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Serotonergic neurons in the brainstem raphe nuclei densely innervate the olfactory bulb (OB), where they can modulate the initial
representation and processing of olfactory information. Serotonergic modulation of sensory responses among defined OB cell types is
poorly characterized in vivo. Here, we used cell-type-specific expression of optical reporters to visualize how raphe stimulation alters
sensory responses in two classes of GABAergic neurons of the mouse OB glomerular layer, periglomerular (PG) and short axon (SA) cells,
as well as mitral/tufted (MT) cells carrying OB output to piriform cortex. In PG and SA cells, brief (1– 4 s) raphe stimulation elicited a large
increase in the magnitude of responses linked to inhalation of ambient air, as well as modest increases in the magnitude of odorant-
evoked responses. Near-identical effects were observed when the optical reporter of glutamatergic transmission iGluSnFR was expressed
in PG and SA cells, suggesting enhanced excitatory input to these neurons. In contrast, in MT cells imaged from the dorsal OB, raphe
stimulation elicited a strong increase in resting GCaMP fluorescence with only a slight enhancement of inhalation-linked responses to
odorant. Finally, optogenetically stimulating raphe serotonergic afferents in the OB had heterogeneous effects on presumptive MT cells
recorded extracellularly, with an overall modest increase in resting and odorant-evoked responses during serotonergic afferent stimu-
lation. These results suggest that serotonergic afferents from raphe dynamically modulate olfactory processing through distinct effects
on multiple OB targets, and may alter the degree to which OB output is shaped by inhibition during behavior.
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Introduction
Neuromodulation of sensory circuits can shape neural represen-
tations of sensory information and thus impact sensory percep-

tion dependent on brain and behavioral state. In the olfactory
system, incoming information from primary sensory neurons is
subject to modulation by multiple neuromodulatory systems that
include cholinergic, noradrenergic, and serotonergic fibers tar-
geting circuits of the olfactory bulb (OB) at the first stage of
olfactory information processing. Though numerous studiesReceived Oct. 5, 2015; revised April 8, 2016; accepted May 17, 2016.
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Significance Statement

Modulation of the circuits that process sensory information can profoundly impact how information about the external world is
represented and perceived. This study investigates how the serotonergic system modulates the initial processing of olfactory
information by the olfactory bulb, an obligatory relay between sensory neurons and cortex. We find that serotonergic projections
from the raphe nuclei to the olfactory bulb dramatically enhance the responses of two classes of inhibitory interneurons to sensory
input, that this effect is mediated by increased glutamatergic drive onto these neurons, and that serotonergic afferent activation
alters the responses of olfactory bulb output neurons in vivo. These results elucidate pathways by which neuromodulatory systems
can dynamically regulate brain circuits during behavior.
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have described OB neuromodulation by cholinergic (Ichikawa
and Hirata, 1986; Ojima et al., 1988; Nunez-Parra et al., 2013;
Rothermel et al., 2014; Liu et al., 2015) and noradrenergic sys-
tems (Shipley et al., 1985; McLean et al., 1989; Shea et al., 2008),
serotonergic modulation of OB circuits has been less well char-
acterized, especially with respect to its impact on sensory re-
sponses in vivo (Petzold et al., 2009; Kapoor et al., 2016).

Ascending serotonergic projections originate in the dorsal ra-
phe nuclei (DRN) and median raphe nuclei (MRN) and inner-
vate structures throughout the telencephalon, as well as thalamus
(Jacobs and Azmitia, 1992). The activity of serotonergic raphe
neurons changes with the sleep–wake cycle and alertness (Monti,
2011; Zeitzer, 2013), as well as during voluntary motor output
and specific epochs of reward-conditioned behaviors (Jacobs and
Fornal, 1997; Ranade and Mainen, 2009; Hurley and Sullivan,
2012). One hypothesized function of the serotonergic system is to
facilitate motor output and simultaneously suppress processing
of sensory inputs (Jacobs and Fornal, 1999; Hurley et al., 2004).
Serotonergic activation suppresses neural and/or behavioral sen-
sory responses in multiple sensory modalities (Dugué et al.,
2014). Other studies, however, have shown that serotonin can
have a more nuanced impact on sensory responses through dis-
tinct effects on different cell types within central processing net-
works (Xiang and Prince, 2003; Hurley et al., 2004; Moreau et al.,
2010; Hurley and Sullivan, 2012; Enger et al., 2015).

Consistent with this view, serotonergic inputs to the OB target
multiple elements of OB circuitry. Serotonergic projections from
the dorsal and median raphe innervate all layers of the OB
(McLean and Shipley, 1987; Steinfeld et al., 2015). In vitro studies
have provided evidence for direct actions of serotonin on gluta-
matergic neurons including external tufted (ET) cells and mitral/
tufted (MT) cells (Liu et al., 2012; Kapoor et al., 2016), as well as
on at least some GABAergic interneurons in the glomerular layer
(Hardy et al., 2005; Liu et al., 2012; Schmidt and Strowbridge,
2014; Brill et al., 2016). However, how serotonergic afferents
modulate sensory-evoked responses of different OB neurons in
vivo remains unclear. Prolonged activation of raphe afferents has
been reported to suppress olfactory sensory neuron (OSN) input
and activate a subpopulation of juxtaglomerular neurons (Pet-
zold et al., 2009), and brief activation of these afferents was re-
cently shown to differentially modulate the excitability of OB
mitral versus tufted cells (Kapoor et al., 2016). Raphe modulation
of other OB circuit elements has not been characterized in vivo.

Here, we examined the effect of serotonergic raphe modula-
tion on sensory responses of distinct cell types in the OB, includ-
ing GAD65-expressing periglomerular (PG) cells, tyrosine
hydroxylase (TH)-expressing short axon (SA) cells and MT cells,
using a combination of cell-type-specific GCaMP imaging, opto-
genetic activation of serotonergic fibers and single-unit extracel-
lular recordings. We also used a recently developed optical
reporter of glutamate signaling (Marvin et al., 2013) to identify
raphe effects presynaptic to PG and SA cells. We found that
briefly activating OB inputs from the raphe strongly enhances the
responsiveness of PG and SA cells to inhalation of ambient air
and modestly enhances responses to odorant inhalation; we fur-
ther found that this enhancement is largely attributable to in-
creased glutamatergic input to these neurons. Raphe has more
heterogeneous effects on MT cells, with modulation varying
across individual neurons and which do not manifest as increased
inhalation patterning across the MT population. These results
suggest that afferents from raphe dynamically regulate olfactory
processing through multiple OB targets, and may alter the degree
to which OB output is shaped by inhibition during behavior.

