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Cholinergic Inputs from Basal Forebrain Add an Excitatory
Bias to Odor Coding in the Olfactory Bulb
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Cholinergic modulation of central circuits is associated with active sensation, attention, and learning, yet the neural circuits and temporal
dynamics underlying cholinergic effects on sensory processing remain unclear. Understanding the effects of cholinergic modulation on
particular circuits is complicated by the widespread projections of cholinergic neurons to telencephalic structures that themselves are
highly interconnected. Here we examined how cholinergic projections from basal forebrain to the olfactory bulb (OB) modulate output
from the first stage of sensory processing in the mouse olfactory system. By optogenetically activating their axons directly in the OB, we
found that cholinergic projections from basal forebrain regulate OB output by increasing the spike output of presumptive mitral/tufted
cells. Cholinergic stimulation increased mitral/tufted cell spiking in the absence of inhalation-driven sensory input and further increased
spiking responses to inhalation of odorless air and to odorants. This modulation was rapid and transient, was dependent on local
cholinergic signaling in the OB, and differed from modulation by optogenetic activation of cholinergic neurons in basal forebrain, which
led to a mixture of mitral/tufted cell excitation and suppression. Finally, bulbar cholinergic enhancement of mitral/tufted cell odorant
responses was robust and occurred independent of the strength or even polarity of the odorant-evoked response, indicating that cholin-
ergic modulation adds an excitatory bias to mitral/tufted cells as opposed to increasing response gain or sharpening response spectra.
These results are consistent with a role for the basal forebrain cholinergic system in dynamically regulating the sensitivity to or salience
of odors during active sensing of the olfactory environment.
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Introduction
The acquisition and processing of sensory information is rap-
idly modulated during behavior. In the olfactory system, sub-
stantial modulation of incoming sensory information occurs
in the olfactory bulb (OB), which receives centrifugal inner-
vation from classical neuromodulatory centers and olfactory
cortical areas (Shipley and Adamek, 1984; Petzold et al., 2009;
Boyd et al., 2012; Kato et al., 2012; Ma and Luo, 2012; Marko-
poulos et al., 2012). As an obligatory link between sensory
neurons and cortical targets, modulation of OB output affects
sensory processing at all subsequent stages and can shape odor
perception (Mandairon et al., 2008; Chaudhury et al., 2009).
Cholinergic projections originating in the basal forebrain are a
major source of modulatory input to the OB. In other modal-
ities, cholinergic modulation can enhance sensory processing
by increasing the gain, sensitivity, or reliability of neural re-

sponses to sensory stimuli (Sarter et al., 2005; Disney et al.,
2007; Goard and Dan, 2009), and transient increases in cho-
linergic input to sensory cortex may underlie the changes in
sensory signal detection that are the hallmark of heightened
attention (Parikh and Sarter, 2008). Thus, modulation of OB
processing by descending cholinergic projections may be crit-
ical in shaping how odor information is processed during
behavior.

Prior studies have implicated cholinergic modulation in the
OB in enhanced odor coding by mitral/tufted cells (MTCs), the
major OB output neurons, and improved odor discrimination
ability (Doty et al., 1999; Cleland et al., 2002; Mandairon et al.,
2006; Chaudhury et al., 2009; Li and Cleland, 2013). One recent
study reported that optogenetic activation of cholinergic neurons
in basal forebrain inhibited spontaneous activity and preferen-
tially suppressed weak sensory responses in MTCs, sharpening
their odorant response spectra (Ma and Luo, 2012). However, the
neural pathways underlying this modulation remain unclear be-
cause basal forebrain cholinergic neurons project across the lim-
bic system and cortex (Záborszky et al., 2012) and target olfactory
cortical areas that themselves strongly modulate OB circuitry
(Woolf et al., 1984; Carlsen et al., 1985; Linster et al., 1999; Zim-
mer et al., 1999; Boyd et al., 2012; Markopoulos et al., 2012). In
addition, other studies that electrically stimulated basal forebrain
have reported enhanced spontaneous activity in MTCs (Kunze et
al., 1991, 1992b; Zhan et al., 2013). Finally, the temporal dynam-
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ics of modulation by cholinergic projections from basal forebrain
to the OB are poorly characterized.

We examined how cholinergic projections to the OB shape
MTC activity by optogenetically activating the axons of cholin-
ergic neurons projecting from basal forebrain to the OB. Optical
stimulation of cholinergic axons in the OB caused a robust en-
hancement of spontaneous and sensory-evoked MTC excitation.
This enhancement was dynamic, with transient activation of cho-
linergic fibers leading to transient modulation in the OB.
Enhanced excitation in odorant-evoked responses occurred in-
dependent of the strength or even polarity of the response, con-
sistent with cholinergic inputs to the OB adding an excitatory bias
to MTC activity instead of altering response gain or sharpening
response spectrum. These results suggest that cholinergic projec-
tions to the OB may rapidly modulate olfactory sensitivity during
behavior.

Materials and Methods
Animals. Experiments were performed on male and female mice express-
ing Cre recombinase (ChAT-Cre mice) or Channelrhodopsin2(H134R)-
EYFP (ChAT-ChR2 mice) under control of the choline acetyltransferase
(ChAT) promoter (Rossi et al., 2011; Zhao et al., 2011). Both lines were
obtained from The Jackson Laboratory (ChAT-Cre, stock #006410;
ChAT-ChR2, stock #014546)). ChAT-Cre mice were homozygous or
were hemizygous offspring of crosses with the Cre-dependent tdTomato
reporter line Ai9 (Jax stock #007905). ChAT-ChR2 mice were main-
tained and used as hemizygotes. All animals were �6 months of age by
completion of data collection. Mice were housed up to three per cage and
kept on a 12 h light/dark cycle. Food and water were available ad libitum.
All animal procedures were performed following the National Institutes
of Health Guide for the Care and Use of Laboratory Animals and were
approved by the University of Utah Institutional Animal Care and Use
Committee.

