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Spatiotemporal Dynamics of the Output Neurons in the
Olfactory Bulb
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Local interneurons of the olfactory bulb (OB) are densely innervated by long-range GABAergic neurons from the basal fore-
brain (BF), suggesting that this top-down inhibition regulates early processing in the olfactory system. However, how
GABAergic inputs modulate the OB output neurons, the mitral/tufted cells, is unknown. Here, in male and female mice acute
brain slices, we show that optogenetic activation of BF GABAergic inputs produced distinct local circuit effects that can influ-
ence the activity of mitral/tufted cells in the spatiotemporal domains. Activation of the GABAergic axons produced a fast dis-
inhibition of mitral/tufted cells consistent with a rapid and synchronous release of GABA onto local interneurons in the
glomerular and inframitral circuits of the OB, which also reduced the spike precision of mitral/tufted cells in response to
simulated stimuli. In addition, BF GABAergic inhibition modulated local oscillations in a layer-specific manner. The intensity
of locally evoked h oscillations was decreased on activation of top-down inhibition in the glomerular circuit, while evoked c

oscillations were reduced by inhibition of granule cells. Furthermore, BF GABAergic input reduced dendrodendritic inhibition
in mitral/tufted cells. Together, these results suggest that long-range GABAergic neurons from the BF are well suited to influ-
ence temporal and spatial aspects of processing by OB circuits.

Key words: dendrodendritic inhibition; GABA release; magnocellular preoptic area; olfactory processing; oscillations;
spike precision

Significance Statement

Disruption of GABAergic inhibition from the basal forebrain (BF) to the olfactory bulb (OB) impairs the discrimination of
similar odors, yet how this centrifugal inhibition influences neuronal circuits in the OB remains unclear. Here, we show that
the BF GABAergic neurons exclusively target local inhibitory neurons in the OB, having a functional disinhibitory effect on
the output neurons, the mitral cells. Phasic inhibition by BF GABAergic neurons reduces spike precision of mitral cells and
lowers the intensity of oscillatory activity in the OB, while directly modulating the extent of dendrodendritic inhibition. These
circuit-level effects of this centrifugal inhibition can influence the temporal and spatial dynamics of odor coding in the OB.

Introduction
The basal forebrain (BF), a brain region that supports wakeful-
ness, attention, and cognition (Anaclet et al., 2015; Xu et al.,
2015; Ballinger et al., 2016), has an important role in the state-

dependent regulation of sensory circuits (Yang et al., 2014;
Hangya et al., 2015; Zant et al., 2016). Among the diverse group
of BF neurons, the largest population corresponds to GABAergic
projection neurons (Sarter and Bruno, 2002). Yet, unlike the
extensive insight on the function of the neighboring BF choliner-
gic neurons in sensory processing (Hasselmo, 1995; Linster and
Cleland, 2002; D. A. Wilson et al., 2004; Parikh and Sarter, 2008;
Hellier et al., 2012; Zaborszky et al., 2012; Chapuis and Wilson,
2013; Rothermel et al., 2014), the function of BF GABAergic pro-
jections in modulating sensory circuits is not understood. Recent
evidence suggests that GABAergic neurons provide an important
parallel neuromodulatory output from the BF (Gritti et al., 2003;
Henny and Jones, 2008; McKenna et al., 2013; Kim et al., 2015;
Yang et al., 2017). BF long-range GABAergic neurons (BF-
LRGNs) influence the hippocampus and cortex by acting on
local inhibitory circuits and modulating the generation of neuro-
nal oscillations, which support essential aspects of the timing of
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neural activation in these structures (Freund and Antal, 1988;
Freund and Meskenaite, 1992; Hangya et al., 2009; Melzer et al.,
2012; Gonzalez-Sulser et al., 2014; Kim et al., 2015). Network
oscillations are prominent in the olfactory bulb (OB), the initial
site for odor processing, and they are thought to provide a tem-
poral structure for the encoding of odor information (Adrian,
1942; Macrides and Chorover, 1972; Beshel et al., 2007; Schaefer
and Margrie, 2007; Junek et al., 2010). The role of local
GABAergic neurons in the generation of network rhythms dur-
ing odor discrimination tasks is well established (Stopfer et al.,
1997; Fukunaga et al., 2014; Osinski and Kay, 2016). In addition,
the OB local GABAergic circuits have been involved in decorre-
lation of principal neurons allowing for discrimination of similar
odors (Abraham et al., 2010; Gschwend et al., 2015; Li et al.,
2018). Thus, we hypothesize that, by modulating local inhibitory
circuits, BF-LRGNs could influence odor processing in the OB.
In agreement with this possibility, chemogenetic silencing of
LRGNs of the magnocellular preoptic nucleus (MCPO), a main
source of BF GABAergic inhibition to the OB (Gracia-Llanes et
al., 2010), produces a notable reduction in the discrimination of
similar odors (Nunez-Parra et al., 2013); however, how this BF
inhibition influences neuronal circuits in the OB remains
unclear.