Materials and Methods
Animals. Experiments were performed on male and female transgenic
mice expressing Cre recombinase (Cre) in defined neuronal populations,
and in some experiments, crossed with the Ai38 Rosa-GCaMP3 reporter
line (Zariwala et al., 2012), the Ai9 Rosa-tdTomato reporter line (Ma-
disen et al., 2010) or the Ai95D Rosa-GCaMP6f reporter line (Chen et al.,
2013). Mouse strains used were as follows: GAD2-IRES-Cre (Taniguchi
et al., 2011), Jax Stock #010802; TH-Cre, Jax Stock #008601; PCdh21-Cre
(Nagai et al., 2005; Gong et al., 2007), MMRRC Stock #030952-UCD;
Slc6a4-Cre (Gong et al., 2007), MMRRC Stock #031028-UCD; Ai38 (Za-
riwala et al., 2012), Jax Stock # 014538; Ai9 (Madisen et al., 2010), Jax
Stock #007905, and Ai95D, Jax Stock #024105. Mice ranged in age from
3–7 months. Mice were housed up to 5/cage and kept on a 12 h light/dark
cycle with food and water available ad libitum. All procedures were per-
formed 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. Viral vectors driving Cre-dependent expression
of GCaMP3 (Tian et al., 2009), GCaMP5G (Akerboom et al., 2012),
GCAMP6f (Chen et al., 2013), iGluSnFR (Marvin et al., 2013), and
hChR2-eYFP were obtained from the University of Pennsylvania Vector
Core (AAV1, 5 or 9 serotype) and injected either into the dorsal OB,
anterior piriform cortex (aPC) or the dorsal raphe nuclei (DRN), as
specified in the Results. For injection, mice were anesthetized with ket-
amine (70 mg/kg) and medetomidine (1 mg/kg; Domitor, Pfizer) or
isoflurane (0.5–2%), placed in a stereotaxic head-holder and a circular
craniotomy (0.1�0.5 mm) was made over the injection site. Dorsal OB
injections were performed using glass pipettes lowered to a depth of
200 –350 �m; deep brain injections used 33 gauge metal needles posi-
tioned at the following stereotaxic coordinates (millimeters relative to
bregma): aPC: 2.34 AP, �1.5 LM, �3.125 DV; DRN: �4.1 AP, 0 LM,
�2.8 DV. Virus was injected using a programmable syringe controller
(QSI, Stoelting) or a picospritzer at a rate of 0.1 �l/min (0.1– 0.5 �l for
OB injections; 0.5–1.0 �l for aPC injections). Mice received atipamezole
(1 mg/kg, s.c.; Antisedan, Pfizer) at the end of surgery to antagonize the
medetomidine-induced effects and accelerate recovery from anesthesia.
Mice were given carprofen (5 mg/kg; Rimadyl, Pfizer) as an analgesic
immediately before surgery, and carprofen-supplemented food (2 mg/
tablet) was provided for 4 d after surgery. Mice were singly housed after
surgery and used 21–35 d after virus injection for GCaMP and iGLuSnFR
and 21–71 d after injection for ChR2-EYFP.

Epifluorescence imaging. For in vivo epifluorescence imaging, mice
were initially anesthetized with pentobarbital (50 –90 mg/kg) followed by
a booster if necessary and then maintained under isoflurane (0.5–1% in
O2) for data collection. Recordings began 2–3 h after the start of the
preparation. Body temperature and heart rate were maintained at 37°C
and � 400 beats per minute. We found that raphe stimulation was gen-
erally ineffective at higher isoflurane levels. Mice were double-
tracheotomized and isoflurane was delivered directly to the tracheotomy
tube, bypassing the nasal cavity. Animals were secured in a custom head
holder or a stereotaxic device (Kopf Instrument) for further procedures
and imaging, which followed previously established protocols (Wa-
chowiak and Cohen, 2001; Bozza et al., 2004; Spors et al., 2006). Wide-
field epifluorescence signals were acquired either through thinned bone
or after removal of the bone and dura overlying the dorsal OB. Record-
ings of epifluorescence signals were performed as described previously
(Wachowiak et al., 2013) using a 4�, 0.28 NA objective (Olympus) and
digitized at 256 � 256 pixel resolution and 25 Hz frame rate using a CCD
camera (NeuroCCD, RedShirt Imaging) and associated Neuroplex soft-
ware. For in vivo pharmacology, methysergide maleate, cinanserin hy-
drochloride, or CGP35348 (all from Tocris Bioscience) were applied
directly to the dorsal OB surface after removal of the dura.

Extracellular recordings. For OB unit recordings, anesthesia and initial
procedures were the same as described above. A small (�1 � 1 mm)
craniotomy was performed over one OB and the dura removed. Extra-
cellular recordings were obtained from OB units using a 16-channel
electrode (NeuroNexus, A1x16-5mm50-413-A16) and an RZ5 digital
acquisition system (TDT; Tucker Davis Technologies). Action potential
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waveforms with a signal-to-noise ratio of at least 4 SD above baseline
were detected and digitized on all 16 channels. Custom scripts in TDT
were used to control odorant presentation and optical stimulation. Re-
cordings from presumptive MT cells were isolated and selected as de-
scribed previously (Carey and Wachowiak, 2011; Rothermel et al., 2014).
Briefly, we isolated units off-line using user-supervised spike sorting
(OpenSorter, TDT) with Bayesian or (in fewer cases) K-means cluster
cutting algorithms. 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 inter-
spike intervals. Units were included for further analysis if they were lo-
cated in the vicinity of the mitral cell layer and showed clear activity in the
absence of odorant. Electrode depth was monitored with a digital micro-
manipulator (Sutter Instruments, MP-225). Data were collected from
multiple penetrations per animal. All recording sites were confined to the
dorsal OB. Units were tested with up to 7 odorants. “Baseline” (ie, no
stimulation) and stimulation trials were interleaved and repeated a min-
imum of three trials each, using an interstimulus interval of 70 s. Record-
ings with at least five repeated trials of each were subject to unit-by-unit
statistical analysis as described in the Text.

Odorant, electrical, and optical stimulation. Odorants, as specified in
the Results, 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). For concentrations
�0.4% s.v., pure odorant was diluted 1:10 in mineral oil and saturated
vapor concentrations estimated based on this dilution factor. All odor-
ants were obtained at 95–99% purity from Sigma-Aldrich and stored
under nitrogen. Odorants included propyl acetate, acetophenone,
hexanal, isoamyl acetate, methyl benzoate, ethyl butyrate, 2-hexanone,
methyl valerate, butyl acetate, isovaleric acid, and heptanal. Odorant
stimulation was achieved using an artificial inhalation paradigm at 1 Hz,
with peak inhalation airflow of �300 ml/min and 150 ms inhalation
duration as described previously (Wachowiak and Cohen, 2001; Spors et
al., 2006). Inhalation timing and consistency was monitored with a pres-
sure sensor. Inhalation of ambient air was achieved using the same inha-
lation protocol but without odorant presentation. Electrical stimulation
targeting the DRN was performed using a concentric bipolar electrode
(CBCPH-75, FHC) inserted through a small craniotomy at the coordi-
nates (relative to bregma, in mm) �4.1 anteroposterior, 0.5 mediolat-
eral. The electrode was inserted at a 10° angle from lateral toward medial
to reach a dorsoventral depth of 2.1–2.8 mm. Electrode placement was
confirmed with post hoc histology; however, stimulation of neurons in
median, as well as dorsal, raphe is possible due to current spread and
electrode size. Stimulus trains consisted of pulses of 200 –500 �A inten-
sity (400 �A typical) and 100 �s duration except when specified other-
wise. The standard delivery protocol of pulse trains was 4 s for 20 Hz (80
pulses). For optical stimulation of serotonergic OB afferents, light was
presented as a continuous 10 s pulse either alone or simultaneous with
odorant presentation using a 470 nm LED and controller (LEDD1B,
Thorlabs) and a 1 mm diameter glass fiber positioned close (� 2 mm) to
the OB, as described previously (Rothermel et al., 2014). Total light
output from the fiber was 1–10 mW.

