantify the extent of the response difference
between S+ trials and S— trials, we calculated the difference in
averaged AF/F between 0 and 4 s. Consistent with the results
from the auROC analysis, the difference in averaged AF/F was
larger in the best block than in the first block (Figure 4],
paired t-test, P = 0.0095). Both the results of auROC analysis
and the difference in averaged AF/F demonstrated that the
responses in S+ trials and S— trials became separated once
mice were proficient in the go/no-go task. We then examined
whether there was a correlation between the correct rates
(in each block) and auROCs of cholinergic responses during
the go/no-go task. The results showed that the auROCs were
positively correlated with learning accuracy (Figure 4K; linear
regression, r = 0.35, P = 0.0029), indicating that cholinergic
responses in S+ trials and S— trials tend to diverge with higher
learning accuracy. The similarity of the cholinergic response
in S+ trials and S— trials at the beginning of the go/no-go
task may be because the animals pay attention during both
types of trials when they have not yet learned to discriminate
between the S+ and S—. Once the mice have learned the
go/no-go task, they may pay more attention to S+ trials than
to S— trials, presenting divergent responses to S+ trials and
S— trials.

In the go/no-go task, the behavioral responses on most of the
trials were Hit, CR, or FA, with very few Miss trials (12/1,394,
0.86%). When we compared cholinergic responses in Hit, CR,
and FA trials across the session (Figure 4L), we found that the
responses in Hit and FA trials were significantly larger than
the responses in CR trials (Figure 4M; Hit vs. CR: Wilcoxon
signed-rank test, P = 0.012; FA vs. CR: paired t-test, P = 0.038).
The smaller cholinergic responses in CR trials may be because
the animals have learned to ignore the S— (CR trials) and pay
attention to the S+ (Hit trials); before the mice have not learned
the task, they presumably pay attention to both the S— (FA
trials) and the S+ (Hit trials). Therefore, these data suggest that

responses in HDB cholinergic neurons tend to be larger in trials
during which the animals need to pay attention.

In the go/go and go/no-go tasks, odor delivery was usually
followed by licking, this raises the possibility that the odor
responses may be caused or affected by licking during the odor
stimulation. We thus analyzed the lick signals and fluorescence
signals in the go/go and go/no-go tasks. In the go/go task,
we found that fluorescence signals were always earlier than
lick signals (Supplementary Figures 3A-C), indicating that
fluorescence signals can be independent of licking signals.
Importantly, in the go/no-go task, there were almost no lick
signals in CR trials, and there were very strong fluorescence
responses (Supplementary Figure 3D). Also, for both Hit and
FA trials, the fluorescent signals increased before the lick onset,
and the latency from odor onset to 50% peak of the AF/F in
odor-locked was significantly different from that in lick-locked
(Supplementary Figures 3B,C,E,F; B: paired t-test, P = 0.0012;
C: Wilcoxon signed-rank test, P = 0.0012; E: paired t-test,
P = 1.51 x 107% F: paired t-test, P = 221 x 107%). All
these results suggest that the odor response recorded by fiber
photometry in the present study is independent of licking and
the separated cholinergic responses to S+ trials and S— trials are
not contributed by licking.

In the go/no-go task, we compared cholinergic responses
in the first block and in the best block; however, the animals
were in different behavioral states, e.g., thirst, during these two
periods. To exclude the possibility that the responses to S+
trials and S— trials differed between the first block and the
best block because of general behavioral state differences, we
compared cholinergic responses in the first block and the last
block during the go/go task, in which animals also received
water and became satiated. The responses in the odor A and
odor B trials were similar during both the first block and the
last block in a representative mouse (Figures 5A,B; auROC:
the first block, 0.41; the last block, 0.52). Further analysis
indicated that neither the auROC values nor the difference in
AF/F across all animal-odor pairs were significantly different
between the first block and the last block during the go/go task
(Figures 5C-F; E: Wilcoxon signed-rank test, P = 0.16; F: paired
t-test, P = 0.61, n = 16 animal-odor pairs from eight mice),
indicating no separated responses were found in the go/go task.
Therefore, the divergent responses of S+ and S— trials in HDB
cholinergic neurons likely reflect changes in attention across
the session, as opposed to changes in behavioral states such
as thirst.

GABAergic Neurons Have Similar
Responses to the S+ and S— During Odor

Discrimination Learning

Next, we examined the responses of HDB GABAergic neurons
during the go/no-go task. Figure 6A shows that all mice learned
to discriminate odors successfully. The response of GABAergic
neurons in S+ trials and S— trials was similar both during
the first block and during the best block in a representative
mouse (Figures 6B,C; auROC: the first block, 0.5; the best
block, 0.46). Further analysis indicated that neither the auROC
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value nor the difference in AF/F across all animal-odor pairs
was significantly different between the first block and the best
block during the go/no-go task (Figures 6D-G; F: paired t-
test, P = 0.13; G: paired t-test, P = 0.91, n = 26 animal-odor
pairs from 13 mice), indicating that the separated responses
in S+ trials and S— trials were not found in HDB GABAergic
neurons. In addition, no correlation between accuracy and
auROCs was observed in GABAergic responses (Figure 6H,
linear regression, r = 0.13, P = 0.19). We also compared
GABAergic responses in Hit, CR, and FA trials across the
session (Figure 6I) and found that the responses in Hit and
FA trials were not significantly different from that in CR
trials (Figure 6]; Hit vs. CR: paired t-test, P = 0.44; FA vs.
CR: Wilcoxon signed-rank test, P = 0.97). Therefore, these

data indicate that, unlike the responses of cholinergic neurons,
the responses of GABAergic neurons to the S+ and S— do
not separate after mice have learned the odor-discrimination
task.