Here, we used a combination of conditional genetics, immu-
nohistochemistry, and electrophysiology in acute brain slices to
define the physiological framework by which the BF GABAergic
projections modulate, at the circuit level, the spatiotemporal dy-
namics of the output neurons in the OB. We first established
that MCPO Gad2 neurons, which comprise the main inhibitory
projections to the OB, appear phenotypically homogeneous,
using GABA as the main transmitter, unlike other GABAergic
neurons in the BF (Saunders et al., 2015; Case et al., 2017). In
agreement with previous work (Gracia-Llanes et al., 2010), im-
munohistochemical analysis revealed that BF-LRGNs extensively
innervate the granule cell layer (GCL) and, to a lesser extent, the
glomerular layer (GL). Consistent with this anatomic distribu-
tion, phasic activation of BF GABAergic axons elicited fast inhib-
itory responses in local inhibitory neurons, including the granule
cells (GCs) and periglomerular cells (PGCs); however, inhibitory
responses were absent in the output neurons, the mitral cells
(MCs) and tufted cells (TCs). Functionally, the selective activa-
tion of the GABAergic axons in the OB results in a disinhibitory
effect of the output neurons; activation of BF inhibition increased
the firing rate of active MCs. We show that this increase in firing
rate can result from a reduction in the inhibition by glomeru-
lar inhibitory neurons and by a reduction in dendrodendritic
inhibition (DDI) at GC-MC synapses. In addition, top-down
inhibition decreased the spike precision of MCs in response
to simulated sensory stimuli. Importantly, activation of BF
GABAergic inputs produced a significant reduction in the
power of local u and g oscillations, thus desynchronizing the
rhythmic activity in the OB. Together, these results indicate
that fast BF GABAergic inhibition is well suited to modulate
early stages of odor processing by regulating spatiotemporal
dynamics of MCs.

Materials and Methods
Animals. All experiments were conducted following the guidelines of

the Institutional Animal Care and Use Committee of the University of
Maryland (College Park, Maryland). For our experiments, we used WT
C57BL/6 (JAX, stock #664) and Gad2-IRES-Cre mice (JAX, stock
#010802) of both sexes, ranging in age from 1 to 4 months, from breed-
ing pairs housed in our animal facility.