Epifluorescence data analysis. Basic processing and analysis of optical
signals followed protocols previously described for epifluorescence im-
aging from OSNs (Wachowiak and Cohen, 2001; Verhagen et al., 2007;
Wesson et al., 2008; Carey et al., 2009). Initial data processing included
averaging across three to six repeated trials, then extracting fluorescence
time courses from visually selected regions-of-interest (ROIs) for further
time-series analysis. Peak odorant-evoked response amplitudes were
measured from ROIs consisting of 9 –12 pixels centered on well defined
signal foci (Verhagen et al., 2007) and computed as the average signal in
three to five frames centered around the peak of the inhalation-evoked
response, minus the five-frame average immediately before the inhala-
tion (�F ), then divided by the resting fluorescence measured from the
first five frames of the trial (�F/F ). For display in the figures, odorant
response maps were scaled from zero to 95% of the maximal �F for that
map and pixel resolution doubled (to 512 � 512) using bilinear interpo-
lation. Except when noted otherwise, effects of raphe stimulation were
measured on a per-preparation basis (n � 1 observation per mouse) by

spatial averaging of 5–12 ROIs distributed across the dorsal OB and
averaging across three to six trials per condition (ie, absence and presence
of raphe stimulation). Inhalation-linked response amplitudes were mea-
sured as the difference between the four frames at the peak of the inha-
lation response and the four frames preceding the response onset. Effects
in the no odor condition were measured from the first inhalation imme-
diately after the end of the stimulus train, compared with the last inha-
lation before the start of the train. Effects on odorant responses were
measured by taking the ratio of the first inhalation response after the end
of the stimulus train to that of the inhalation just preceding the start of
the train [response ratio (RR)� �Fend/�Fpre] and comparing to the same
measure using the corresponding inhalations in control trials; this ratio
minimized confounds from trial-to-trial variations in absolute odorant
response magnitudes. All measurements were made from a single OB per
animal. Measurement of rise-times were made as described previously
for rat optical signals (Wesson et al., 2008) by upsampling the signal
traces and then fitting the optical signals to a double-sigmoid function
and determining rise and decay times (defined as the time from 10% to
90% of maximal amplitude and decay from 90% to 10%, respectively)
from these fits. Analyses and statistical tests were performed with
MATLAB, Neuroplex, or Origin. Summary data are reported as mean (or
median) 	 SD unless otherwise stated. Medians were reported and non-
parametric tests were performed when data did not meet a standard test
for normality.

Electrophysiology data analysis. Responses to optical or odorant stim-
ulation were analyzed differently depending on the experimental para-
digm. Optical stimulation effects on spontaneous spike rate in the
absence of artificial inhalation were measured by calculating spikes/s
(Hz) for the 9 s before or during stimulation. Effects on spiking during
inhalation of room air were measured either as the average spike rate
during the nine inhalations before or during optical stimulation and
across multiple trials (minimum of three trials in each condition for all
units), or by measuring the change in spike rate following inhalation (�
spikes/s), taken from sniff-triggered averages of spiking from stimulation
or prestimulation trials. Odorant-evoked responses with or without op-
tical stimulation were measured as the difference in spike rate during
odorant presentation, relative to the same number of inhalations just
before odorant presentation (� spikes/s). For statistical analysis, signifi-
cance for changes in firing rate for baseline versus optical stimulation was
tested as described in the Results.

Histology. Mice were killed with an overdose of sodium pentobarbital
and perfused with PBS followed by 4% paraformaldehyde solution in
PBS. Heads were postfixed overnight at 4°C and brains were extracted
and stored in PBS until they were processed further. In most cases, tissue
was vibratome-sectioned as described previously (Wachowiak et al.,
2013) and expression evaluated from native fluorescence without immu-
nohistochemical amplification. For verification of GCaMP expression in
TH� neurons, immunohistochemical analysis was performed on OB
sections from TH-Cre � Rosa-GCaMP3 mice as described by Wa-
chowiak et al. (2013). Briefly, coronal sections (15–30 �m) were stained
with the primary antibody rabbit anti-TH (1:500; Bioscience Research
Reagents AB152, Millipore) overnight at 4°C. The primary antibody was
detected with an AlexaFluor 543-conjugated goat anti-rabbit secondary
antibody (1:1000;A-11010, Invitrogen). GCaMP3 expression was en-
hanced in cryosections of reporter animals with an FITC-conjugated
GFP antibody (1:150; ab6662, Abcam). Sections were analyzed with an
Olympus IX70 FV1000 or FV10i confocal laser scanning inverted micro-
scope at 20� magnification and colocalization of TH and GCaMP was
evaluated by manually counting cells from confocal stacks taken from
three representative sections of the glomerular layer of the dorsal OB in
each of the three animals.

Results
Raphe activation enhances sensory responses of inhibitory
juxtaglomerular interneurons
To examine raphe-mediated modulation of defined OB circuit
elements, we targeted expression of optical reporters to non-
overlapping OB neuron populations defined by the genetic
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markers: GAD65 (GAD2), TH, and PCdh21, which allows for
selective expression in PG and granule cells, SA cells, and MT
cells, respectively (Wachowiak et al., 2013). Inhalation- and
odorant-evoked activity in each population, along with its mod-
ulation by electrical stimulation of raphe, was measured with
epifluorescence imaging from the dorsal OB surface (Bozza et al.,
2004; Wachowiak et al., 2013).

We first examined GAD65� neurons by crossing Rosa-
GCaMP3 or Rosa-GCaMP6f reporter mice (Ai38 or Ai95D) with
GAD2-Cre mice. Both crosses showed GCaMP expression in
granule cells and in PG cells of the glomerular layer (Fig. 1A), as
described previously (Wachowiak et al., 2013; Fukunaga et al.,
2014). Also as reported previously, odorants evoked strong fluo-
rescence signals which were distributed broadly across the dorsal
OB, but whose distribution was dominated by discrete signal foci
apparently corresponding to OB glomeruli (Fig. 1Bi). Although
granule cell activity may contribute to the diffuse component of
this signal, the depth of granule cell dendrites relative to those of
PG cells, along with the reported sparse activity in granule cells
under anesthesia (Kato et al., 2012; Cazakoff et al., 2014) suggest
that the majority of the GAD2� GCaMP signal reflects PG cell
activation. Temporally, odorant-evoked responses were strongly
modulated by inhalation and showed odorant- and glomerulus-
specific dynamics of onset latencies matching those reported pre-
viously for OSNs and other OB cell types (Fig. 1Bii; Wachowiak et
al., 2013). In the majority of preparations (12 of 17 GCaMP3-
expressing mice; 4 of 4 GCaMP6f-expressing mice), inhalation of
ambient air (ie, with no odorant) evoked smaller-amplitude flu-
orescence signals detectable above baseline in select dorsal foci
(Fig. 1B,D), presumably reflecting responses to weak activation
of OSNs by inhalation alone (Grosmaitre et al., 2007; Carey et al.,
2009).

Raphe neurons were stimulated with a train of pulses at 20 Hz
(4 s duration), approximating the maximal episodic firing rates
of DRN neurons during odor-guided behavioral tasks (Ranade
and Mainen, 2009). Stimulating raphe in the absence of artificial
inhalation and, thus, in the absence of coherent sensory input,
evoked a fluorescence increase beginning immediately after stim-
ulation onset and decaying gradually back to baseline after
stimulation ceased (Fig. 1C). This increase was distributed heter-
ogeneously across the dorsal OB and reached peak magnitudes of
�20% (20.0 	 3.3%; n � 3 GCaMP6f-expressing mice) of the
peak odorant-evoked signals in the same regions.