We also analyzed the lick signals and GABAergic fluorescence
signals in the go/go and go/no-go tasks (Supplementary Figure
4), and the results indicate that the odor-evoked GABAergic
response recorded by fiber photometry is independent of licking.

Inactivation of HDB Cholinergic Neurons
Impairs Odor Discrimination

The above results suggest that HDB cholinergic neurons
may play an important role in odor discrimination. This
prompted us to explore the influence of cholinergic neuron
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dysfunction on odor discrimination. We injected a composite
virus solution [AAV-ChAT-Cre and AAV2/9-DIO-hM4D(Gi)-
mCherry/AAV2/9-DIO-mCherry] into the bilateral HDB of
C57BL/6] mice (Figure 7A). Four weeks after virus injection,
hM4D(Gi)-mCherry expression was observed in the HDB
(Figure 7B). Then we tested the effect of clozapine N-oxide
(CNO) on the activity of cholinergic neurons expressing
hM4D(Gi) in vitro (Figure 7C). Perfusion of CNO (10
wM) significantly decreased the membrane potential and the
frequency of action potentials (Figure 7D; AVm: paired t-
test, P = 0.0018; Frequency: paired t-test, P = 0.0077). To
explore the influence of cholinergic neurons’ inactivation on
odor discrimination, we conducted an odor discrimination assay
that lasted for 9 days, including the training period (2 days),
the easy task (3 days), and the difficult task (4 days) in freely
moving mice. As in our previous study (Sun et al, 2019;
Wang et al., 2022; Wu et al., 2022), mice were first trained to
undergo a go/go task, then the mice were trained to perform
a go/no-go task, including the easy task (S+: isoamyl acetate;
S—: 2-heptanone) and a difficult task (S+: isoamyl acetate:
2-heptanone = 6:4; S—: 2-heptanone: isoamyl acetate = 6:4;
Figure 7E). The percent correct rate during the go/no-go task
was compared between experimental (Gi + CNO) and control
(Gi + saline, mCherry + CNO) animals. Mice were injected
daily with saline or CNO (i.p., 3.3 mg/kg) 40 min before the
training started. We found that the experimental mice could
not learn to discriminate between the S+ and S—, even in
the easy task: the percent correct rate was significantly lower
in experimental mice than in control mice both in the easy
task and in the difficult task (Figure 7F; easy task: two-way
ANOVA, Gi + saline vs. Gi + CNO, P < 1 x 107*, mCherry
+ CNO vs. Gi + CNO, P =1 x 107%, Gi + saline vs. mCherry
+ CNO, P = 0.81; difficult task: two-way ANOVA, Gi + saline
vs. Gi + CNO, P < 1 x 107% mCherry + CNO vs. Gi +
CNO, P < 1 x 107%, Gi + saline vs. mCherry + CNO, P =
0.83). Further analysis indicated that while reductions in correct
responses in both S+ and S— trials were responsible for the
impaired odor discrimination in experimental mice during the
easy task, impaired performance during the difficult task was
caused by a reduction in correct responses in S— trials only
(Figures 7G,H; G: Easy task: two-way ANOVA, Gi + saline vs.
Gi + CNO, P = 4 x 107* mCherry + CNO vs. Gi + CNO,
P =0.0082, Gi + saline vs. mCherry + CNO, P = 0.99; Difficult
task: two-way ANOVA, Gi + saline vs. Gi + CNO, P = 0.65,
mCherry + CNO vs. Gi + CNO, P = 041, Gi + saline vs.
mCherry + CNO, P = 0.83; H: Easy task: two-way ANOVA, Gi
+ saline vs. Gi + CNO, P = 2 x 107%, mCherry + CNO vs.
Gi + CNO, P = 4 x 107%, Gi + saline vs. mCherry + CNO,
P = 0.81; Difficult task: two-way ANOVA, Gi + saline vs. Gi +
CNO,P<1 x 107% mCherry + CNO vs. Gi + CNO, P <1 x 1074,
Gi + saline vs. mCherry + CNO, P = 0.92). The differences in
percent correct rates were not due to distinct training intensity
because the numbers of training trials between experimental
and control mice were not significantly different (Figure 71,
Difficult task: two-way ANOVA, P = 0.40). These results indicate
that the inactivation of HDB cholinergic neurons impairs odor
discrimination.

Inactivation of HDB GABAergic Neurons

Has No Effect on Odor Discrimination

We next examined whether the inactivation of HDB GABAergic
neurons affects odor discrimination behavior. We injected
AAV2/9-DIO-hM4D(Gi)-mCherry/AAV2/9-DIO-mCherry into
the bilateral HDB of VGAT-Cre mice (Figure 8A). Four weeks
after virus injection, hM4D(Gi)-mCherry expression was
observed in the HDB (Figure 8B). Then we tested the effect
of CNO on the activity of GABAergic neurons expressing
hM4D(Gi) in vitro (Figure 8C). Perfusion of CNO (10 uM)
significantly decreased the membrane potential and the
frequency of action-potentials (Figure 8D; AVm: Wilcoxon’s
sign rank test, P = 0.018; Frequency: paired t-test, P = 0.003).
We trained the mice on the go/no-go task and found that the
percent correct rates were not significantly different between the
experimental mice and the control mice (Figure 8E; easy task:
two-way ANOVA, P = 0.54; difficult task: two-way ANOVA,
P =0.26). These results indicate that, unlike inactivation of HDB
cholinergic neurons, inactivation of HDB GABAergic neurons
had no effect on odor discrimination behavior.