Stereotaxic injections. Deep anesthesia of Gad2-Cre mice was
induced with 2% isoflurane at a rate of 1 L/min and adjusted (1%-1.5%)
over the course of the surgery. Body temperature was maintained using
a heating pad. An intraperitoneal injection of carprofen (5mg/kg) was
used as analgesic and a solution of povidone-iodine (Betadine) as anti-
septic. During the surgery, eyes were lubricated using a petrolatum oph-
thalmic ointment (Paralube). GABAergic projection neurons in the BF
were retrogradely labeled using a unilateral injection of AAVrg-hSyn-
DIO-eGFP in the OB (50 nl, catalog #50457-AAVrg, Addgene), guided
with a stereotaxic apparatus (Kopf, catalog #940), and using the follow-
ing stereotaxic coordinates as follows: DV �0.4 mm, ML 60.8 mm, AP
6 mm. This retrograde injection in the OB sparsely labeled neurons in
the anterior olfactory nucleus, as recently shown (Hanson et al., 2020).
To express channelrhodopsin-2 (ChR2) in LRGNs, Gad2-Cre mice were
bilaterally injected with AAV5-CAG-Flex-ChR2-tdTomato (200 nl, cata-
log #18917, Addgene) in the MCPO region of the BF using the following
stereotaxic coordinates: DV�5.4 mm, ML61.63 mm, AP 0.14 mm. For
histology experiments, the control virus AAV5-CAG-Flex-tdTomato
(200 nl, Addgene) was used to anterogradely label MCPO GABAergic
axons. For both retrograde and anterograde labeling of LRGNs, electro-
physiological or histologic experiments were conducted 3weeks, or later,
after surgery.

Confocal imaging and immunofluorescence. To directly visualize the
expression of the reporter gene (tdTomato or eGFP), mice were trans-
cardially perfused with cold 4% PFA diluted in 0.1 M PBS, pH 7.4. Brains
were then harvested and postfixed overnight at 4°C in the same fixative.
Brain tissue was sliced in sections of 50mm on a vibratome, the nuclei
stained with DAPI (catalog #D1306, Invitrogen) and mounted in a solu-
tion of Mowiol-DABCO. Mowiol mounting media was made in batches
of 25 ml containing 9.6% w/v Mowiol (catalog #475904, Millipore), glyc-
erol 24% w/v, 0.2 M Tris, pH 6.8, 2.5% w/v DABCO (antifade reagent,
catalog #D2522, Sigma Millipore), and Milli-Q water. For immunofluo-
rescence experiments, free-floating brain sections (50mm) were first
blocked with donkey serum (10%, catalog #S30-M, Millipore) in PBS
supplemented with Triton X-100 (0.1% v/v, catalog #T8787, Millipore,
PBS-T) for 1 h at room temperature to block unspecific biding sites.
Samples were then incubated overnight at 4°C with a goat primary anti-
body anti-ChAT (1:500, catalog #AB144, Millipore) and 2.5% donkey se-
rum in PBS-T with gentle rocking. The primary antibody was then
washed with PBS-T for at least 30min before incubation with a donkey
anti-goat antibody coupled to Alexa-647 (1:750, catalog #A-21447,
Invitrogen). Finally, slices were stained with DAPI, dried, and mounted
using Mowiol-DABCO. Control sections not exposed to the primary
antibody were devoid of immunostaining and were used to set back-
ground values on the microscope. Images were acquired using a Leica
Microsystems SP5X confocal microscope, with appropriate brightness
and contrast adjustments, and immunostained cells counted blindly
using ImageJ (National Institutes of Health).