Raphe stimulation during 1 Hz inhalations of ambient air led
to a strong enhancement of inhalation-linked response transients
across the dorsal OB (Fig. 1D). Inhalation-linked fluorescence
increases were also distributed heterogeneously across the dorsal
OB. Average maximal inhalation-linked responses, measured as
�F/F from the trough to the peak of the fluorescence signal fol-
lowing an inhalation pulse (Fig. 1Dii), increased from 0.78 	
2.5% to 4.3 	 4.7%�F/F (median 	 SD, n � 11 mice; p � 0.001,
paired Wilcoxon signed ranks test). Averaging response traces
from eight mice expressing GCaMP3 (n � 6) or GCaMP6f (n � 2;
6 –10 ROIs per mouse) showed that raphe modulation began by
the time of the first inhalation after the start of stimulation, with
responses continuing to increase throughout the stimulus train
(Fig. 1D). Enhanced responses recovered gradually, with a mean
residual amplitude of 45.3 	 11.1% of the maximal inhalation
response 6 s after the end of raphe stimulation (measured from
n � 20 ROIs; 4 mice expressing GCaMP3), suggesting that the
modulatory effects of raphe activation outlast changes in raphe
activity itself.

The duration and magnitude of raphe-mediated enhance-
ment of GAD2� neuron responses was dependent on the dura-
tion of raphe stimulation, with shorter stimulus trains eliciting a
smaller increase in inhalation-linked response amplitudes as well
as a shorter-duration increase in response after the end of the
stimulus train (Fig. 1E). In two mice we compared the effects of
our standard 80 pulse, 20 Hz stimulation protocol with that of the
same 3 pulse, 10 Hz (1 ms pulse duration) protocol recently
shown to modulate MT responses in vivo (Kapoor et al., 2016).
We found that the 3 pulse protocol elicited reliable increases in in-
halation responses in only one of the two mice; these increases were
smaller and were significantly elevated above prestimulation levels
for only two inhalation cycles after the stimulus train (Fig. 1E).

Next, we tested the effect of raphe stimulation on odorant
responses in GAD2� neurons by delivering the stimulus train
during prolonged odorant presentation at suprathreshold con-
centration (0.1–1% s.v.; Fig. 1F). In this paradigm, inhalation-
linked odorant responses have typically reached a stable repeated
pattern after the initial large-amplitude response to odorant on-
set by the time raphe stimulation begins. To assess stimulation
effects independent of adaptation over the period of the stimulus
train and independent of trial-to-trial variations in absolute re-
sponse amplitude, we compared the RR (see Materials and Meth-
ods) of inhalation-linked responses before and after the raphe
stimulation period with the same measure taken from control
(non-stimulation) odorant trials (Fig. 1F). Raphe stimulation
increased odorant-evoked responses using this measure (Fig.
1F,G), with a significant increase in RR measured across
odorant-responsive ROIs (control RR � 0.79 	 0.11, stim RR �
0.93 	 0.18, mean 	 SD; p � 0.01, paired t test, n � 10 mice,
8 –10 ROIs averaged per mouse).

Overall, these results suggest that raphe stimulation dramati-
cally increases PG cell responses to sensory input, including strong
sensory input driven by odorant stimulation, as well as weaker sen-
sory input driven by inhalation of ambient air. Raphe stimulation
also rapidly increases tonic excitation of PG cells and/or granule cells,
as predicted from recent reports that serotonin increases spontane-
ous excitatory drive to PG cells and depolarizes granule cells in vitro
(Schmidt and Strowbridge, 2014; Brill et al., 2016).

We next examined effects of raphe stimulation on SA cells, a
population of GABAergic/dopaminergic juxtaglomerular neu-
rons distinguished by their expression of the GAD67 isoform and
of TH (Kosaka and Kosaka, 2008; Kiyokage et al., 2010). In con-
trast to PG cells, SA cell neurites branch widely in the glomerular
layer and can mediate interglomerular inhibition (Liu et al., 2013;
Banerjee et al., 2015). In TH-Cre � Rosa-GCaMP3 (5 mice) or
GCaMP6f crosses (4 mice), GCaMP was expressed primarily in
glomerular layer neurons and in sparsely distributed EPL neu-
rons, as described previously (Fig. 2A; Wachowiak et al., 2013).
Within the glomerular layer, 93 	 2.9% of TH-positive cells (545
cells of 3 animals counted) expressed GCaMP3. As with the
GAD2� neuron population, sensory-evoked GCaMP signals im-
aged from TH� neurons were strongest in foci presumably re-
flecting OB glomeruli (Fig. 2Bi) and were temporally coupled to
inhalation, with inhalation-linked transients apparent during in-
halation of both air and odorants (Fig. 2Bii).

In contrast to GAD2� neurons, however, raphe stimulation
did not cause a change in baseline fluorescence in TH� neurons
when delivered in the absence of inhalation (Fig. 2Ci; mean �F/
F � 0.49 	 0.67; p � 0.18, one-sample t test, n � 5 mice). Raphe
stimulation strongly enhanced the responses of TH� neurons to
inhalation of ambient air, similar to its effect on GAD2� re-
sponses (Fig. 2Cii,Ciii). Maximal inhalation-evoked responses
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stimulus train duration increases both the magnitude and duration of the enhanced response to air inhalation. Ei, GCaMP3 traces taken from a single ROI during stimulus trains from 20
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stimulation. Each pair of points represents one mouse.
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increased from 0.62 	 1.6 to 4.0 	 5.2%�F/F [median 	 SD, n �
9 mice (5 GCaMP3, 4 GCaMP6f]; p � 0.004, paired Wilcoxon
signed ranks test). Raphe-mediated increases in responsiveness
were widely but heterogeneously distributed across the OB (Fig.
2Cii). The time course of averaged raphe-mediated enhancement
of TH� responses (n � 9 mice) was qualitatively similar to that
seen for GAD2� neurons, with inhalation-linked responses in-
creasing in magnitude over the course of the 4 s stimulus train
and returning gradually to prestimulation levels (mean residual

amplitude of 47.3 	 11% of the maximal amplitude 6 s after the
end of the stimulus; n � 20 ROIs measured from 4 mice; Fig.
2Ciii). Increasing the duration of raphe stimulation increased both
the magnitude and duration of the response enhancement (Fig. 2D).
The short, 3 pulse, 10 Hz stimulus train used by Kapoor et al. (2016)
(tested in 3 mice) elicited reliable increases in only one of three mice
tested, lasting for four inhalations after stimulation (Fig. 2D). Also as
with GAD2� neurons, raphe stimulation enhanced odorant-
evoked responses, with a significant increase in odorant RR for the
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period of raphe stimulation (p � 0.01, paired t test; n � 7 mice, 8–12
ROIs per mouse; Fig. 2E,F). In summary, these data suggest that
raphe activation differentially affects baseline excitation but similarly
modulates sensory-evoked responses of PG and SA cells, the two
major inhibitory cell types of the glomerulus, transiently and dra-
matically increasing their responses to inhalation-driven sensory
input.

Raphe modulation involves increased sensory-driven
glutamatergic input to interneurons
Raphe-mediated enhancement of PG and SA cell responses could
be due to direct, serotonergic modulation of excitability or to
modulation presynaptic to these neurons. To investigate this we
used an optical reporter of glutamatergic signaling, iGluSnFR
(Marvin et al., 2013), expressed selectively in GAD2� or TH�
interneurons, to monitor excitatory inputs to each cell type.
Known sources of glutamatergic inputs to PG and SA cells in-
clude feedforward excitation from OSNs and ET cells, as well as
dendrodendritic excitation from MT cells (Isaacson, 1999; Najac
et al., 2015). For these experiments, iGluSnFR was expressed us-
ing a Cre-dependent viral vector injected into the dorsal OB of
the appropriate mouse line (see Materials and Methods). iGluS-
nFR expression patterns in the OBs of GAD2- and TH-Cre mice

were similar to those of previously charac-
terized virally driven GCaMP3 expression
(Wachowiak et al., 2013; Fig. 3A,D).