DISCUSSION

Both cholinergic and GABAergic neurons in the HDB send
long-distance projections to modulate the neural activity
and function of other brain areas (Do et al., 2016; Villar
et al, 2021; De Saint Jan, 2022). Although the modulatory
effects of these two projections on the olfactory system
have been intensively studied (Fletcher and Chen, 2010; Ma
and Luo, 2012; Nunez-Parra et al., 2013), a comparison of
the odor responses and function of these two projections
during different behavioral states is still lacking. Here we
used fiber photometry to demonstrate that HDB cholinergic
and GABAergic neurons display distinct response dynamics
during odor discrimination learning. While both cholinergic
and GABAergic responses decreased over time upon repeated
passive odor exposure, they displayed different patterns during
odor-association learning: during a go/go task, responses in
cholinergic neurons remained stable whereas responses in
GABAergic neurons decreased as the session progressed, as they
did during passive exposure. Moreover, during a go/no-go odor
discrimination task, the responses of cholinergic neurons to the
S+ and S— separated once the mice learned to discriminate
the two odors correctly. Chemogenetic inactivation of HDB
cholinergic neurons impaired odor discrimination learning but
inactivation of HDB GABAergic neurons did not. Together,
these results suggest that HDB cholinergic and GABAergic
neurons are activated differently and may play distinct roles in
odor-association learning.

The increased Ca?* signal in HDB cholinergic and GABAergic
neurons upon passive odor exposure likely derives from the
feedforward connections between olfactory regions and the basal
forebrain. Basal forebrain neurons are innervated by several
olfactory regions, and c-fos expression in the basal forebrain
increases upon odor exposure (Zheng et al.,, 2018). Moreover,
electrical stimulation of the olfactory bulb and cortex modulates
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FIGURE 7 | Chemogenetic inactivation of HDB cholinergic neurons impairs odor discrimination. (A) Schematic of virus injection. AAV-ChAT-Cre and AAV-DIO-hM4D
(Gi)-mCherry/AAV-DIO-mCherry were injected into bilateral HDB of C57BL/6J mice. (B) Expression of hM4D(Gi)-mCherry in HDB cholinergic neurons. The white
arrows indicate merged neurons. Scale bar: 50 um. (C) A representative trace recorded from a current-clamped neuron expressing hM4D(Gi). (D) Comparison of the
change in membrane potential (AVm) and frequency of action potentials before and after the application of CNO (Left: paired t-test, g = 5.32, P = 0.0018; Right:
paired t-test, g = 3.93, P = 0.0077; n = 7 cells from four mice). (E) Schematic of the olfactory discrimination task. (F) Comparison of odor discrimination
performance between control (black, n = 13 mice; blue, n = 6 mice) and experimental (red, n = 13 mice) mice during the easy task (left) and the difficult task (right)
(Left: two-way ANOVA, Fp, o1) = 12.3, P = 1.88 x 107%; Right: Fp, 129 = 25.9, P = 4.16 x 10719). (G) Comparison of correct rates in S+ trials between control and
experimental mice during the easy task and the difficult task (two-way ANOVA, Easy task: Fi, 91) = 9.39, P = 2 x 1074, Difficult task: F(, 1229 = 0.93, P = 0.40). (H)
Comparison of correct rates in S- trials between the three groups of mice (two-way ANOVA, Easy task: Fpp, o1) = 10.68, P = 6.84 x 10~°; Difficult task:

F, 1200 =18.94,P=6.9 x 1078). (1) Comparison of the number of trials completed by the animals in the three groups during the go/no-go task (two-way ANOVA,
Difficult task: Fp, 122) = 0.93, P = 0.40). **P < 0.01, ***P < 0.001.
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FIGURE 8 | Chemogenetic inactivation of HDB GABAergic neurons has no effect on odor discrimination. (A) Schematic of virus injection.
AAV-DIO-hM4D(Gi)-mCherry/AAV-DIO-mCherry was injected into bilateral HDB of VGAT-Cre mice. (B) Expression of hM4D(Gi)-mCherry in HDB GABAergic neurons.
Scale bar: 50 pm. (C) A representative trace recorded from a current-clamped neuron expressing hM4D(Gi). (D) Comparison of the change in membrane potential
(AVm) and frequency of action potentials before and after the application of CNO (Left: Wilcoxon'’s sign rank test, z = 2.366, P = 0.018; Right: paired t-test,