Whole-cell recordings. Patch-clamp recordings in brain slices were
conducted as previously described (Nunez-Parra et al., 2013) using a
dual EPC10 amplifier (HEKA). Briefly, we used a vibratome (VT1000S,
Leica Microsystems) to obtain horizontal 250mm slices. Sectioning was
done using a cold low Ca21 (0.5 mM) and high Mg21 (3 mM) ACSF.
Slices were then placed in normal Ca21 and Mg21 ACSF and left to
recover for 30-45min at 37°C. The normal ACSF had the following com-
position (in mM): 125 NaCl, 25 NaHCO3, 1.25 NaH2PO4, 3 KCl, 2
CaCl2, 1 MgCl2, 3 myo-inositol, 0.3 ascorbic acid, 2 Na-pyruvate, and 15
glucose, and it was continuously oxygenated with 95% O2 and 5% CO2.
After recovery, slices were transferred to a recording chamber on an
Olympus BX51W1 DIC microscope. Neurons were visualized using 4�
and 40� objectives (LUMPlanFI/IR, Olympus). The evoked IPSCs
(eIPSCs) were recorded at a holding potential of 0mV using an internal
solution with the following composition (in mM): 125 Cs-gluconate, 4
NaCl, 10 Na-phosphocreatine, 10 HEPES, 2 Na-ATP, 4Mg-ATP, and
0.3 GTP. Alternatively, the eIPSCs were recorded at �70mV using an
internal solution of the following composition (in mM): 150 CsCl, 4.6
MgCl2, 0.1 CaCl2, 10 HEPES, 0.2 EGTA, 4 Na-ATP, and 0.4 Na-GTP.
The pH of internal solutions was adjusted to pH 7.3 with CsOH.
Current-clamp experiments were performed using pipettes filled with an
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internal solution of the following composition
(in mM): 120 K-gluconate, 10 Na-gluconate, 4
NaCl, 10 HEPES-K, 10 Na phosphocreatine, 2
Na-ATP, 4Mg-ATP, and 0.3 GTP, adjusted to
pH 7.3 with KOH. In some experiments, CaCl2
was replaced by equimolar amounts of SrCl2 in
the ACSF. No Ca21 chelators were added to
this solution. To confirm the identity of the
recorded neurons, and morphologic recon-
struction, the fluorophore Alexa-594 (20 mM,
Invitrogen) was included in the internal solu-
tion in a subset of experiments. Post-recording
filled neurons were fixed overnight at 4°C in
PFA 4% and mounted with Mowiol-DABCO.
Neurons were imaged under a confocal micro-
scope and reconstructed using Neurolucida
(MBF Bioscience) or neuTube (Feng et al.,
2015). Recordings were performed at room
temperature (21°C). Patch pipettes were pulled
using a horizontal puller (P-97, Sutter
Instrument) from thick-wall borosilicate glass
capillaries (Sutter Instrument), having a resist-
ance of ;3-6 MOhm. All chemicals were
obtained from Sigma Millipore. Drugs were
prepared from stocks stored at �20°C and
diluted into ACSF: gabazine (catalog #1262,
Tocris Bioscience), mecamylamine hydro-
chloride (catalog #2843/10, Tocris Bioscience),
atropine (catalog #A0132, Sigma Millipore),
and kynurenic acid sodium salt (catalog #3694,
Tocris Bioscience).

Local field potential (LFP) recordings and
optogenetic stimulation. LFPs in the OB were
recorded in 250mm brain slices using 200-300
kOhm glass electrodes filled with ACSF. To
induce oscillations in the OB, a brief stimula-
tion (100mA, 100Hz during 50ms) was deliv-
ered to the olfactory nerve (ON) using a
stimulus isolation unit (ISO-Flex, A.M.P.I)
controlled by the amplifier. Olfactory sensory
neuron (OSN) axon bundles were readily seen under DIC optic. For
optogenetic stimulation of the GL or GCL, a collimated LED (473nm,
Thor Labs) was used to deliver brief light pulses through a 40� objective
focused on either layer (which were at least ;400mm apart), controlled
by a TTL pulse triggered by amplifier. The intensity of the light beam
was adjusted depending on the level of ChR2 expression from 1 to 3
mWmm�2, measured after the objective. Trials were alternated between
control and optogenetic stimulation conditions.

Data analysis. Electrophysiology data were analyzed using the
IgorPro (WaveMetrics) and MATLAB (MathWorks) software. Only
events with fast current kinetics were included in the analyses (rise time
,4ms and decay time ,100ms). For the quantification of the currents
elicited by light stimulation, we calculated the transferred charge by inte-
grating the current within a 300ms window following the end of the
light pulse and subtracting the baseline charge before the light pulse. The
decay time was measured by fitting a double exponential decay function
to the current relaxation and computing the weighted time constant
(tw) as tw = (a1t1 1 a2t2)/(a1 1 a2), where a and t are the amplitude
and time constant of the first (1) and second (2) exponentials, respec-
tively. The rise time was estimated by measuring the time elapsed from
10% to 90% of the current peak amplitude. The onset time was measured
by fitting a sigmoid function from stimulus onset to the response peak
and then computing the maximum curvature point by solving the fourth
derivative of the fitted curve set equal to zero (Fedchyshyn and Wang,
2007). Spike jitter was measured as total SD of the timing of the action
potential peaks (Mainen and Sejnowski, 1995; Gutkin et al., 2003).
Spike-triggered averages were calculated using an average of the current
stimuli corresponding to the 100ms before each action potential. For LFP
analysis, stimulus artifacts were digitally removed, and traces were filtered