We first characterized odorant- and
inhalation-driven iGluSnFR signals in the
absence of raphe stimulation. With either
cell type, odorants evoked strong iGluS-
nFR fluorescence increases whose spatial
and temporal organization was qualita-
tively similar to that observed with
GCaMP imaging. Odorant response maps
were dominated by discrete glomerular
signal foci distributed in odorant-specific
domains matching those observed with
imaging from OSNs and GCaMP3 signals
(Bozza et al., 2004; Wachowiak et al.,
2013; Fig. 3B,E). Temporally, iGluSnFR
responses consisted primarily of
inhalation-driven transients with rise and
decay times faster than those observed for
GCaMP3 signals imaged from GAD� and
TH� neurons. For example, transients in
caudal–lateral regions, which show the
most rapid rise and decay times evoked by
inhalation of ethyl butyrate (Wachowiak
et al., 2013), had rise and decay times (de-
fined in Materials and Methods) for
GCaMP3 of t(10,90) � 280 	 66 ms and
t(90,10) � 1372 	 248 ms, respectively,
compared with iGluSnFR rise and decay
times of 96 	 22 ms and 332 	 54 ms
(median 	 SD; n � 3 animals, 5 ROIs per
animal for both groups; Fig. 3B,E). Inha-
lation of ambient air evoked small-
amplitude fluorescence transients (1– 4%
�F/F), detectable in most preparations,
while odorants elicited larger transients of
19.1 	 10.1% �F/F (max 44.5% �F/F)
and 25 	 15.6% �F/F (max 72.6% �F/F)
for GAD2� (n � 23 ROIs from 4 animals)

and TH� (n � 63 ROIs from 10 animals) animals, respectively.
These stronger odorant responses typically also included a tonic
iGluSnFR component that returned more slowly to baseline after
odorant presentation ceased. Inhalation-linked iGLuSnFR tran-
sients showed the same temporal difference of anterior medial
versus posterior lateral glomeruli that was described for GCaMP3
signals previously (Wachowiak et al., 2013; Fig. 3B,E, magnified
traces). Finally, pharmacologically increasing the magnitude of
sensory-evoked glutamate release by blocking presynaptic inhi-
bition of OSNs using the GABAB antagonist CGP35348 (1 mM;
McGann et al., 2005; Wachowiak et al., 2005) led to an increase in
the magnitude of inhalation-linked iGluSnFR transients (Fig.
3C). Overall, these response characteristics are consistent with
iGluSnFR reporting feedforward, intraglomerular glutamate sig-
naling with high temporal precision and dynamic range.

In both GAD2-Cre and TH-Cre mice, raphe stimulation en-
hanced the iGluSnFR response to inhalation of ambient air (Fig.
4A,B). GAD2� PG cell responses to inhalation increased from
1.3 	 0.3 to 3.3 	 1.1%�F/F (n � 3 mice), whereas TH� SA cell
responses increased from 2.3 	 2.1 to 6.1 	 2.5% �F/F after
raphe stimulation (n � 5 mice, mean 	 SD, p � 0.01, paired t
test). The time course of the raphe-mediated enhancement was
similar to that of its effect on the GCaMP3 signal in PG and SA

Figure 4. Electrical stimulation of raphe enhances inhalation-driven glutamatergic input to juxtaglomerular interneurons. A,
Raphe stimulation elicits an increase in the magnitude of inhalation-linked iGluSnFR transients imaged from GAD2� neurons
during inhalation of ambient air. Traces show time course of iGluSnFR signal with no stimulation (top trace), a 20 pulse stimulus
train (middle trace) and an 80 pulse train (bottom trace). Response map at top shows map of fluorescence increase at the end of the
80 pulse train. White square indicates ROI from which traces are taken. B, Raphe stimulation causes a similar increase in iGluSnFR
signals imaged from TH� neurons, with increasing effect size and duration with a longer (80 pulse) stimulus train.
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cell populations (Fig. 4A,B). Raphe-mediated enhancement of
PG and SA iGluSnFR responses also showed a similar depen-
dence on the duration of raphe stimulation (Fig. 4A,B). These
results suggest that the raphe-mediated enhancement of PG and
SA cell responsiveness, as imaged with GCaMPs, is substantially
mediated by an increase in sensory-driven glutamatergic inputs
to these neurons, either from superficial or external tufted cells,
mitral cells, or directly from OSNs.

Raphe modulation is only partially mediated by
serotonergic signaling
A recent study of raphe modulation of OB MT cells suggested that
modulation of MT cell excitability by brief raphe stimulation is me-
diated largely by glutamate release from serotonergic raphe afferents
(Kapoor et al., 2016). In addition, raphe activation could lead to
modulation of OB neuron responses via indirect pathways, for ex-
ample, by modulating other sources of centrifugal input to the OB,
such as piriform cortex (Boyd et al., 2015; Otazu et al., 2015; Lottem
et al., 2016). We tested whether the enhanced sensory responses of
PG and SA cells after raphe stimulation were dependent on seroto-
nergic signaling in the OB by applying 5-HT receptor (5HTR) an-
tagonists to the dorsal OB surface while imaging GCaMP6f signals in
GAD2� or TH� neurons.

5HTR antagonists partially reduced the effects of raphe stim-
ulation. Methysergide (200 �M), a blocker of 5-HT1 and 5-HT2

receptor subtypes, reduced the magnitude and duration of en-
hanced GCaMP6f responses to inhalation of ambient air in TH�
neurons (n � 2 mice,) and GAD2� neurons (n � 1 mouse), with
little impact on inhalation- or odorant-evoked responses them-
selves (ie, in the absence of stimulation; Fig. 5A,B). Inhalation-
linked response amplitudes after the stimulus train were
significantly reduced in each mouse, by 50 	 11% (p � 3 � 10�6,
paired t test) and 23 	 18% (p � 7 � 10�4) for the two TH�
mice (n � 8 ROIs each) and 24.7 	 11% (p � 9 � 10�4, n � 8
ROIs) for the GAD2� mouse, whereas mean odorant-evoked
response amplitudes across the same ROIs remained unchanged
(100.4 	 4.4% of pre-drug response, n � 32 ROIs; Fig. 5B).
Cinanserin (200 �M), a more selective 5-HT2 receptor antagonist,
also reduced raphe stimulation effects, but at the same time
strongly reduced sensory responses (to air or odorant inhalation)

even in the absence of raphe stimulation (Fig. 5C), confounding
interpretation of its effects on raphe modulation. Nonetheless,
raphe-mediated enhancement of inhalation-driven responses
persisted in the presence of cinanserin (Fig. 5C). These results
suggest that the enhanced responsiveness of PG and SA cells to
sensory input after brief raphe activation is partially mediated by
local serotonergic signaling in the OB and likely partially medi-
ated by other neurotransmitter pathways, such as direct glutama-
tergic excitation (Kapoor et al., 2016) or indirect centrifugal
inputs (Boyd et al., 2015; Otazu et al., 2015).