Viral vector expression. ChR2 expression in cholinergic horizontal limb
of the diagonal band of Broca (HDB) neurons was achieved using the
recombinant viral vector AAV2/5.EF1a.DIO.hChR2(H134R)-EYFP.
WPRE.hGH (University of Pennsylvania Viral Vector Core; reported
viral titer, 6.7 � 10 11–2.0 � 10 13), injected at the following stereotaxic
coordinates relative to bregma (in mm): �0.74 anteroposterior, 0.65
mediolateral, �4.8 dorsoventral. For injection, mice were anesthetized
with ketamine (70 mg/kg) and medetomidine (1 mg/kg, Domitor; Pfizer)
or isoflurane (1%) and placed in a stereotaxic headholder, and a circular
craniotomy (�1 mm) was made over the injection site. Deep-brain in-
jections were performed using a 33 gauge metal needle (Hamilton) and a
programmable syringe controller (QSI; Stoelting) at a rate of 0.1 �l/min.
We injected large volumes of virus (0.5–1 �l) to achieve widespread
infection. Mice received atipamezole (Antisedan, 1 mg/kg, s.c.; Pfizer) at
the end of surgery to accelerate recovery from anesthesia. Mice were
given carprofen (Rimadyl, 5 mg/kg; Pfizer) as an analgesic immediately
before surgery, and carprofen-supplemented food (2 mg/tablet) was pro-
vided for 4 d after surgery. Mice were single housed after surgery and used
14 –56 d after virus injection.

Olfactometry. Odorants were presented as dilutions from saturated
vapor (s.v.) in cleaned, humidified air using a custom olfactometer under
computer control (Bozza et al., 2004; Verhagen et al., 2007). Odorants
were presented for 10 s. All odorants were obtained at 95–99% purity
from Sigma-Aldrich and stored under nitrogen. We used mixtures of six
to seven odorants (at 1–3% s.v.) to screen for responsive MTCs. Once
target units were identified, we switched to the lowest effective concen-
tration (0.1–1% s.v.) of one the following monomolecular odorants:
propyl acetate, acetophenone, hexanal, isoamyl acetate, methyl benzoate,
ethyl butyrate, 2-hexanone, methyl valerate, butyl acetate, isovaleric acid,
or heptanal.

Extracellular recordings and optical stimulation. For MTC unit record-
ings, mice were anesthetized with pentobarbital (50 mg/kg) or urethane
(1.3 g/kg) and placed in a stereotaxic device. Body temperature was
maintained at 37°C. A double tracheotomy was performed, and an arti-

ficial inhalation paradigm was used to control air and odorant inhalation
independent of respiration (Wachowiak and Cohen, 2001; Spors et al.,
2006). A small (�1 � 1 mm) craniotomy was performed over one OB,
and the dura was removed. Extracellular recordings were obtained from
OB units using either a 16-channel electrode (A1x16-5mm50-413-A16;
NeuroNexus) and an RZ5 digital acquisition system [Tucker Davis Tech-
nologies (TDT)] or a single-channel tungsten microelectrode (2.0 M� at
1 kHz; WE3PT12.0F3, MicroProbes) amplified with a BMA-931 ampli-
fier and Super-Z headstage (CWE), bandpass filtered from 1 Hz to 10
kHz, and digitized at 20 kHz using a Micro1401 MkII DAQ board and
Spike2 software (Cambridge Electronic Design). Additional high-pass
filtering was done in Spike2 at a cutoff frequency of 200 Hz. For the
multichannel recordings, spikes were detected and digitized on all 16
channels. Custom scripts in TDT software or Spike2 were used to control
odorant presentation. Recordings from presumptive MTCs were ob-
tained and selected as described by Carey and Wachowiak (2011). Briefly,
we selected only units that appeared well isolated, in the vicinity of the
mitral cell layer, and that showed clear spiking activity in the absence of
odorant. Electrode depth was monitored with a digital micromanipula-
tor (MP-225; Sutter Instruments). Except for the pharmacology experi-
ments, data were collected from multiple penetrations per animal, and all
recording sites were confined to the dorsal OB. Units were tested with up
to seven odorants. Odorant alone (“baseline”) and odorant plus optical
stimulation trials (at least three trials each) were interleaved for all odor-
ants (interstimulus interval, 70 s). Recordings with at least five repeated
trials of each were subject to unit-by-unit statistical analysis as described
below. For the pharmacology experiments, the cholinergic antagonists
scopolamine (1 mM; Sigma-Aldrich) and mecamylamine (1 mM; Sigma-
Aldrich) were applied to the dorsal surface of the olfactory bulb as in
previous studies (McGann et al., 2005; Pírez and Wachowiak, 2008).

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. Optical stimulation of HDB was
delivered via a 200 �m optical fiber positioned at HDB (same coordi-
nates as above except the fiber was positioned slightly dorsal to the injec-
tion site), and light was generated by a 473 nm DPSS laser (Laserwave). In
all experiments, fiber localization within or close to HDB was verified
histologically. We replicated the optical pulse train from Ma and Luo
(2012), consisting of 15 ms pulses repeated at 50 Hz for 30 s, and using a
maximal power density of 20 mW/mm 2. Optical stimulation trials were
interleaved with trials with no stimulation. In all cases, the intertrial
interval was at least 60 s.

Data analysis. Action potential waveforms with a signal-to-noise ratio
of at least 4 SD above baseline noise were thresholded and saved to a disk,
and single units were further isolated using off-line spike sorting (Open-
Sorter; TDT). Multiple units present on the same channel were isolated
with user supervision using the Bayesian or (in fewer cases) K-Means
cluster cutting algorithms in OpenSorter. Waveforms were classified as a
single neuron if they fell within discrete clusters in a space made up of
principle components 1 and 2. Unit isolation was further confirmed by
the distribution of interspike intervals. After spike sorting and generation
of spike rasters, subsequent analyses were performed using custom
scripts in Matlab.

Responses to optical or odorant stimulation were analyzed differently
depending on the experimental paradigm. Stimulation effects on spon-
taneous spike rate in the absence of artificial inhalation were measured by
calculating spikes per second (hertz) for the 9 s before or during stimu-
lation. Effects of optical stimulation on spiking during inhalation of clean
air were measured for units showing significant modulation in firing rate
by inhalation (i.e., “sniff”). Sniff modulation was assessed by construct-
ing “sniff-triggered” spike rate histograms (PSTHs) from spike counts in
50 or 100 ms time bins compiled across all prestimulation trials, and
units were included for analysis if the maximum spike rate in a bin was at
least two times the minimum spike rate for the PSTH. Subsequently,
inhalation-evoked responses were measured by averaging the number of
spikes per 1 s period after each inhalation in the nine inhalations before
or during stimulation and across multiple trials (minimum of three trials
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in each condition for all units). Odorant-
evoked responses were measured as changes in
the mean number of spikes evoked per 1 s in-
halation cycle (� spikes/sniff) during odorant
presentation, relative to the same number of
inhalations just before odorant presentation.
For statistical analysis, significance for changes
in firing rate for baseline versus optical stimu-
lation was tested on a unit-by-unit basis using
the Mann–Whitney U test on units tested with
five or more trials per condition.