with a second-order 300Hz Butterworth low-pass filter. Spectral analysis
was then conducted using the Chronux toolbox (http://chronux.org/)
using a multitaper spectral estimation (Bokil et al., 2010), using a 250ms
moving window (shifted in 10ms increments) and seven tapers (K = 7),
permitting a time-bandwidth product of 2 (TW = 2). The LFP power was
normalized with respect to the prestimulation period (Winkowski et al.,
2013; James et al., 2019). Normalized power spectra were averaged over a
window of 1 s and over experiments for all conditions. g power was aver-
aged between 30 and 80Hz, while theta power was averaged between 4
and 12Hz. For the histograms of axonal density, the cellular layers of dif-
ferent FOVs were aligned horizontally using the nuclear staining as a ref-
erence. Mean pixel intensity values were computed across the horizontal
axis and normalized to the overall maximal intensity value. Data are
shown as the mean 6 SEM, unless otherwise specified. Statistical analysis
was done using a two-tailed t test, and significance was set at p, 0.05.
Statistical power was evaluated using G*Power (Faul et al., 2009).

Results
GABAergic neurons in the MCPO innervate inhibitory
circuits of the OB
Previous studies have shown that OB-projecting LRGNs are clus-
tered in a lateral region of the BF, the MCPO (Gracia-Llanes et
al., 2010). To broadly label these projection neurons, we used
Gad2-Cre mice, as the GABAergic marker Gad2 is abundantly
expressed in the MCPO (Nunez-Parra et al., 2013). Gad2-Cre
mice were injected with the anterograde virus AAV5-Flex-
tdTomato in the MCPO (Fig. 1A, diagram). In agreement with
previous work (Gracia-Llanes et al., 2010; Nunez-Parra et al.,

Figure 1. GABAergic projection neurons to the OB are clustered in the MCPO region of the BF and are different from cho-
linergic neurons. A, Left, Diagram of the anterograde approach to label MCPO GABAergic neurons. An AAV5-Flex-tdTomato vi-
rus was injected in the MCPO of Gad2-Cre mice. Right, Confocal image of a section of the main OB (MOB; n = 6), showing
the distribution pattern of Gad2-tdTomato axons (shown in white, to enhance the contrast of the staining) across the differ-
ent cell layers, revealed by the nuclear dye DAPI (blue). Right, The mean normalized pixel intensity across layers. The densest
distribution of Gad2 axons is found in the GCL and the GL of the MOB. MCL, MC layer. B, MCPO GABAergic axons innervating
the GL (top) and GCL (bottom) exhibit numerous boutons (yellow arrowheads). C, Left, Diagram of the approach to retro-
gradely label the MCPO GABAergic neurons. An AAVrg-DIO-eGFP virus was injected unilaterally in the OB of Gad2-Cre mice.
Right, Confocal micrograph showing that transduced Gad2-eGFP-positive neurons (green) are clustered in the MCPO. CPu,
Caudate putamen; PC, piriform cortex; Tu, olfactory tubercle; SI, substantia innominata. D, High-magnification confocal micro-
graphs of the MCPO containing GFP-transduced Gad2 neurons (green), immunostained with antibody against the cholinergic
marker ChAT (magenta). Several neurons are positive for ChAT in the MCPO region; however, this representative image illus-
trates the lack of colocalization of the cholinergic marker and the GABAergic neurons retrolabeled from the OB (white arrow-
heads). Similar results were found in the accessory OB and are shown in Extended Data Figure 1-1.
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2013), this anterograde injection resulted in extensive labeling of
fibers in the OB, with a distinct pattern of labeling across its cel-
lular layers. Fluorescently labeled axons of LRGNs exhibited a
nonuniform distribution pattern throughout all the layers of the
OB, with dense labeling in the GCL and to a lower extent in the
external plexiform layer (EPL) (Fig. 1A). Similarly, there was sig-
nificant innervation around juxtaglomerular neurons in the GL
(mean normalized pixel intensity GL, 0.356 0.07; EPL,
0.156 0.02; GCL, 0.76 0.09; n = 6 slices, 3 mice). At a cellular
level, the GABAergic axons were characterized by thick and
smooth processes running along the distinct cellular layers, with
profuse ramifications and axonal boutons (Fig. 1B, arrowheads).