Electrical stimulation of raphe increases tonic excitability in
OB output neurons as reflected by calcium signals
We next examined the impact of raphe stimulation on OB output
neurons by expressing GCaMP5G or GCaMP6f in MT cells in
PCdh21-cre mice via viral vector injected into aPC or directly
into the OB (Rothermel et al., 2013; Wachowiak et al., 2013; Fig.
6A). In contrast to its effects on PG and SA cells, in MT cells raphe
stimulation did not significantly alter the magnitude of GCaMP
transients linked to inhalation of ambient air (Fig. 6B), with
inhalation-linked responses of 1.35 	 1.7% �F/F prestimulation
versus 1.12 	 1.78% �F/F poststimulation (mean 	 SD, n � 8
mice; p � 0.875, Wilcoxon signed ranks test). However, raphe
stimulation strongly increased baseline fluorescence, which was
not modulated by inhalation (Fig. 6B). In the three mice tested,
raphe stimulation elicited a near-identical increase in GCaMP
signal in the absence of artificial inhalation (Fig. 6B), suggesting
that this effect reflects an increase in MT spiking independent of
evoked sensory input to the OB.

These tonic increases reached peak magnitudes of 18 	 14%
�F/F (n � 8 mice), which were larger on average than the peak
GCaMP signals evoked by odorant stimulation (ratio of peak
raphe stimulation responses to peak odor responses, measured in
each of seven mice tested with odorant, 1.47 	 0.77). GCaMP
signals evoked by raphe stimulation were spread diffusely across
the dorsal OB but were consistently largest in the caudal half (Fig.
6C). The time course of the stimulation effect roughly matched
that of the time course of enhanced PG and SA cell responses,
with an onset time (time to 10% of peak levels) �550 ms after the
beginning of stimulation and a decay time-constant of �8 s (Fig.
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6B). Also as with PG and SA cells, the
magnitude and decay time of the raphe-
elicited increase was dependent on the du-
ration of the stimulus train (Fig. 6D), with
peak GCaMP signals increasing from
5.1 	 2.4 �F/F after a 20 pulse (1 s) stim-
ulus train to 35.2 	 2.7% �F/F for an 80
pulse train (n � 3 animals tested at each
duration).

Despite its lack of significant effect
on responses to inhalation of ambient
air, raphe stimulation slightly increased
inhalation-linked responses to odorant
(Fig. 6F). Because a recent study reported
heterogeneity of raphe stimulation effects
among mitral cells (Kapoor et al., 2016),
we quantified this effect by measuring
odor RRs, as done for GAD2� and TH�
neurons, separately for individual ROIs
(8 –12 ROIs per each of 4 mice; Fig. 6G).
Across all ROIs there was a significant in-
crease in RR (increase of 0.26 	 0.27, me-
dian 	 SD; p � 4.9 � 10�9, n � 43 ROIs,
Wilcoxon signed ranks test), despite the
relatively small increase in absolute am-
plitude of the inhalation-linked response.
Thus, raphe stimulation appears to also
modestly increase inhalation-linked re-
sponses to odorant across the MT cell
population.

Optical activation of serotonergic raphe
afferents to the OB has heterogeneous
effects on individual MT cells
To directly examine the impact of raphe
activation on OB neuron spiking patterns
and to attribute OB modulation to activa-
tion of serotonergic neurons, we used an
optogenetic approach to selectively acti-
vate serotonergic inputs from the raphe to
the OB while recording from presumptive
MT cells in the dorsal OB (Fig. 7A). To
achieve this, we used Slc6a4-Cre mice
(Gong et al., 2007) and a Cre-dependent
viral vector driving Channelrhodopsin2
(ChR2-eYFP) expression in the raphe nu-
clei (see Materials and Methods). These
injections infected raphe neurons in the
midline below the central aqueduct, as
well as in the typical wing-like structures
of DRN extending into the periaqueductal
gray (Fig. 7B). To evaluate infection effi-
ciency, we injected virus in the F1 off-
spring of crosses between the Slc6a4-Cre
line and the Rosa-tdTomato reporter line
(Ai9), and evaluated coexpression of eYFP
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4

for 10 –12 ROIs in each of four preparations (0.2– 0.5%, s.v.
ethyl butyrate, preparation indicated by color), showing a
range of effects of raphe stimulation on odorant RR with most
ROIs showing an increase.
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6830 • J. Neurosci., June 22, 2016 • 36(25):6820 – 6835 Brunert et al. • Raphe Modulation of Olfactory Bulb Processing



and tdTomato (n � 3 mice). Approximately 50% (41.1– 64.9%,
mean 53.5%, n � 648 neuron of 3 animals) of serotonergic DRN
neurons showed eYFP expression after injection. Although DRN
was targeted for injection, we also observed viral expression in the
median raphe nucleus (data not shown), likely due to spread of
virus from the injection site or to interconnections between the
two nuclei (Mokler et al., 2009). For optical stimulation, we
waited sufficient time for ChR2-eYFP expression in axonal fibers
in the OB (21–70 d; mean � 41 d) and directed 470 nm light onto
the dorsal OB surface while recording from presumptive MT
cells. ChR2-eYFP-expressing axons were apparent in all OB layers,
including in the glomerular layer (Fig. 7C).

We first investigated the effects of OB serotonergic activation on
unit activity during inhalation of ambient air (no odor), including 61
units from nine mice (Fig. 7D). Across all units, optical serotonergic
stimulation modestly increased baseline spiking: spike rates aver-
aged across the 1 s inhalation period increased from 2.3 	 3.0 (me-
dian 	 SD) to 2.8 	 4.5 Hz with optogenetic stimulation (p � 8.5 �
10�5, Wilcoxon signed rank test). The time course of the mean firing
rate change across all recorded units consisted of a slow increase over
the stimulation period that decayed slowly back to baseline �20 s
after stimulation ceased (Fig. 7E). Stimulation effects varied across
units (Fig. 7F): in 56 of the 61 units, stimulation was repeated in a
sufficient number of trials to support a test of significance on each
unit (criterion, n � 5 trials; all other units tested with n � 3 trials).
Nineteen of 56 (34%) showed statistically significant changes in fir-
ing rate (spikes per sniff, Mann–Whitney U test) when tested on a
unit-by-unit basis. Of those, three (15.8%) were significantly
inhibited.

To assay the effects of serotonergic activation on sensory-evoked
MT responses (as opposed to tonic activity), we analyzed the same
data for stimulation effects on the magnitude of the inhalation-
linked spike burst, measured as the change in spike rate (�Hz) from
baseline (defined as the 100 ms bin before artificial inhalation onset)
to the peak response bin. These effects were also variable: across all
units inhalation-linked responses increased slightly in magnitude
from 8.9 	 12.9 to 10.2 	 14.26 �Hz (median 	 SD, p � 0.0024,
Wilcoxon signed rank test), with �30% of units showing decreases
or no change in response (Fig. 7G,H). There was no clear relation-
ship between the effect of optical serotonergic activation on re-
sponses and the magnitude of the inhalation-linked response in the
absence of stimulation (Fig. 7I).

To assess serotonergic afferent effects on tonic (ie,
nonsensory-evoked) MT activity, we stimulated serotonergic ra-
phe afferents in the absence of artificial inhalation (95 units from
6 mice). Under these conditions, optical stimulation also had
diverse effects that included both increases and decreases (Fig.
7 J,K). On a unit-by-unit basis, 27 of 84 units tested with five or
more trials (32%) showed statistically significant changes in fir-
ing rate, with 12 units activated and 15 inhibited (Mann–Whit-
ney U test). Across all units there was no significant change in
firing rate (1.9 	 2.7 Hz vs 1.9 	 3.4 Hz; n � 84 units, median 	
SD; p � 0.18, Wilcoxon signed rank test). There was also no
correlation, on a unit-by-unit basis, between the effect of seroto-
nergic raphe stimulation on tonic MT activity and its effect on the
same unit’s response to air inhalation (Fig. 7L; n � 34 units,
Spearman’s � � �0.085, p � 0.58).