Histology. Accurate targeting of HDB by vi-
rus injection and expression of ChR2-EYFP in
axons within the OB was confirmed with post
hoc histological analysis in all mice. Mice were
overdosed with anesthetic and perfused with
PBS followed by 4% paraformaldehyde in PBS.
Heads were postfixed overnight at 4°C before
brains were extracted and stored in parafor-
maldehyde in PBS until they were processed
further. Sections were analyzed with an Olym-
pus wide-field or IX70F confocal laser-
scanning inverted microscope at 10� or 20�
magnification.

Results
Optogenetic activation of cholinergic
axons in the OB enhances MTC
spontaneous spiking
We used a mouse line expressing Cre un-
der control of the ChAT promoter
(ChAT-Cre mice; Rossi et al., 2011) to se-
lectively target cholinergic projections
from basal forebrain to the OB. The cho-
linergic identity of Cre-expressing basal
forebrain neurons in this line has been
verified previously (Kalmbach et al.,
2012). ChAT-Cre crossed with the Ai9
Cre-dependent tdTomato reporter line (Madisen et al., 2010)
revealed cholinergic neurons throughout basal forebrain and
ventral striatum (Fig. 1A). There was a high density of
tdTomato-positive neurons in the HDB, the major source of
cholinergic projections to the OB (Záborszky et al., 1986). We
expressed ChR2(H134R)-EYFP selectively in cholinergic HDB
neurons using a Cre-dependent viral expression vector tar-
geted to HDB by stereotaxic injection (see Materials and
Methods). Viral injection led to ChR2-EYFP expression on the
somata and processes of neurons throughout HDB and, to a
lesser extent, the vertical limb of the diagonal band of Broca, but
few, if any, neurons in the striatum or other basal forebrain nuclei
(Fig. 1B). To assess the effectiveness and specificity of viral-
mediated ChR2 expression, in five mice we injected virus in HDB of
ChAT-Cre:tdTomato reporter crosses (Fig. 1C). We found a coex-
pression rate of 88.3 	 1.9% (mean 	 SD from five mice; of a
total of 517 tdTomato-positive cells, 458 were also ChR2-EYFP
positive) but very little evidence of ChR2 expression in ChAT-
negative neurons (2.2 	 1.2%, or 9 of 467 ChR2-EYFP-positive
neurons, were tdTomato negative). This infection rate is similar
to that reported for striatal cholinergic neurons using the same
viral construct in ChAT-Cre mice (Witten et al., 2010) but sub-
stantially higher than that reported for cholinergic neurons in
basal forebrain of mice receiving injections at P21 (Kalmbach
et al., 2012), possibly reflecting differences in virus infection effi-
cacy at different postnatal ages or in different basal forebrain
nuclei. With sufficient incubation time after virus injection

(range, 21–56 d), ChR2-EYFP protein was apparent in cholin-
ergic axons throughout the OB of ChAT-Cre mice, with the dens-
est innervation in the glomerular, external plexiform, and mitral
cell layers (Fig. 1D). ChR2-EYFP was also apparent, although
sparser, in the anterior olfactory nucleus (Fig. 1E) and piriform
cortex (not shown), consistent with previously reported cholin-
ergic projections from HDB to these structures (Woolf et al.,
1984; Linster et al., 1999; Záborszky et al., 2012).

To investigate modulation of early olfactory processing by
cholinergic projections from HDB to OB, we recorded from dor-
sally located presumptive MTCs in anesthetized mice while di-
recting 473 nm light (1–10 mW total power) onto the dorsal OB
surface (Fig. 2A). Artificial inhalation of air or odorant was con-
trolled experimentally (see Materials and Methods). First, to as-
sess the impact of cholinergic stimulation on MTC excitability in
the absence of sensory input, we optically activated cholinergic
axons without ongoing inhalation. In the absence of inhalation,
MTCs show irregular spontaneous firing with no modulation by
the respiratory cycle (Fig. 2A; Carey and Wachowiak, 2011; Cour-
tiol et al., 2011). Optical stimulation significantly increased MTC
spontaneous firing rate (Fig. 2B), from 0.8 	 3.1 Hz (mean 	 SD)
before stimulation to 1.2 	 4.2 Hz during stimulation (n 
 57
units from four mice; p 
 1 � 10�10, Wilcoxon signed rank test).
In 44 of these cells, stimulation was repeated in a sufficient num-
ber of trials to support a test of significance on each unit (crite-
rion, n � 5 trials; all other units tested with n � 3 trials). Nineteen
of these units (43%) showed statistically significant increases in
firing rate when tested on a unit-by-unit basis (Mann–Whitney U

Figure 1. Selective targeting of cholinergic inputs from basal forebrain to the OB. A, Left, Cholinergic neurons in basal forebrain
and striatum visualized in a ChAT-Cre:Rosa-tdTomato (Ai9) reporter cross. The coronal section was taken at �0.74 bregma. Right,
Magnification of HDB region showing relatively sparse expression of ChAT� neurons. VDB, Vertical limb of the diagonal band of
Broca; MS, medial septum; LSV, lateral septum, ventral part; CPu, striatum; Acb, nucleus accumbens; Tu, olfactory tubercle. All
images are confocal stacks from fixed sections. B, Left, Coronal section through basal forebrain (approximately the same area as in
A) in a ChAT-Cre mouse given an injection of Cre-dependent AAV-ChR2-EYFP virus. ChR2-EYFP expression is localized to HDB. In this
animal, injection led to ChR2-EYFP expression in neurons in an �300 �m 3 area around the injection site. Right, Magnification of
HDB region in this mouse showing extensive processes of ChAT� neurons. C, Double labeling with ChR2-EYFP and tdTomato
fluorescence in ChAT� neurons obtained by injecting AAV-ChR2-EYFP into HDB of a ChAT-Cre:Ai9 reporter cross. Red, tdTomato;
green, ChR2-EYFP. Note that all ChR2-EYFP-expressing neurons are ChAT� as reported by tdTomato. D, ChR2-EYFP-expressing
axon terminals in the OB imaged 4 weeks after AAV-ChR2-EYFP injection into HDB of a ChAT-Cre mouse. GL, glomerular layer; EPL,
external plexiform layer; MCL, mitral cell layer; IPL, internal plexiform layer. E, ChR2-EYFP fluorescence in axon terminals in anterior
olfactory nucleus (AON) after AAV-ChR2-EYFP injection into HDB of a ChAT-Cre mouse.
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test); none showed a decrease. Among these 19 units, the median
firing rate increased by 2.1 	 2.4 Hz. Across the population of all
recorded units, the increase in spontaneous firing rates persisted
for the duration of the 10 s optical stimulation and returned to
prestimulus levels within 5–10 s after stimulation ceased (Fig.
2C). To test whether the enhancement of mitral cell spiking after
optical stimulation of the HDB was anesthesia dependent, we
repeated the experiments in mice anesthetized with urethane.
Under urethane, we also observed an optically induced increase
in spontaneous MTC spike rate (n 
 54 units from two mice;
0.9 	 1.9 Hz before stimulation, 1.6 	 2.1 Hz during stimulation;
p 
 2 � 10�10, Wilcoxon signed rank test), with 8 of 34 cells
(24%) tested on a unit-by-unit basis showing a significant in-
crease and none showing a decrease in firing rate (Fig. 2D).