To specifically access the population of OB-projecting
GABAergic neurons in the MCPO, we used an AAV variant that
produces efficient retrograde labeling, the rAAV2-retro virus
(Tervo et al., 2016; In ‘t Zandt et al., 2019). This virus was
injected unilaterally into the OB of Gad2-Cre mice (Fig. 1C, dia-
gram). Approximately 3 weeks after injection, transduced
GABAergic neurons were abundant in the ipsilateral hemisphere
and confined to the MCPO (Fig. 1C). Recent work has shown
that, in the medial septum/diagonal band of Broca axis, a subre-
gion of the BF, some neurons express both GABAergic and cho-
linergic markers, suggesting that MCPO GABAergic neurons
could exhibit a mixed phenotype (Saunders et al., 2015; Takács et
al., 2018). To evaluate this possibility, we immunostained retrola-
beled GABAergic MCPO neurons with an antibody directed
against the enzyme ChAT, a cholinergic marker. As shown in
Figure 1D, several putative cholinergic neurons are labeled in
this region; however, we observed minimal labeling of ChAT
protein among retrolabeled MCPO GABAergic neurons, with
sections showing only an ;1% of colocalization (GFP1 = 832
neurons; ChAT1 = 468; GFP1/ChAT1 = 10; n = 12 slices, 3
mice). This observation is in agreement with a recent study
showing absence of colocalization of OB-projecting BF neurons

with ChAT (Hanson et al., 2020). In con-
trast, when Cre-dependent expression
of the fluorescent protein eGFP was
achieved by direct transduction in the
MCPO, 16.5% of Gad2-positive (Gad21)
neurons displayed colocalization with the
cholinergic marker, as previously reported
(Saunders et al., 2015; Sanz Diez et al.,
2019) (GFP1 = 510 neurons; ChAT1 =
423; GFP1/ChAT1 = 84; n = 9 slices, 3
mice). Thus, although we cannot rule out
the possibility of low levels of expression
of ChAT that were undetected by our im-
munoassay, or the presence of other
neurotransmitters released by Gad21

neurons, our data indicate that MCPO
GABAergic neurons that project to the
OB exhibit mostly a GABAergic pheno-
type (see also Fig. 3C).

Activation of LRGN produces a fast
inhibition in local inhibitory neurons
of the OB
We next examined the influence of endo-
genously released GABA from BF
GABAergic axons in the most prominent
components of the OB circuit. To selec-
tively activate GABA release from
GABAergic axons in the main OB
(MOB), we expressed the light-gated cat-