te) = 4.8145, P = 0.003, n = 7 cells from four mice). (E) Comparison of odor discrimination performance between control (black, n = 8 mice; blue, n = 6 mice) and
experimental (red, n = 9 mice) mice during the easy task (left) and the difficult task (right) (two-way ANOVA, Easy task: F, 44 = 0.62, P = 0.54; Difficult
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neural activity in the HDB (Linster and Hasselmo, 2000).
However, whether and how basal forebrain neurons are
modulated during passive exposure, especially at the beginning
of odor delivery, was previously unknown. Similarly, decreased
feedforward input from olfactory regions to the basal forebrain
may be responsible for the decreased responses in cholinergic
and GABAergic neurons in the late trials of experiments with
repeated exposure to odors. Odor habituation is observed
in the olfactory system, especially in the olfactory bulb
and the piriform cortex (Wilson, 1998; Twick et al, 2014;
Ogg et al, 2015; Mignot et al, 2021), and the decreased
response in HDB cholinergic and GABAergic neurons after
repeated odor exposure may reflect decreased input from
these olfactory centers. However, the reverse may also be
true. The decreased responses may reflect direct changes in
HDB neural activity during passive exposure: HDB neurons
may be activated at the beginning of odor exposure as mice
pay attention to the novel odor and no longer be activated
when the odors become familiar. Via feedback connections,
the reduction in HDB neural activity may account for odor
habituation in olfactory centers such as the olfactory bulb
and the piriform cortex. Indeed, it has been reported that
basal forebrain neurons can signal novelty (Sun et al., 2019),

dishabituate odor responses, and reinstate odor investigation
(Oggetal., 2018).

Higher c-fos levels are observed in basal forebrain cholinergic
neurons after olfactory learning (Zheng et al., 2018). Importantly,
the basal forebrain neurons are recruited and display higher
neural activity during reward association (Devore et al., 2016;
Nunez-Parra et al., 2020). Therefore, higher rates of neural
activity during odor associative learning may be responsible for
the stable responses of HDB cholinergic neurons throughout
the go/go task. On the other hand, GABAergic responses
decayed rapidly toward the end of the go/go task, indicating
that HDB GABAergic neurons may not be activated during
reward learning. Thus, the distinct dynamics in cholinergic and
GABAergic neurons resulting from different neural activity states
may explain why the responses in cholinergic neurons remained
stable but the responses in GABAergic neurons decreased
over time. Differing levels of activity have been previously
reported for basal forebrain cholinergic and GABAergic neurons:
whereas cholinergic neurons were consistently excited during
reward association in a go/no-go auditory discrimination task,
GABAergic neurons exhibited diverse responses (Harrison
et al., 2016). However, further investigation is required to
examine how HDB cholinergic neurons respond to odor vs.
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reward, and during which task period these neurons play an
important role.

The possibility that the odor response of cholinergic neurons
is shaped by attention is further supported by results from
the go/no-go experiment, during which these neurons showed
divergent responses to the rewarded odor (S+) and the
unrewarded odor (S—) after the mice had learned the odor
discrimination task. The faster decay of responses during
S— trials may reflect reduced attention to the unrewarded
cue in proficient mice. Conversely, the cholinergic responses
to the S+ and S— were similar during the learning phase,
when the mice had not learned to discriminate between
the two odors and attention to both stimuli was necessary.
Electrophysiology and fiber photometry recordings have shown
that odor-evoked responses in the olfactory bulb diverge after
learning and that mitral/tufted neurons carry information about
odor value (Doucette and Restrepo, 2008; Wang et al., 2019).
This neural representation strategy is likely shaped by top-down
innervations, such as the noradrenergic (Yamada et al., 2017;
Ramirez-Gordillo et al., 2018) and serotonergic (unpublished
data) inputs to the olfactory bulb. However, since separated
responses were also observed in basal forebrain cholinergic
neurons in the present study, it is important to investigate
whether and how HDB cholinergic inputs also contribute
to odor representation in the olfactory bulb during odor
discrimination.

Many studies have investigated the function of HDB
cholinergic and GABAergic neurons in olfaction. Selective lesion
of cholinergic neurons that project to the OB, inactivation
of cholinergic neurons, and pharmacological blockade of
acetylcholine receptors all decrease performance in some
olfactory behaviors, including olfactory habituation, perceptual
generalization, and odor discrimination (Linster et al, 2001;
Linster and Cleland, 2002; Smith et al., 2015; Chan et al., 2017;
Ross et al., 2019), and activation of the cholinergic system is
beneficial for olfactory behaviors (Ma and Luo, 2012; Cho and
Linster, 2020; Takahashi et al., 2021). Compared with cholinergic
modulation, GABAergic regulation of olfactory behavior has
been less studied. Disruption of GABAergic afferents from
the basal forebrain impairs habituation/dishabituation behavior
(Nunez-Parra et al., 2013) and several studies have implicated
basal forebrain GABAergic projections in neural activity and
olfactory processing in the olfactory bulb (Hanson et al., 2020;
Villar et al, 2021; Zhou and Puche, 2021; De Saint Jan,
2022). Together, these studies indicate that both cholinergic and
GABAergic projections are crucial for sensory processing and
olfactory learning.

However, in the present study, although we found
that cholinergic neurons play an important role in odor
discrimination, GABAergic neurons may not be involved in
this type of associative learning. HDB GABAergic responses
to the S+ and S— did not separate during either the first
block or the best block. Furthermore, whereas inactivation
of cholinergic neurons impaired odor discrimination, task
performance remained high in mice with inactivation of
HDB GABAergic neurons. The apparent conflict between
our results and those from previous studies is likely due

to the different behavioral tasks used. To test the ability
to discriminate odors, Nunez-Parra et al. (2013) used a
habituation/dishabituation test, which is an instinctual
response to odors and does not require an active learning
process; we used a go/no-go test, which requires active
learning to associate specific odors with the reward. Another
potential alternative explanation for the discrepancy is that
odor experience during associative learning leads to plastic
changes that compensate for the effects caused by the
GABAergic neurons. Thus, the HDB GABAergic neurons

may be involved in discriminating odors instinctually
but not when the discrimination requires associative
learning.