Finally, we evaluated the impact of OB serotonergic activation on
odorant-evoked responses (n � 74 units from 11 mice). Odorant
presentation alone could elicit increases or decreases in spiking
among presumptive MT cells (Fig. 8A). The effects of serotonergic
stimulation on these responses were variable but, across all units,
consisted of an increase in spike rate from 0.16 	 3.9 (median 	 SD)
to 2 	 7.1 �Hz (n � 74, p � 5 � 10�10, Wilcoxon signed rank test).
Spike rate increases occurred regardless of the polarity of the
odorant response (Fig. 8B). The enhancement of odorant-
evoked MT cell responses began within 1 s of stimulation
onset, persisted for the duration of the optical stimulation,
and gradually returned to prestimulation levels within 40 s
after the end of optical stimulation (Fig. 8C). Separately mea-
suring the effects of serotonergic afferent stimulation on the
magnitude of the inhalation-linked component of the odorant
response (Fig. 8 D, E) yielded similar results, with heterogene-
ity in stimulation effects and modest increases in inhalation-
linked spike rates across all units from 11.6 	 18.0 to 14.6 	
21.7 �Hz (n � 74, median 	 SD, p � 0.0011, Wilcoxon signed
rank test). As observed with air inhalation, there was no cor-
relation between the stimulation effect on tonic MT firing rate
and its effect on the same unit’s response to odorant (Fig. 8F;
n � 20 units; Spearman’s � � 0.0262, p � 0.91). Overall, these
results are consistent with recent findings and suggest that
activation of serotonergic afferents from raphe has diverse
effects on resting and evoked MT cell activity, with a modest
increase in excitation across the MT cell population (Kapoor
et al., 2016).

Discussion
Neuromodulatory systems can alter sensory processing by target-
ing specific elements of central sensory networks. For example,
serotonergic modulation alters the balance of excitation and in-
hibition in visual cortex by differentially modulating distinct cell
types (Xiang and Prince, 2003; Moreau et al., 2010). Likewise,
serotonergic projections from the midbrain raphe nuclei strongly
innervate the OB and 5-HT modulates tonic and evoked activity
within OB circuits (Hardy et al., 2005; Petzold et al., 2009; Liu et
al., 2012; Brill et al., 2016). At the level of OB output neurons, we
observed an increase in tonic (ie, not sensory evoked) levels of
MT cell activity driven by serotonergic raphe activation, with
heterogeneous effects on the response of individual MT cells to
input driven either by odorant or air inhalation; results that
largely agree with those from a recent study characterizing mod-
ulation of mitral and tufted cell excitability by raphe (Kapoor et
al., 2016). In addition, we have extended these findings by dem-
onstrating that raphe afferents mediate a dramatic enhancement
of the responsiveness of two distinct classes of inhibitory in-

4

(Figure legend continued.) (no stim) and after (stim) optical stimulation for all 61 units. Filled
circles indicate units subjected to a unit-by-unit test for significant effects of optical stimulation
(5 trials per condition per unit). Open circles indicate units tested with three trials. G, Plot of the
amplitude of the inhalation-linked spike burst during inhalation of ambient air (measured as
change in firing rate relative to pre-inhalation baseline; see Materials and Methods for details)
in the presence and absence of optical stimulation. H, Cumulative probability plot of the effect
of optical stimulation on inhalation-linked responses, taken from same data shown in G. Note
distribution of increases and decreases in firing rate with a bias toward firing rate increases. I,
Same data as in G, with units ordered on the x-axis by the magnitude of their inhalation-linked
response without optical stimulation (no stim, filled circles). Effects of optical stimulation (open
circles) vary and are not obviously related to the magnitude of the inhalation-linked spike burst.
J, Spike rasters and rate histograms showing examples from two units (Ji and Jii) of effects of
optically stimulating serotonergic OB afferents on spontaneous activity, measured in the ab-
sence of inhalation (no sniff). Note qualitatively different effects in these two units. K, Plot of
spontaneous spike rates in the absence (no stim) and presence (stim) of optical stimulation
(n�95 units, 6 mice,) plotted as in F. L, Effects of optical stimulation on baseline MT cell spiking
in the absence of inhalation (stim no sniff) versus effects on inhalation-linked spiking (stim
sniff) in the same unit, plotted for the subset of the units in I and K in which stimulation effects
could be measured under both conditions.
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Figure 8. Optogenetic activation of serotonergic OB afferents from raphe modestly enhances odor responses in presumptive MT cells. A, Examples of effect of optical stimulation on odorant-
evoked responses in two different units. Top, Rate histograms (mean of 5 trials) in the absence of optical stimulation; bottom show the same data with optical stimulation simultaneous with odorant
presentation. The first unit (Ai) shows strong odorant-evoked excitation which is increased during stimulation of serotonergic afferents (odorant, isoamyl acetate); the second unit (Aii) shows
odorant-evoked suppression of activity, which transforms into excitation during optical stimulation (odorant, ethyl butyrate). B, Plot of odorant-evoked changes in spike rate (� spikes/s) in the
absence of (no stim) and during (stim) optogenetic stimulation of raphe fibers to the OB. Filled circles indicate units tested with five or more trials in each condition; (Figure legend continues.)
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terneurons, PG and SA cells, to inhalation-driven sensory input,
thus implicating the raphe system in dynamically modulating the
balance of excitation and inhibition in the OB.

Our results support an emerging circuit model of raphe mod-
ulation that involves increased excitation of ET cells, a class of
excitatory, glutamatergic glomerular-layer interneuron that pro-
vides excitatory drive to PG, SA, and MT cells (Hayar et al., 2004;
Gire et al., 2012). ET cells burst intrinsically, entrain to rhythmic
sensory inputs in the range of inhalation frequencies seen in the
behaving rodent, and are thought play a key role in the temporal
patterning of glomerular activity during natural odor sampling
(Hayar et al., 2004; Liu et al., 2012). In vitro, 5-HT depolarizes ET
cells and increases their intrinsic bursting frequency (Liu et al.,
2012), and selective activation of raphe afferents to the OB drives
short-latency excitation of ET cells (Kapoor et al., 2016). Consis-
tent with this model, we found that raphe-mediated enhance-
ment of sensory-evoked (ie, inhalation-linked) PG and SA cell
excitation appeared largely driven by an increase in glutamatergic
input to these neurons, as revealed by imaging with the optical
glutamate sensor iGluSnFR. Imaging from the MT cell popula-
tion did not show a raphe-mediated increase in inhalation-linked
responses in the same conditions, excluding MT cells as a poten-
tial source for the phasic glutamate release onto PG and SA cells.
We thus speculate that modulation of ET cell excitability and
these neurons’ entrainment to inhalation is the primary source of
the dramatic increase in evoked PG and SA cell responses.