ion channel ChR2 in the MCPO of Gad2-Cre mice and con-
ducted targeted recordings from different cell types across the
OB (Fig. 2). We maximized the probability of detecting evoked
GABA currents, by performing these recordings in symmetrical
chloride conditions (see Materials and Methods), in which
GABA elicits large inward currents. Light stimulation reliably
evoked short latency IPSCs (eIPSCs) in two of the most promi-
nent inhibitory neurons of the MOB: the GCs and the PGCs
(Fig. 2B; onset: GCs, 6.86 0.7ms, n = 14; PGCs, 7.26 1ms, n =
5). The amplitude and kinetics of the currents were variable
among these different cell types. Quantification of the transferred
charge (see Materials and Methods) indicated that average inhib-
itory responses were significantly larger in the GCs (Fig. 2B;
GCs, �15.36 5 pC, n = 16 vs PGCs, �2.46 0.8 pC, n = 5; p =
0.02), and that GCs also exhibited eIPSCs with a slower decay
time (GCs, 60.36 7.2 ms, n = 16 vs PGCs, 31.76 4.8ms, n = 5, p
= 0.04). Additionally, short-latency GABAergic responses were
also observed in EPL medium-sized interneurons (EPL-I), which
presumably correspond to the fast-spiking interneurons
described in this region (EPL-I, �2.66 2.2 pC, n = 3; Fig. 2A,B)
(Hamilton et al., 2005; Huang et al., 2013). In contrast, light
stimulation failed to produce any detectable inhibitory current in
the output neurons of the OB, the MCs and TCs (MCs,
�0.46 0.5 pC, n = 11; TCs, 0.26 0.3 pC, n = 10). These results
are consistent with a recent report that examined the targets of
GABAergic neurons from a different region of the BF (Hanson
et al., 2020). Additionally, BF GABAergic axons produced a simi-
lar pattern of labeling in the accessory OB (AOB), a region
involved in pheromonal signal processing, with dense innerva-
tion of the GCL (Extended Data Fig. 1-1A). Similar to the MOB,
GABA release from MCPO axons elicited eIPSCs only in the in-
hibitory cell types of the AOB (Extended Data Fig. 1-1B,C; GCs,
�116 4 pC, n = 12; PGCs, �56 3.8 pC, n = 5; MCs/TCs,

Figure 2. Inhibitory neurons are postsynaptic partners of MCPO LRGNs in the OB. A, Top drawings, Example of distinct
reconstructed neurons after recording: 1, GC; 2, MC; 3, TC; 4, PGC; 5, EPL-I. The morphology of the neurons was reconstructed
from confocal images of fixed cells that were filled with AlexaFluor-594 during the recordings. Bottom, Example of eIPSCs
recorded at �70mV in symmetrical chloride conditions, on stimulation of GABAergic axons expressing ChR2 with blue light
(5ms). LED stimulation elicited large inward currents in GC, PGC, and EPL-I, but not in output neurons, the MC or TC. B, Bar
graph represents the total charge transferred during the GABAergic eIPSCs in distinct cell types in the OB (GC, n = 16; MC,
n = 11; PGC, n = 5; TC, n = 10; EPL-I, n = 3). Responses are observed in the main inhibitory types, but not in the output
neurons.
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�0.96 0.7 pC, n = 6). Together, these results indicate that, at the
circuit level, BF inhibition functionally targets inhibitory, but not
excitatory, neurons in the OB.

Synaptic activation of GCs by BF-LRGN input is
synchronous and long-lasting
To further determine the impact of the BF inhibition onto the
local inhibitory neurons, we examined the synaptic properties of
MCPO inhibitory inputs onto GCs, which showed the densest
innervation by LRGNs. GABA release in the OB was evoked
from LRGN axon terminals expressing ChR2 by a brief light
stimulation pulse (0.5-1ms). The duration of the light stimula-
tion was adjusted to reduce the probability of stimulating multi-
ple axons simultaneously (achieving a ;40% failure rate). We
termed this a minimally evoked IPSC (min-eIPSC) (Banks et al.,
1998; Hagiwara et al., 2012). We recorded the min-eIPSC at
0mV, using a Cs-gluconate based internal solution (see
Materials and Methods), which allowed us to isolate the outward
GABAergic currents, without affecting the function of local cir-
cuits by the use of synaptic transmission blockers. Light stimula-
tion elicited a short latency min-eIPSC (mean 6 SD,
8.16 2.8ms, n = 5 cells), which occurred with a variable onset
likely because of differences in axonal geometry and the short
duration of the stimulation (Fig. 3A). The average amplitude of
the min-eIPSC was 666 3 pA (Fig. 3A), with kinetics character-
ized by a fast rise time (10%-90% of the peak, 1.66 0.1ms) and a
slower decay time (50.66 1.8ms) (Fig. 3B). The min-eIPSC
amplitudes exhibited a bimodal distribution, having a small am-
plitude peak (mean 6 SD, 486 15pA) and a larger peak (mean
6 SD, 1006 31pA). The majority of the events had fast rise