In summary, this study demonstrates the distinct dynamics
of HDB cholinergic and GABAergic neurons during
odor-association learning, and the different roles these two
subpopulations play in odor discrimination. These findings
are important for understanding the top-down regulation
of sensory systems by different subpopulations of basal
forebrain neurons.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by Xuzhou Medical
University Institutional Animal Care and Use Committee.

AUTHOR CONTRIBUTIONS

AL designed the research. PZ and YZ performed the research.
PZ, PL, and YZ analyzed the data. DW and AL wrote the article.
All authors contributed to the article and approved the submitted
version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (NSFC, 31872771 and 32070995 to AL,
32071024 to DW), the QingLan Project to DW, and the Jiangsu
Province Innovative and Entrepreneurial Team Program to AL.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fncel.2022.9114
39/full#supplementary-material.

Frontiers in Cellular Neuroscience | www.frontiersin.org

July 2022 | Volume 16 | Article 911439


https://www.frontiersin.org/articles/10.3389/fncel.2022.911439/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fncel.2022.911439/full#supplementary-material
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Zhou et al.

Olfactory Discrimination in Basal Forebrain

REFERENCES

Case, D. T., Burton, S. D., Gedeon, J. Y., Williams, S. G., Urban, N. N., and
Seal, R. P. (2017). Layer- and cell type-selective co-transmission by a basal
forebrain cholinergic projection to the olfactory bulb. Nat. Commun. 8:652.
doi: 10.1038/541467-017-00765-4

Chan, W., Singh, S., Keshav, T., Dewan, R, Eberly, C., Maurer, R, et al.
(2017). Mice lacking M1 and M3 muscarinic acetylcholine receptors have
impaired odor discrimination and learning. Front. Synaptic Neurosci. 9:4.
doi: 10.3389/fnsyn.2017.00004

Chapuis, J., and Wilson, D. A. (2013). Cholinergic modulation of olfactory pattern
separation. Neurosci. Lett. 545, 50-53. doi: 10.1016/j.neulet.2013.04.015

Chaudhury, D., Escanilla, O., and Linster, C. (2009). Bulbar acetylcholine
enhances neural and perceptual odor discrimination. J. Neurosci. 29, 52-60.
doi: 10.1523/JNEUROSCI.4036-08.2009

Cho, C., and Linster, C. (2020). Experience enhances certainty about olfactory
stimuli under bulbar cholinergic control. Learn. Mem. 27, 414-417.
doi: 10.1101/lm.051854.120

Chubykin, A. A., Roach, E. B., Bear, M. F.,, and Shuler, M. G. (2013). A
cholinergic mechanism for reward timing within primary visual cortex. Neuron
77,723-735. doi: 10.1016/j.neuron.2012.12.039

Conner, J. M., Kulczycki, M., and Tuszynski, M. H. (2010). Unique contributions
of distinct cholinergic projections to motor cortical plasticity and learning.
Cereb. Cortex 20, 2739-2748. doi: 10.1093/cercor/bhq022

de Almeida, L., Idiart, M., and Linster, C. (2013). A model of cholinergic
modulation in olfactory bulb and piriform cortex. J. Neurophysiol. 109,
1360-1377. doi: 10.1152/jn.00577.2012

De Saint Jan, D. (2022). Target-specific control of olfactory bulb periglomerular
cells by GABAergic and cholinergic basal forebrain inputs. eLife 11:e71965.
doi: 10.7554/eLife.71965

Devore, S., de Almeida, L., and Linster, C. (2014). Distinct roles of bulbar
muscarinic and nicotinic receptors in olfactory discrimination learning.
J. Neurosci. 34, 11244-11260. doi: 10.1523/J]NEUROSCI.1499-14.2014

Devore, S., Pender-Morris, N., Dean, O., Smith, D., and Linster, C. (2016). Basal
forebrain dynamics during nonassociative and associative olfactory learning.
J. Neurophysiol. 115, 423-433. doi: 10.1152/jn.00572.2015

Do, J. P., Xu, M,, Lee, S. H., Chang, W. C,, Zhang, S., Chung, S., et al. (2016). Cell
type-specific long-range connections of basal forebrain circuit. eLife 5:e13214.
doi: 10.7554/eLife.13214

Doucette, W., and Restrepo, D. (2008). Profound context-dependent plasticity of
mitral cell responses in olfactory bulb. PLoS Biol. 6:¢258. doi: 10.1371/journal.
pbio.0060258

Fletcher, M. L., and Chen, W. R. (2010). Neural correlates of olfactory learning:
critical role of centrifugal neuromodulation. Learn. Mem. 17, 561-570.
doi: 10.1101/lm.941510

Froemke, R. C., Carcea, 1., Barker, A. J., Yuan, K., Seybold, B. A., Martins, A. R,,
et al. (2013). Long-term modification of cortical synapses improves sensory
perception. Nat. Neurosci. 16, 79-88. doi: 10.1038/nn.3274

Gadziola, M. A., Tylicki, K. A., Christian, D. L., and Wesson, D. W. (2015).
The olfactory tubercle encodes odor valence in behaving mice. J. Neurosci. 35,
4515-4527. doi: 10.1523/JNEUROSCI.4750-14.2015

Gomez, C., Brinon, J. G., Barbado, M. V., Weruaga, E., Valero, J., and Alonso, J. R.
(2005). Heterogeneous targeting of centrifugal inputs to the glomerular layer
of the main olfactory bulb. J. Chem. Neuroanat. 29, 238-254. doi: 10.1016/j.
jchemneu.2005.01.005