Activation of HDB axons in the olfactory bulb could result in
back-propagation of action potentials to the soma and output to
other targets of HDB and, potentially, indirect and noncholin-
ergic modulation of OB activity. To address this possibility, we
locally blocked nicotinic and muscarinic ACh receptors at the OB
surface while optogenetically stimulating cholinergic axons. Af-
ter applying the nicotinic and muscarinic ACh receptor antago-
nists mecamylamine and scopolamine (both at 1 mM) to the
dorsal OB surface, the optically evoked increase in spontaneous
MTC firing was significantly reduced (Fig. 2E; 11 units from three
mice; two-way ANOVA with drug and light as factors: light,
F(1,40) 
 8.54, p 
 0.006; drug, F(1,40) 
 4.86, p 
 0.033), with 10
of 11 units showing a smaller optically evoked increase in spike

rate. These results indicate that the optogenetically induced in-
crease in spontaneous MTC spiking is mediated by local cholin-
ergic signaling within the OB.

In control (uninjected) ChAT-Cre mice (Fig. 2F), the same
optical stimulation led to no significant change in spontaneous
firing rate (n 
 42 units from two mice; 0.9 	 3.3 Hz before
stimulation, 1.0 	 3.2 Hz during stimulation; p 
 0.3817, Wil-
coxon signed rank test; Fig. 2G) and a slight decrease in firing
after stimulation ceased (Fig. 2H). In additional recordings from
wild-type mice, we found that spontaneous MTC firing was un-
affected by continuous light stimulation at powers below 25 mW
(n 
 9 units from three mice; four of nine units showed a slight
decrease in firing rate using continuous light stimulation at 25
mW). Thus, the light-evoked increase in spontaneous MTC fir-
ing in ChR2-injected ChAT-Cre mice was attributable to cholin-
ergic signaling mediated by the optogenetic activation of
cholinergic axons in the OB.

Optogenetic activation of cholinergic axons in the OB
enhances inhalation- and odorant-evoked MTC spiking
Since HDB stimulation enhances MTC spontaneous spike gen-
eration, we hypothesized that inhalation-evoked MTC responses
would also be enhanced. To test this, we investigated the effects of
OB cholinergic activation on MTC responses during artificial
inhalation of clean air. We selected units that showed clear
inhalation-linked temporal patterning in spike output (see Ma-
terials and Methods; Fig. 3A), including 20 units from four mice.

Figure 2. Optogenetic activation of cholinergic inputs to the OB enhances MTC excitability. A, Top, Schematic of experimental approach. See Materials and Methods for details. Bottom, Spike rate
histogram (bin width, 50 ms) from a presumptive MTC showing spontaneous spiking in the absence of inhalation (no sniff). Spike rate increases during optical stimulation of the dorsal OB (“stim”,
blue shaded area). B, Plot of spontaneous firing rate in the 9 s before (no stim) and during (stim) optical stimulation for all tested units (n 
 57). Filled circles indicate units subjected to a unit-by-unit
test for significant effects of HDB stimulation (�5 trials per condition per unit). Open circles indicate units tested with three to four trials. C, Time course of change in firing rate (mean 	 SEM across
all units) during optical stimulation (blue bar). The trace indicates 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. D, Plot of spontaneous firing rate of MTCs (n 
 54) recorded in urethane-anesthetized mice before and during optical stimulation and analyzed as in B. E, Quantitative comparison of
spontaneous firing rates at before (baseline) and after AchR blocker application measured before (no stim) and during (light stim) optical stimulation. Open circles, firing rates for individual units;
filled bars, mean value. Lines connect the same unit across conditions. The asterisk indicates significant difference by two-way ANOVA (see Results). F, OB section from a control, uninjected (no inject)
ChAT-Cre mouse showing absence of axonal fluorescence in the OB. Laser power and detector gain was set higher to confirm absence of axonal fluorescence, revealing autofluorescent monocytes
throughout the OB (bright points). GL, Glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; IPL, internal plexiform layer. G, Plot of spontaneous firing rate of MTCs in control
mice before and during optical stimulation of the OB (n 
 41 units), recorded and analyzed as in B. H, Time course of firing rate change across all recorded MTCs during optical stimulation
in control mice.
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Because MTCs show no inhalation-linked patterning in the ab-
sence of artificial inhalation and inhalation without odorant elic-
its weak sensory inputs to the OB (Grosmaitre et al., 2007; Carey
et al., 2009), we interpret inhalation-linked MTC activity as re-
flecting weak sensory-evoked responses. Mean spike rates aver-
aged across the entire 1 s inhalation period (measured as spikes

per sniff per second) were only slightly higher than those mea-
sured in the absence of inhalation (1.2 	 2.7 Hz, median 	 SD).
Optogenetic stimulation of bulbar cholinergic inputs increased
inhalation-linked spiking of MTCs (Fig. 3A,B), consistent with
optical activation effects observed on spontaneous spiking. Op-
tical stimulation enhancement of spiking was highly significant