It is unclear from this model why raphe stimulation did not
lead to a comparable enhancement of inhalation-linked excita-
tion of MT cells, because ET cells also provide a major source of
excitatory input to MT cells (De Saint Jan et al., 2009; Gire et al.,
2012; Banerjee et al., 2015). One explanation is that MT cells also
receive potent tonic and sensory-evoked feedforward inhibition
from PG cells (Shao et al., 2012), and we found that both tonic
and sensory-evoked PG cell activity is enhanced by raphe stimu-
lation, leading to the prediction that raphe afferents enhance the
strength of feedforward inhibition. A second possibility is that the
enhanced SA cell sensory responses which were also elicited by
raphe stimulation may suppress strong MT responses, as demon-
strated recently in vivo, through a mixture of inhibitory synaptic
input and excitatory coupling to ET cells (Liu et al., 2013; Whi-
tesell et al., 2013; Banerjee et al., 2015). Thus, raphe stimulation
could lead to enhancement, suppression or no net change in MT
responsiveness depending on the relative balance of ET cell-
driven, feedforward excitation versus inhibition in each cell and
the relative timing of activation of these pathways. As a result, the
net population effect observed in the epifluorescence imaging
experiments could be small. Consistent with this explanation, we
observed mixed effects of optogenetic activation of serotonergic
raphe neurons on presumptive MT cells recorded electrophysi-

ologically, as did a recent study imaging odor responses from
visually identified mitral cells (Kapoor et al., 2016).

Mechanisms of raphe modulation of OB circuits
Raphe afferents may modulate OB circuits via multiple neu-
rotransmitter signaling pathways. Specifically, serotonergic ra-
phe neurons can also release glutamate (Liu et al., 2014), and
Kapoor et al. (2016) suggested that the raphe-mediated enhance-
ment of ET cell excitability central to the model described above
is mediated largely by glutamatergic input to ET cells from raphe
afferents (Kapoor et al., 2016). At the same time, exogenous ap-
plication of 5-HT in vitro also enhances ET cell excitation and
increases mitral cell spontaneous activity (Liu et al., 2012), as well
as directly modulates resting potential and synaptic release from
SA cells, and possibly other juxtaglomerular interneurons (Hardy
et al., 2005; Brill et al., 2016). We found that the effects of raphe
activation on PG and SA cell responses were only partially sup-
pressed by 5-HT receptor blockade in vivo. However, this partial
suppression does imply a role for serotonergic signaling in mod-
ulating OB circuits, and the fact that raphe-mediated modulation
outlasted our relatively brief stimulus train by many seconds is
more consistent with serotonergic modulation than with fast glu-
tamatergic transmission. Thus, our results are consistent with a
role for both glutamatergic and serotonergic signaling pathways
in mediating the effects of raphe stimulation on OB circuits.

The relative contribution of glutamatergic and serotonergic
signaling and their resulting impacts on different OB circuit ele-
ments may vary with the timescale and intensity of raphe activa-
tion. For example, the standard 4 s stimulus trains used in the
bulk of our experiments led to enhanced PG and SA cell re-
sponses lasting several seconds beyond the end of the stimulus
train, whereas a 3 pulse (200 ms total duration) train (Kapoor et
al., 2016) caused a much smaller enhancement lasting only 2–3 s
(Figs. 1E, 2E). Likewise, prolonged (30 s–10 min) raphe stimula-
tion protocols have been reported to lead to suppression of sen-
sory inputs via presynaptic inhibition of OSNs (Petzold et al.,
2009), an effect opposite from the enhanced sensory responses
seen here. These different timescales of raphe activation may re-
flect distinct modulatory actions of the raphe system on early
olfactory processing during different behavioral contexts such as
social interaction or anxiety (Ago et al., 2013; Ohmura et al.,
2014; Zhang et al., 2015).

Differences in the mode of serotonergic stimulation may also
lead to different effects on OB neuron responses. For example,
electrical stimulation targeting DRN, as done in our imaging ex-
periments and by Petzold et al. (2009), likely activated a set of
serotonergic OB afferents that was overlapping but distinct from
those activated by optical stimulation of the dorsal OB surface
after viral injections into DRN/MRN, because DRN and MRN
projections preferentially target the granule cell and glomerular
layers, respectively (Steinfeld et al., 2015) and optical stimulation
from the dorsal surface may also exhibit a bias toward superficial
(eg, glomerular layer) fibers. Electrical stimulation of raphe may
also modulate structures including piriform cortex and anterior
olfactory nucleus which themselves can modulate OB circuits via
centrifugal inputs (Boyd et al., 2012, 2015; Markopoulos et al.,
2012; Rothermel et al., 2014; Otazu et al., 2015; Lottem et al.,
2016). Finally, odorant stimulation itself may activate raphe neu-
rons, thus changing the baseline from which modulation occurs
when raphe is stimulated in the presence of absence of odorant.
Recording from dorsal and median raphe afferents to the OB
under these different stimulation conditions may be important in

4

(Figure legend continued.) open circles indicate units tested with three or four trials. C, Time
course of change in firing rate caused by optical stimulation (� spikes/s with optical stimulation
vs without optical stimulation; mean 	 SEM across all units). Gray bar indicates timing of
optical stimulation. The trace indicates change in mean spike rate in 1 s bins relative to the mean
rate before stimulation. Time axis is relative to time of stimulation onset. D, Plot of the ampli-
tude of the inhalation-linked spike burst during inhalation of odorant (measured as change in
firing rate relative to pre-inhalation baseline) in the presence and absence of optical stimula-
tion. E, Cumulative probability plot of the effect of optical stimulation on inhalation-linked
responses, taken from same data shown in D. F, Effects of optical stimulation on baseline MT cell
spiking in the absence of inhalation (“stim effect no sniff”) versus effects on odorant-evoked
responses (“stim effect odor”) in the same unit, plotted for the subset of the units in which
stimulation effects could be measured under both conditions.
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unraveling the diversity of modulatory effects seen in this and
other recent studies.

Potential roles of raphe in shaping early olfactory processing
Overall, these results underscore the complexity of serotonergic
modulation of OB circuits and the potential for dynamic modula-
tion of odor processing by the descending serotonergic system dur-
ing behavior. Despite this complexity, these results along with recent
in vivo and in vitro studies (Liu et al., 2012; Brill et al., 2016; Kapoor
et al., 2016) suggest a consensus circuit model in which raphe mod-
ulation leads to enhanced ET cell responsiveness and, through both
indirect and direct effects, to enhanced PG and SA cell responses to
sensory input. One prediction from this model is that serotonergic
modulation may increase the degree to which disynaptic excitation
via ET cells and inhibition by PG and SA cells shapes OB output, and
decrease the degree to which monosynaptic excitation via OSNs
shapes output. Such modulation could enhance the temporal cou-
pling of mitral cell responses to the sniff cycle during active odor
sampling (Shao et al., 2012, 2013; Carey et al., 2015). This change in
the strength of feedforward and interglomerular inhibition may alter
mitral cell response patterns in manner that facilitates fine odor dis-
crimination and increases dynamic range across concentrations (Ba-
nerjee et al., 2015). Finally, the net effects of raphe modulation on OB
output may also vary with the intensity of sensory input, and poten-
tially, spatial patterns of glomerular activity. For example, for weak
sensory inputs such as those driven by inhalation of ambient air or
low odorant concentrations, raphe modulation enhances sensory
responses of ET cells, leading to increased in PG and SA cell re-
sponses and to mixed effects on MT cells. During stimulation by
stronger odor concentrations, however, near-maximal responses of
ET, PG, and SA cells may preclude any further enhancement by
raphe inputs, with a result that direct serotonergic effects on MT
cells, or other as yet unknown circuit effects, predominate. Ulti-
mately, further recordings from defined cell types during activation
of serotonergic OB afferents in awake mice will be important to test
these predictions.
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