Gritti, I, Henny, P., Galloni, F., Mainville, L., Mariotti, M., and Jones, B. E.
(2006). Stereological estimates of the basal forebrain cell population in
the rat, including neurons containing choline acetyltransferase, glutamic
acid decarboxylase or phosphate-activated glutaminase and colocalizing
vesicular glutamate transporters. Neuroscience 143, 1051-1064. doi: 10.1016/j.
neuroscience.2006.09.024

Han, Y., Shi, Y. F., Xi, W., Zhou, R, Tan, Z. B.,, Wang, H., et al. (2014).
Selective activation of cholinergic basal forebrain neurons induces immediate
sleep-wake transitions. Curr. Biol. 24, 693-698. doi: 10.1016/j.cub.2014.02.011

Hanson, E., Brandel-Ankrapp, K. L., and Arenkiel, B. R. (2021). Dynamic
cholinergic tone in the basal forebrain reflects reward-seeking and
reinforcement during olfactory behavior. Front. Cell Neurosci. 15:635837.
doi: 10.3389/fncel.2021.635837

Hanson, E., Swanson, J., and Arenkiel, B. R. (2020). GABAergic input from the
basal forebrain promotes the survival of adult-born neurons in the mouse
olfactory bulb. Front. Neural Circuits 14:17. doi: 10.3389/fncir.2020.00017

Harrison, T. C., Pinto, L., Brock, J. R., and Dan, Y. (2016). Calcium imaging of
basal forebrain activity during innate and learned behaviors. Front. Neural
Circuits 10:36. doi: 10.3389/fncir.2016.00036

Herrero, J. L., Roberts, M. J., Delicato, L. S., Gieselmann, M. A., Dayan, P.,
and Thiele, A. (2008). Acetylcholine contributes through muscarinic
receptors to attentional modulation in V1. Nature 454, 1110-1114.
doi: 10.1038/nature07141

Linster, C., and Cleland, T. A. (2002). Cholinergic modulation of sensory
representations in the olfactory bulb. Neural Netw. 15, 709-717.
doi: 10.1016/50893-6080(02)00061-8

Linster, C., and Hasselmo, M. E. (2000). Neural activity in the horizontal limb
of the diagonal band of broca can be modulated by electrical stimulation
of the olfactory bulb and cortex in rats. Neurosci. Lett. 282, 157-160.
doi: 10.1016/s0304-3940(00)00885-5

Linster, C., Garcia, P. A., Hasselmo, M. E., and Baxter, M. G. (2001). Selective loss
of cholinergic neurons projecting to the olfactory system increases perceptual
generalization between similar, but not dissimilar, odorants. Behav. Neurosci.
115, 826-833. doi: 10.1037//0735-7044.115.4.826

Luskin, M. B., and Price, J. L. (1982). The distribution of axon collaterals from the
olfactory bulb and the nucleus of the horizontal limb of the diagonal band to
the olfactory cortex, demonstrated by double retrograde labeling techniques.
J. Comp. Neurol. 209, 249-263. doi: 10.1002/cne.902090304

Ma, M., and Luo, M. (2012). Optogenetic activation of basal forebrain cholinergic
neurons modulates neuronal excitability and sensory responses in the main
olfactory bulb. J. Neurosci. 32, 10105-10116. doi: 10.1523/J]NEUROSCI.0058-
12.2012

Mechawar, N., Saghatelyan, A., Grailhe, R., Scoriels, L. Gheusi, G.,
Gabellec, M. M., et al. (2004). Nicotinic receptors regulate the survival of
newborn neurons in the adult olfactory bulb. Proc. Natl. Acad. Sci. U S A 101,
9822-9826. doi: 10.1073/pnas.0403361101

Mignot, C., Nahrath, P., Sinding, C., and Hummel, T. (2021). Older and
young adults experience similar long-term olfactory habituation. Chem. Senses
46:bjaa080. doi: 10.1093/chemse/bjaa080

Nunez-Parra, A., Cea-Del Rio, C. A., Huntsman, M. M., and Restrepo, D.
(2020). The basal forebrain modulates neuronal response in an active olfactory
discrimination task. Front. Cell Neurosci. 14:141. doi: 10.3389/fncel.2020.00141

Nunez-Parra, A., Maurer, R. K., Krahe, K., Smith, R. S., and Araneda, R. C.
(2013). Disruption of centrifugal inhibition to olfactory bulb granule cells
impairs olfactory discrimination. Proc. Natl. Acad. Sci. US A 110, 14777-14782.
doi: 10.1073/pnas.1310686110

Ogg, M. C., Bendahamane, M., and Fletcher, M. L. (2015). Habituation
of glomerular responses in the olfactory bulb following prolonged odor
stimulation reflects reduced peripheral input. Front. Mol. Neurosci. 8:53.
doi: 10.3389/fnmol.2015.00053

Ogg, M. C,, Ross, J. M., Bendahmane, M., and Fletcher, M. L. (2018). Olfactory
bulb acetylcholine release dishabituates odor responses and reinstates odor
investigation. Nat. Commun. 9:1868. doi: 10.1038/s41467-018-04371-w

Ramirez-Gordillo, D., Ma, M., and Restrepo, D. (2018). Precision of classification
of odorant value by the power of olfactory bulb oscillations is altered by
optogenetic silencing of local adrenergic innervation. Front. Cell Neurosci.
12:48. doi: 10.3389/fncel.2018.00048