Figure 3. Optogenetic activation of cholinergic OB inputs enhances sensory-evoked excitation. A, Spike raster and rate histogram of MTC spiking during inhalation of clean air and optical
stimulation (blue shaded area) in six repeated trials. The spike rate was calculated per 50 ms bin. Inhalation-evoked spike rates increase during optical stimulation and return to baseline within 5–10
s after stimulation ceases. The top trace (sniff) shows artificial inhalation as measured by a pressure sensor connected to the nasopharyngeal cannula. B, Plot of inhalation-evoked firing rates during
air inhalation, averaged for the nine inhalations just before (no stim) and after (stim) optical stimulation (n 
 20 units). Data were analyzed and plotted as in Figure 2. C, Sniff-triggered spike
histogram of MTC spikes aligned to the start of inhalation of clean air before (blue) and after (red) optical stimulation, normalized to the maximum bin in the no-stimulation condition. Bin width,
100 ms. The histogram is compiled from all units, with firing rate normalized separately for each unit. Note that the relative increase in spike rate at the peak bin is larger than the relative increase
of the baseline bins immediately after inhalation. Inset, Sniff-triggered histogram normalized to the maximum and minimum bin for both conditions independently, showing no change in spiking
dynamics after OB stimulation. D, Odorant-evoked MTC spiking is enhanced by optical OB stimulation. This example MTC shows a moderately increased firing rate in response to odorant presentation
in baseline conditions (top) and strongly increased odorant-evoked firing rates during optical stimulation (bottom). The histogram is the average of five trials. E, Plot of odorant-evoked changes in
MTC spiking (� spikes/sniff) in the absence of (no stim) and during (stim) optogenetic stimulation of cholinergic afferents to the OB (n 
 92 units). F, Odorant response magnitudes (� 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. Note that all units show an increase
or no change in odorant-evoked excitation, including those that are suppressed during odorant presentation. Shown is the same dataset as in E. G, Spike histograms for two additional units showing
that optical OB stimulation increases spike rate even for neurons that show a null (Unit 3, left) or suppressive (Unit 4, right) response to odorant. H, Time course of effects of optical stimulation on
odorant-evoked spike rate, averaged across all units. The blue bar shows time of optical stimulation and simultaneous odorant presentation. The darker trace shows mean change in odorant-evoked
spike rate between trials with and without light stimulation, measured after each inhalation (at 1 Hz); the shaded area indicates variance (SEM) around mean. The lighter trace (spont) shows
light-evoked change in the spontaneous firing rate in the absence of inhalation, reproduced from Figure 2C. I, Sniff-triggered spike histogram of MTC spikes during odorant presentation in baseline
conditions (blue) and during optical OB stimulation (red), normalized and plotted as in C. Inset, Sniff-triggered histogram normalized to the maximum and minimum bin for both conditions
independently.
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across the population of recorded MTCs, with median spikes per
sniff per second increasing from 1.2 	 2.7 to 3.0 	 3.6 during
optical stimulation (p 
 0.00008, Wilcoxon signed rank test),
and was also robust at the level of individual MTCs, with 12 of 17
units subject to unit-by-unit analysis (70%) showing a significant
increase in spikes per sniff and 0 showing a decrease. Inhalation-
evoked spiking of these 12 cells increased by 3.2 	 1.8 spikes/
sniff/s. The increase in inhalation-evoked MTC spiking was also
dependent on cholinergic signaling in the OB, as surface applica-
tion of ACh receptor antagonists significantly reduced the differ-
ence in spike rate evoked by optical stimulation (n 
 11 units
from three mice; p 
 0.013, Wilcoxon signed rank test). Exami-
nation of the pattern of MTC spiking relative to the start of inha-
lation in sniff-triggered spike histograms showed that cholinergic
stimulation did not alter the temporal pattern of MTC responses
relative to inhalation (Fig. 3C), as the time bin of peak firing of the
inhalation-evoked MTC spike burst did not change across the
population of recorded units (p 
 0.7, paired t test comparing
time bin of the peak of odorant-evoked firing rate for baseline vs
optical stimulation). The sniff-triggered spike histograms also
revealed that the effect of optical stimulation on inhalation-
evoked responses was not simply caused by the increase in base-
line firing rates, but instead involved an additional increase in
peak spike rate in the 100 –300 ms after inhalation (Fig. 3C).

Since optical activation of HDB inputs to the bulb increased
inhalation-linked MTC spiking consistent with enhancing weak
sensory-evoked responses, we next evaluated the impact of bul-
bar cholinergic modulation on odorant responses by comparing
MTC responses to odorant stimulation alone and when paired
with optogenetic activation of cholinergic axons (Fig. 3D). Across
all recorded MTCs (n 
 92 cells from seven mice), bulbar cho-
linergic activation significantly increased MTC spiking during
odorant presentation, with an increase from 1.4 	 2.6 spikes/
sniff/s (median 	 SD) during odorant presentation alone to
4.3 	 5.4 spikes/sniff/s during odorant paired with light (p 
 1 �
10�16, Wilcoxon signed rank test; n 
 92 cells). Optical stimula-
tion increased the odorant-evoked component of the MTC
response (measured as � spikes/sniff/s relative to preodor pre-
sentation; Fig. 3E). Although 56 of 73 (76%) individually tested
units showed a significant increase in odorant-evoked spiking,
none showed a decrease (Fig. 3E,F). The median increase in
spike rate across these 56 cells was 4.3 spikes/sniff/s (from 0.7 	
3.2 to 5.0 	 12.3). Indeed, activation of bulbar cholinergic inputs
increased odorant-evoked responses even when the responses
before optical activation were inhibitory or null (Fig. 3G). Finally,
as with effects on spontaneous spiking, the enhancement of
odorant-evoked MTC responses occurred rapidly, persisted for
the duration of optical stimulation, and returned to prestimula-
tion levels within 10 s after the end of optical stimulation (Fig.
3H). As with responses to inhalation of clean air, there was no
change in the temporal patterning of MTC responses relative to
inhalation (Fig. 3I; p 
 0.2, paired t test; n 
 92). Finally, bulbar
cholinergic stimulation enhanced MTC odorant responsiveness
beyond that expected from its effect on spontaneous MTC spik-
ing: peak spike rates in the 100 –300 ms range after inhalation of
odorant increased proportionally more than baseline rates just
preceding the inhalation-evoked response (Fig. 3I), and, on av-
erage, the relative increase in odorant-evoked spike rates was
larger than the increase in spontaneous spiking that occurred
without inhalation (Fig. 3H, compare “odor” with “spont” trace).
Thus, transient activation of cholinergic axons in the OB leads to
transient increases in odorant-evoked MTC excitation without

grossly reorganizing inhalation-linked temporal patterns of
activation.