Robinson, L., Platt, B., and Riedel, G. (2011). Involvement of the cholinergic
system in conditioning and perceptual memory. Behav. Brain Res. 221,
443-465. doi: 10.1016/j.bbr.2011.01.055

Ross, J. M., Bendahmane, M., and Fletcher, M. L. (2019). Olfactory bulb
muscarinic acetylcholine type 1 receptors are required for acquisition of
olfactory fear learning. Front. Behav. Neurosci. 13:164. doi: 10.3389/fnbeh.2019.
00164

Rothermel, M., Carey, R. M., Puche, A., Shipley, M. T., and Wachowiak, M. (2014).
Cholinergic inputs from Basal forebrain add an excitatory bias to odor coding
in the olfactory bulb. J. Neurosci. 34, 4654-4664. doi: 10.1523/JNEUROSCI.
5026-13.2014

Saar, D., Dadon, M., Leibovich, M., Sharabani, H., Grossman, Y., and Heldman, E.
(2007). Opposing effects on muscarinic acetylcholine receptors in the piriform
cortex of odor-trained rats. Learn. Mem. 14, 224-228. doi: 10.1101/lm.452307

Frontiers in Cellular Neuroscience | www.frontiersin.org

July 2022 | Volume 16 | Article 911439


https://doi.org/10.1038/s41467-017-00765-4
https://doi.org/10.3389/fnsyn.2017.00004
https://doi.org/10.1016/j.neulet.2013.04.015
https://doi.org/10.1523/JNEUROSCI.4036-08.2009
https://doi.org/10.1101/lm.051854.120
https://doi.org/10.1016/j.neuron.2012.12.039
https://doi.org/10.1093/cercor/bhq022
https://doi.org/10.1152/jn.00577.2012
https://doi.org/10.7554/eLife.71965
https://doi.org/10.1523/JNEUROSCI.1499-14.2014
https://doi.org/10.1152/jn.00572.2015
https://doi.org/10.7554/eLife.13214
https://doi.org/10.1371/journal.pbio.0060258
https://doi.org/10.1371/journal.pbio.0060258
https://doi.org/10.1101/lm.941510
https://doi.org/10.1038/nn.3274
https://doi.org/10.1523/JNEUROSCI.4750-14.2015
https://doi.org/10.1016/j.jchemneu.2005.01.005
https://doi.org/10.1016/j.jchemneu.2005.01.005
https://doi.org/10.1016/j.neuroscience.2006.09.024
https://doi.org/10.1016/j.neuroscience.2006.09.024
https://doi.org/10.1016/j.cub.2014.02.011
https://doi.org/10.3389/fncel.2021.635837
https://doi.org/10.3389/fncir.2020.00017
https://doi.org/10.3389/fncir.2016.00036
https://doi.org/10.1038/nature07141
https://doi.org/10.1016/s0893-6080(02)00061-8
https://doi.org/10.1016/s0304-3940(00)00885-5
https://doi.org/10.1037//0735-7044.115.4.826
https://doi.org/10.1002/cne.902090304
https://doi.org/10.1523/JNEUROSCI.0058-12.2012
https://doi.org/10.1523/JNEUROSCI.0058-12.2012
https://doi.org/10.1073/pnas.0403361101
https://doi.org/10.1093/chemse/bjaa080
https://doi.org/10.3389/fncel.2020.00141
https://doi.org/10.1073/pnas.1310686110
https://doi.org/10.3389/fnmol.2015.00053
https://doi.org/10.1038/s41467-018-04371-w
https://doi.org/10.3389/fncel.2018.00048
https://doi.org/10.1016/j.bbr.2011.01.055
https://doi.org/10.3389/fnbeh.2019.00164
https://doi.org/10.3389/fnbeh.2019.00164
https://doi.org/10.1523/JNEUROSCI.5026-13.2014
https://doi.org/10.1523/JNEUROSCI.5026-13.2014
https://doi.org/10.1101/lm.452307
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Zhou et al.

Olfactory Discrimination in Basal Forebrain

Sanz Diez, A., Najac, M., and De Saint Jan, D. (2019). Basal forebrain GABAergic
innervation of olfactory bulb periglomerular interneurons. J. Physiol. 597,
2547-2563. doi: 10.1113/JP277811

Smith, R. S, Hu, R,, DeSouza, A., Eberly, C. L., Krahe, K., Chan, W., et al.
(2015). Differential muscarinic modulation in the olfactory bulb. J. Neurosci.
35, 10773-10785. doi: 10.1523/J]NEUROSCI.0099-15.2015

Sun, C,, Tang, K., Wu, J., Xu, H., Zhang, W., Cao, T., et al. (2019). Leptin modulates
olfactory discrimination and neural activity in the olfactory bulb. Acta Physiol.
(Oxf) 227:13319. doi: 10.1111/apha.13319

Takahashi, K., Tsuji, M., Nakagawasai, O., Katsuyama, S., Miyagawa, K,
Kurokawa, K., et al. (2021). Activation of cholinergic system partially rescues
olfactory dysfunction-induced learning and memory deficit in mice. Behav.
Brain Res. 408:113283. doi: 10.1016/j.bbr.2021.113283

Twick, I, Lee, J. A., and Ramaswami, M. (2014). Olfactory habituation in
Drosophila-odor encoding and its plasticity in the antennal lobe. Prog. Brain
Res. 208, 3-38. doi: 10.1016/B978-0-444-63350-7.00001-2