Optogenetic activation of cholinergic axons in the OB adds
excitation to MTC odorant responses
Previous theoretical and pharmacological studies have suggested
that cholinergic modulation sharpens MTC response specificity
by preferentially suppressing weak MTC responses and enhanc-
ing inhibitory responses (Chaudhury et al., 2009; Ma and Luo,
2012; Li and Cleland, 2013). Whereas the above results did not
support these predictions, the experiments did not compare ef-
fects of cholinergic activation on responses with different odor-
ants tested in the same cell and may have been biased toward
analysis of strong excitatory responses. Thus, in a separate set of
experiments, we measured responses of the same MTC to multi-
ple odorants (see Materials and Methods for odorant panel) with
and without optogenetic activation of cholinergic bulbar inputs
(10 cells, three animals, 58 cell– odor pairs). Figure 4A shows
examples from two such recordings. Although the magnitude of
the effect of bulbar cholinergic activation varied for different
odorants, odorant-evoked spike rates nearly always increased
during light stimulation, even when baseline responses were in-
hibitory (Fig. 4A, example 2). In fact, of 58 odor– cell pairs, only 3
showed a slight (�0.5 spikes/sniff/s) reduction in odorant-
evoked spike rates during cholinergic activation. There was no
significant relationship between the effect of cholinergic stimula-
tion on odorant-evoked spike rates and the magnitude of the
response under baseline conditions when odorant– cell responses
(n 
 58) were collapsed across units (Fig. 4B; Pearson’s r 
 0.12;
two-tailed, p 
 0.35), or when responses were analyzed based on
the relative rank of the response within each unit (Fig. 4C; Spear-
man’s � 
 0.22; two-tailed, p 
 0.10). Moreover, there was only
a marginally significant difference in the effect of bulbar cholin-
ergic activation on the bottom versus the top quartile of odorant-
evoked responses measured across the 10 units (Fig. 4D; unpaired
Wilcoxon rank-sum test, p 
 0.06; n 
 29 cell– odor pairs). Thus,
independent of relative odorant “strength” in exciting a MTC,
stimulation of cholinergic fibers in the olfactory bulb broadly
increased MTC excitability.

Cholinergic enhancement of MTC excitation in ChAT-
ChR2 mice
Our findings contrast with those of a recent study that reported
robust suppression of MTC spontaneous activity and preferential
suppression of weak excitatory responses by optogenetic stimu-
lation of cholinergic somata in basal forebrain of anesthetized
transgenic mice expressing ChR2 under control of the ChAT pro-
moter (ChAT-ChR2 mice; Ma and Luo, 2012). A recent report
indicated that ChAT-ChR2 mice have altered cholinergic tone
because of overexpression of the vesicular acetylcholine trans-
porter (Kolisnyk et al., 2013), and ChR2 expression levels likely
differ from virus-injected ChAT-Cre mice; viral-mediated ex-
pression of ChR2 in cholinergic neurons may also alter resting
membrane potential, input resistance, and other parameters con-
trolling neuronal excitability (Witten et al., 2010; Kalmbach et al.,
2012). Thus, we tested whether intrabulbar stimulation of cho-
linergic inputs to the OB had a similar effect on MTC excitability
in ChAT-ChR2 mice (n 
 2 mice). ChR2-EYFP fluorescence in
centrifugal axons in the OB was substantially weaker and sparser
than in virus-injected ChAT-Cre mice but was detectable in all
OB layers (Fig. 5A). Despite weaker axonal expression of ChR2,
optical stimulation of the dorsal OB had similar effects in this
mouse line, with cholinergic activation leading to a significant
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increase in spontaneous activity in the absence of stimulation
(Fig. 5B; n 
 24 units; p 
 2 � 10�5, Wilcoxon signed rank test),
MTC spiking during inhalation of clean air (Fig. 5C; n 
 34 units;
p 
 4 � 10�7, Wilcoxon signed rank test), and spiking during
odorant presentation (Fig. 5D; n 
 33 units; p 
 2 � 10�5,
Wilcoxon signed rank test). Thus, activating cholinergic inputs to
the OB increases MTC excitability in different mouse lines and
with different modes of ChR2 expression.

These results suggest that mass activation of cholinergic neu-
ron somata in the HDB may modulate OB activity differently
than selectively activating HDB cholinergic terminals in the OB.
To test this possibility, we recorded from presumptive MTCs in
urethane-anesthetized ChAT-ChR2 mice and delivered optical

stimulation to HDB (Fig. 5E). We used an optical pulse stimula-
tion protocol identical to that reported to cause robust suppres-
sion of spontaneous MTC spiking in freely breathing mice (Ma
and Luo, 2012) and measured spike rates during artificial inhala-
tion of clean air to facilitate comparison with that study. Activat-
ing cholinergic neurons by optical stimulation of HDB had
qualitatively different effects on MTCs compared with those ob-
served with stimulation of HDB cholinergic terminals in the OB.
First, across all recorded MTCs (n 
 33 in two mice), the increase
in firing rate during 30 s optical stimulation of HDB was negligi-
ble (5.9 	 4.0 spikes/sniff/s before stimulation, 6.0 	 3.6 spikes/
sniff/s during stimulation; p 
 0.04, Wilcoxon signed rank test).
Second, unlike the uniform enhancement of spontaneous spiking
observed by optical stimulation of the OB, HDB stimulation had
mixed effects on individual units, with �60% of all cells showing
at least some reduction in mean firing rate across the stimulation
protocol (Fig. 5F,G). Third, at the population level, modulation
by optical stimulation of HDB varied over the course of the stim-
ulation period: during the initial 3– 4 s of stimulation, MTCs
exhibited an increase in mean (and median) firing rate, followed
by a decrease in firing that persisted for the duration of stimula-
tion (Fig. 5H). Thus, whereas we did not observe the uniform
suppression of MTCs reported earlier with direct HDB optical
stimulation (Ma and Luo, 2012), we found that activation of
cholinergic neurons in HDB exerts a diversity of effects on MTC
excitability that, at the MTC population level, are temporally
complex over a prolonged activation period. This effect contrasts
with the more uniform and sustained enhancement of MTC ex-
citability evoked by direct optical excitation of cholinergic termi-
nals within the OB.

Discussion
The basal forebrain cholinergic system is implicated in modulat-
ing sensory processing in diverse behavioral contexts, including
wakefulness, learning, motivation, and attention (Hasselmo and
Giocomo, 2006; Hasselmo and Sarter, 2011; Záborszky et al.,
2012). In the olfactory system, cholinergic projections from basal
forebrain to the olfactory bulb have been proposed to sharpen
MTC receptive fields by suppressing spontaneous activity and
weak excitation and enhancing inhibitory odorant responses
(Chaudhury et al., 2009; D’Souza and Vijayaraghavan, 2012; Ma
and Luo, 2012; Li and Cleland, 2013; de Almeida et al., 2013).
Here, we found that local and specific activation of the axons of
cholinergic neurons projecting from basal forebrain to the OB
leads to a broad increase in the excitability of MTCs, broadly
enhancing spontaneous and odorant-evoked MTC spiking re-
sponses and reducing or even reversing odorant-evoked inhibi-
tion. Increased MTC excitability was consistent across multiple
experimental paradigms including different anesthetic regimens
and different modes of ChR2 expression. In neocortical and tha-
lamic sensory areas, cholinergic activation commonly facilitates
sensory-evoked excitation, increasing the sensitivity, gain, or re-
liability of sensory responses (McKenna et al., 1988; Metherate et
al., 1988; Disney et al., 2007; Herrero et al., 2008; Goard and Dan,
2009). Thus, although distinct from previous reports character-
izing cholinergic modulation of odor coding in the OB, our
results are consistent with sensory enhancement effects of cho-
linergic modulation in other modalities.

Dissecting mechanisms of cholinergic modulation in vivo is
complicated by the fact that cholinergic nuclei project to multiple
brain areas that themselves are interconnected. HDB cholinergic
neurons project directly to the OB as well as to the anterior olfac-
tory nucleus and piriform and entorhinal cortices, each of which,

Figure 4. Optogenetic activation of cholinergic OB inputs enhances MTC odorant responses
independent of absolute or relative odorant response strength. A, Effect of OB optical stimula-
tion on odorant response spectrum for two MTCs tested with five (left) or seven (right) odorants.
Blue, Baseline response; red, response during optical stimulation. Odorants are ordered sepa-
rately for each unit, with the strongest excitatory response in the baseline condition in the
middle of the abcissa. For each unit, the effect of optical stimulation varies with odorant but is
always excitatory, even for odorants that suppress spiking under baseline conditions (e.g.,
odorants 1, 2, 6, and 7 in example 2). Circles indicate firing rates for each trial; lines connect
median responses across all tested trials. B, Plot of optically induced change in odorant-evoked
spike rate (stim � no stim) versus magnitude of the MTC response to odorant in baseline
conditions (� spikes/s). Each point represents one cell– odorant pair. C, Ordinal plot of optically
induced change in odorant-evoked spike rate (stim � no stim; same cell– odorant pairs as in B)
as a function of rank order of MTC excitation relative to all odorants tested for that cell. A rank of
1 indicates the strongest response of all tested odorants. D, Box plot comparing optically in-
duced change in odorant-evoked spike rate (stim � no stim) for the strongest and weakest
quartile of baseline odorant-evoked responses taken from all cell– odorant pairs. The box indi-
cates median, 25–75th percentile ranges of the data, and whiskers indicate 	 1 SD from the
mean. Individual data points are shown to the right of each box.
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in turn, projects to the OB (Shipley and Adamek, 1984; Woolf et
al., 1984; Záborszky et al., 1986, 2012). To obviate potential indi-
rect basal forebrain modulation of OB activity, we used direct
optogenetic activation of cholinergic axons arising from HDB;
similar approaches have been used to investigate modulation of
OB activity by centrifugal axons from olfactory cortex (Shipley
and Adamek, 1984; Woolf et al., 1986; Boyd et al., 2012; Marko-
poulos et al., 2012) and GABAergic projections from HDB
(Nunez-Parra et al., 2013). Selective activation of these axons
regulated OB output by increasing MTC excitability and was de-
pendent on cholinergic signaling in the OB. This effect was qual-
itatively distinct from that of prolonged optogenetic stimulation
of cholinergic neurons at their somata in HDB, which earlier was
reported to suppress spontaneous MTC spiking (Ma and Luo,
2012) and in the present study evoked a temporally complex
modulation consisting of an initial brief excitation followed by a
modest suppression of MTC spiking.

Although the difference between our HDB stimulation results
and those of Ma and Luo (2012) requires further investigation,
the fact that direct stimulation of cholinergic OB inputs modu-
lates OB activity distinctly from that of nonselectively activating
cholinergic HDB neurons is consistent with the idea that indirect
pathways from basal forebrain to the OB may differentially con-
tribute to cholinergic modulation of early olfactory processing.
For example, we observed labeling of cholinergic axons in both
piriform cortex and anterior olfactory nucleus after viral expres-
sion in HDB, and both of these secondary cortical areas can, in
turn, modulate OB processing (Shipley and Adamek, 1984;

Woolf et al., 1986; Boyd et al., 2012; Markopoulos et al., 2012).
Cholinergic activation may also excite GABAergic projections
from basal forebrain to the OB as has recently been demonstrated
for GABAergic projections to neocortex (Záborszky and Duque,
2000; Yang et al., 2014). These projections target OB granule cells
and, potentially, other OB cell types (Gracia-Llanes et al., 2010;
Nunez-Parra et al., 2013). Notably, nonselective electrical stimu-
lation of HDB neurons also leads to increased MTC spontaneous
activity (Kunze et al., 1991, 1992b; Zhan et al., 2013).

Technical differences in the optical stimulation of cholinergic
neurons in HDB versus their axons in the OB may also contribute
to their differential modulation of MTC spiking. First, high-
intensity, high-duty cycle light stimulation can lead to depolar-
ization block at the somata of cholinergic neurons, suppressing
firing (Witten et al., 2010; Herman et al., 2014). Second, optical
stimulation of incoming axons has the potential to evoke non-
physiological levels of transmitter release via Chr2-mediated
calcium influx or prolonged depolarization at the presynaptic
terminal (Zhang and Oertner, 2007), although other studies have
reported that optical versus electrical stimulation of ChR2-
expressing axons evokes similar (and apparently physiological)
postsynaptic responses (Varga et al., 2009; Hagiwara et al., 2012;
Nunez-Parra et al., 2013). Third, OB stimulation may activate
cholinergic inputs to superficial glomerular layers more strongly
than to deeper layers where cholinergic axons target granule cells,
although we found that optical OB stimulation enhanced spon-
taneous spiking in MTCs in all preparations tested despite vary-
ing illumination intensity by a factor of �10 (1–10 mW). Finally,