Villar, P. S., Hu, R, and Araneda, R. C. (2021). Long-range GABAergic inhibition
modulates spatiotemporal dynamics of the output neurons in the olfactory
bulb. J. Neurosci. 41, 3610-3621. doi: 10.1523/JNEUROSCI.1498-20.2021

Wang, D., Liu, P, Mao, X, Zhou, Z, Cao, T, Xu, J, et al. (2019).
Task-demand-dependent neural representation of odor information in the
olfactory bulb and posterior piriform cortex. J. Neurosci. 39, 10002-10018.
doi: 10.1523/JNEUROSCI.1234-19.2019

Wang, D., Wang, X., Liu, P,, Jing, S., Du, H., Zhang, L., et al. (2020). Serotonergic
afferents from the dorsal raphe decrease the excitability of pyramidal neurons
in the anterior piriform cortex. Proc. Natl. Acad. Sci. U S A 117, 3239-3247.
doi: 10.1073/pnas.1913922117

Wang, D, Wu, J, Liu, P, Li, X, Li, J, He, M, et al (2022). VIP
interneurons regulate olfactory bulb output and contribute to odor
detection and discrimination. Cell Rep. 38:110383. doi: 10.1016/j.celrep.2022.
110383

Wilson, D. A. (1998). Habituation of odor responses in the rat anterior piriform
cortex. J. Neurophysiol. 79, 1425-1440. doi: 10.1152/jn.1998.79.3.1425

Wu, J., Liu, P, Mao, X., Qiu, F.,, Gong, L., Wu, J,, et al. (2022). Ablation
of microRNAs in VIPT interneurons impairs olfactory discrimination and

decreases neural activity in the olfactory bulb. Acta Physiol. (Oxf) 234:e13767.
doi: 10.1111/apha.13767

Yamada, Y., Bhaukaurally, K., Madarasz, T. J., Pouget, A., Rodriguez, I., and
Carleton, A. (2017). Context- and output layer-dependent long-term ensemble
plasticity in a sensory circuit. Neuron 93, 1198-1212.e5. doi: 10.1016/j.neuron.
2017.02.006

Zaborszky, L., Carlsen, J., Brashear, H. R., and Heimer, L. (1986). Cholinergic and
GABAergic afferents to the olfactory bulb in the rat with special emphasis on
the projection neurons in the nucleus of the horizontal limb of the diagonal
band. J. Comp. Neurol. 243, 488-509. doi: 10.1002/cne.902430405

Zheng, Y., Feng, S., Zhu, X, Jiang, W., Wen, P., Ye, F, et al. (2018).
Different subgroups of cholinergic neurons in the basal forebrain are distinctly
innervated by the olfactory regions and activated differentially in olfactory
memory retrieval. Front. Neural Circuits 12:99. doi: 10.3389/fncir.2018.00099

Zhou, F. W, and Puche, A. C. (2021). Short-term plasticity in cortical GABAergic
synapses on olfactory bulb granule cells is modulated by endocannabinoids.
Front. Cell Neurosci. 15:629052. doi: 10.3389/fncel.2021.629052

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhou, Liu, Zhang, Wang and Li. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org

17

July 2022 | Volume 16 | Article 911439


https://doi.org/10.1113/JP277811
https://doi.org/10.1523/JNEUROSCI.0099-15.2015
https://doi.org/10.1111/apha.13319
https://doi.org/10.1016/j.bbr.2021.113283
https://doi.org/10.1016/B978-0-444-63350-7.00001-2
https://doi.org/10.1523/JNEUROSCI.1498-20.2021
https://doi.org/10.1523/JNEUROSCI.1234-19.2019
https://doi.org/10.1073/pnas.1913922117
https://doi.org/10.1016/j.celrep.2022.110383
https://doi.org/10.1016/j.celrep.2022.110383
https://doi.org/10.1152/jn.1998.79.3.1425
https://doi.org/10.1111/apha.13767
https://doi.org/10.1016/j.neuron.2017.02.006
https://doi.org/10.1016/j.neuron.2017.02.006
https://doi.org/10.1002/cne.902430405
https://doi.org/10.3389/fncir.2018.00099
https://doi.org/10.3389/fncel.2021.629052
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	The Response Dynamics and Function of Cholinergic and GABAergic Neurons in the Basal Forebrain During Olfactory Learning
	INTRODUCTION
	MATERIALS AND METHODS
	Animals
	Virus Injection and Fiber Implant
	Immunohistochemistry
	Fiber Photometry
	Odor Delivery
	Overview of Training and Behavioral Tasks
	Electrophysiological Recordings
	Brain Slice Preparation
	Patch-Clamp Recordings

	Statistical Analyses
	Behavioral Performance
	Analysis of Fiber Photometry Data
	ROC Analysis
	Calculation of Differences in F/F
	Statistical Tests


	RESULTS
	Both Cholinergic and GABAergic Responses Decrease Over Time With Repeated Odor Exposure
	Responses of Cholinergic Neurons Remain Stable During Olfactory Associative Learning
	Cholinergic Neurons Develop Separated Responses to the S+ and S- During Odor Discrimination Learning
	GABAergic Neurons Have Similar Responses to the S+ and S- During Odor Discrimination Learning
	Inactivation of HDB Cholinergic Neurons Impairs Odor Discrimination
	Inactivation of HDB GABAergic Neurons Has No Effect on Odor Discrimination

	DISCUSSION
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	SUPPLEMENTARY MATERIAL
	REFERENCES