Figure 5. Enhanced MTC excitation by cholinergic OB inputs in ChAT-ChR2 mice. A, OB section from a ChAT-ChR2 mouse showing weak Chr2-EYFP native fluorescence in sparsely distributed axon
terminals in the OB (arrows). GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; IPL, internal plexiform layer. B, Plot of spontaneous firing rate before (no stim) and during
(stim) optical OB stimulation for MTCs (n 
 24) recorded in ChAT-ChR2 transgenic mice, analyzed and plotted as in Figure 2B, showing an increase in MTC spiking during optical stimulation. C, Plot
of inhalation-evoked peak firing rates during air inhalation before and during optical stimulation in ChAT-ChR2 mice (n 
 34 units), analyzed and plotted as in Figure 3B. D, Plot of odorant-evoked
changes in MTC spiking (� spikes/s) in the absence (no stim) and during (stim) optogenetic stimulation in ChAT-ChR2 mice (n 
 33 units). E, Schematic of experimental approach for optical
stimulation of cholinergic neurons in HDB of ChAT-ChR2 mice. See Materials and Methods for details. F, Plot of MTC firing rates during air inhalation measured for the 30 s before and during optical
stimulation of HDB in urethane-anesthetized ChAT-ChR2 mice (n 
 33 units). Data are plotted on a linear scale to facilitate comparison with a similar dataset from Ma and Luo (2012). G, Cumulative
probability plots comparing change in MTC firing rates caused by optical stimulation of OB or HDB. Plots reflect datasets plotted in C and F, respectively. HDB stimulation reduces spike rates in �60%
of units, whereas none are decreased by OB stimulation. H, Time course of effects of optical stimulation on MTC spike rate during air inhalation, averaged across all units. The blue bar shows time of
30 s optical stimulation. The trace shows mean difference in the peak firing rate between trials with and without light stimulation, measured after each inhalation (at 1 Hz); the shaded area indicates
variance (SEM) around mean. Compare with Figure 3H.
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optical OB stimulation may activate a larger fraction of cen-
trifugal cholinergic axons and do so more synchronously than
stimulation of somata in HDB. Thus, whereas our results dem-
onstrate that cholinergic inputs from basal forebrain to the OB
enhance MTC excitation when activated in isolation, a full un-
derstanding of how basal forebrain activity modulates early olfac-
tory processing requires greater knowledge of the multiple circuit
pathways connecting these structures and the nature of their on-
going activity patterns during behavior.

Functional role of bulbar cholinergic modulation
Bulbar cholinergic activation increased spontaneous MTC spik-
ing in the absence of inhalation-driven sensory input and caused
broad enhancement of odorant-evoked spiking responses. Thus,
cholinergic projections to the OB play a role in setting excitatory
tone as well as shaping odor representations at the level of OB
output. Notably, and in contrast to earlier predictions, we found
that bulbar cholinergic signaling enhanced MTC responses to
both weakly and strongly effective odorants. Indeed, OB stimu-
lation increased odorant-evoked spike rates even when the
evoked response was suppressive or null, an effect that should
lead to broader receptive fields across a range of odorants. This
increased MTC sensitivity and broader odorant-evoked excita-
tion may be adaptive for processing olfactory input during peri-
ods of heightened attention by increasing the signal-to-noise
ratio of odorant-evoked activity patterns. Any reduction in dis-
criminative power associated with broader MTC receptive fields
may be modest given the capacity of the olfactory system to en-
code odor information (Koulakov et al., 2007; Smear et al., 2013)
and could be outweighed by the increased salience of olfactory
cues for driving odor-guided behaviors (Mandairon et al., 2006).
Cholinergic enhancement of OB output may also play a role in
acetylcholine-dependent olfactory learning by enhancing the
strength of OB signaling to cortex or the synchrony of MTC
spiking in the � frequency range (Ravel et al., 1994; Fletcher and
Chen, 2010; Hasselmo and Sarter, 2011; Li and Cleland, 2013).

Our results are consistent with a dynamic role for the cholin-
ergic system in modulating early sensory processing during be-
havior. In neocortex of awake animals, periods of heightened
sensory attention correlate with transient increases in acetylcho-
line levels lasting several seconds (Parikh et al., 2007). Cholin-
ergic basal forebrain neurons also show transient spike bursts
during active waking states, along with slower changes in mean
firing rates between different waking states (Lee et al., 2005). We
found that activation of cholinergic inputs to the OB evoked
rapid increases in MTC excitability that roughly followed the
time course of cholinergic activation, whereas prolonged activa-
tion of cholinergic neurons in HDB led to mixed modulation.
Thus, transient cholinergic activation may increase MTC sensi-
tivity, whereas sustained activation may subsequently suppress
some MTCs, potentially allowing only stronger sensory cues to
reach cortical processing areas.

Circuit mechanisms underlying bulbar cholinergic
modulation
The circuit mechanisms underlying the cholinergic enhancement
of MTC excitability remain to be elucidated. Cholinergic axons
from HDB are reported to synapse primarily on GABAergic neu-
rons throughout the OB (Kasa et al., 1995), suggesting that a
primary mode of action may be to modulate the strength of in-
hibition in OB circuits. Brief electrical stimulation of HDB leads
to granule cell inhibition and concomitant facilitation of MTC
spiking in vivo (Kunze et al., 1992a,b; Zhan et al., 2013), and

muscarinic ACh receptor (mAchR) activation can inhibit granule
and short axon cells in OB slices (Castillo et al., 1999; Pignatelli
and Belluzzi, 2008). However, several OB slice studies have re-
ported that mAchR activation enhances granule cell excitation
leading to suppression of MTC excitability (Pressler et al., 2007;
Smith and Araneda, 2010), and periglomerular or short axon cells
may also be excited by muscarinic activation (M. Shipley, unpub-
lished observations). Cholinergic fibers may also impact addi-
tional OB circuits, e.g., external plexiform layer interneurons that
provide broad inhibitory input to MTCs (Huang et al., 2013;
Kato et al., 2013; Miyamichi et al., 2013). Finally, cholinergic
inputs may increase MTC excitability via nicotinic ACh receptors
(nAchRs) expressed on MTCs or on external tufted cells (Castillo
et al., 1999; D’Souza et al., 2013). However, nAchRs desensitize
rapidly and can also drive feedback inhibition onto MTCs and
external tufted cells (D’Souza and Vijayaraghavan, 2012; D’Souza
et al., 2013), so their contribution to modulating OB circuits
during behavior may depend on the dynamics of cholinergic ac-
tivity as well as basal cholinergic tone. Additional studies dissect-
ing the impact of cholinergic modulation on genetically and
anatomically defined cell types are needed to more fully under-
stand the circuit mechanisms underlying cholinergic modulation
of OB output. Addressing these questions in the awake, behaving
animal is critical to fully understanding the dynamic nature of OB
processing in the context of active sensing.
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