times (75% ,2ms), which included the majority of the larger
amplitude events, with a smaller number of events (;25%) hav-
ing slower rise times. The events of larger amplitude and faster
rise time may reflect a predominant perisomatic targeting of the
MCPO input onto GCs, while the smaller amplitude and slower
rise time event reflect more distal GABAergic inputs (Figs. 1A,
Fig. 3B, left). In contrast, the decay times showed a monophasic
distribution because of their longer time course and thus sub-
jected to less apparent filtering (Fig. 3B, right). Interestingly, the
decay time of the evoked min-IPSC from MCPO axons is rela-
tively slow compared with the IPSCs driven in GCs by local
GABAergic neurons, such as the deep short-axon cells (t ;
10ms) (Eyre et al., 2008). The min-eIPSC decay time in GCs is
also slower than the decay time of spontaneous IPSCs from GC
activity recorded in MCs under similar conditions (236 0.7ms,
n = 51, not shown). The relatively slower current relaxation of
the BF GABAergic inputs suggests that they have a longer tem-
poral influence in GCs compared with the influence of local inhi-
bition. Importantly, while the light-elicited currents were
completely abolished by the GABAAR blocker gabazine (control
�896 21 pC vs gabazine, 0.36 1.5 pC, n = 3, p = 0.04), they
were unaffected by a mixture of the cholinergic receptor block-
ers, mecamylamine and atropine (control �1416 55 pC vs cho-
linergic blockers, �1306 62, p = 0.25, n = 5), further indicating
that MCPO inputs onto GCs are mostly GABAergic (Fig. 3C).

Synchronized vesicular release is a common feature of evoked
neurotransmission in the nervous system and accounts for pha-
sic synaptic transmission, whereas asynchronous release provides
persistent neurotransmitter release favoring delayed transmis-
sion (Atluri and Regehr, 1998; Hefft and Jonas, 2005; Südhof,
2013; Wen et al., 2013; Kaeser and Regehr, 2014). Our data

Figure 3. Synaptic properties of the BF long-range GABAergic inputs onto GCs. A, Left, Diagram of the experimental configuration. GCs were recorded in voltage clamp, while GABAergic
axons expressing ChR2 were stimulated with a brief pulse of light (0.5-1 ms). Right, Overlay of selected min-eIPSCs (gray traces) in GCs (n = 5 cells, 3 mice). Only min-eIPSCs with rise times of
,4 ms are included (n = 120 events, 5 cells). Left, Short gray lines indicate the amplitude of single events. The min-eIPSC had an average amplitude of 666 3 pA (thick black line). Right,
The amplitude histogram of the min-eIPSCs. Amplitudes show a bimodal distribution with a small peak centered at 48 pA and a higher peak at 100 pA. Black lines indicate the fitting of two
Gaussian distributions to the amplitude distribution. B, Probability distribution histograms for the rise time (left, 10%-90% of the peak) and decay time (right, tw) of the min-eIPSC events
shown in A. An equivalent number of events were taken from each cell (median 26). Bottom, Ticks represent the values for each event. Thick black lines indicate average rise time
(1.66 0.1 ms) and decay time (50.66 1.8 ms). C, eIPSCs recorded in GCs, using a CsCl-based internal solution, in response to LED stimulation (5 ms, 10 Hz). At this frequency of stimulation,
the peak amplitude decreases with time, but each eIPSC appears synchronous throughout the train (black traces). The eIPSCs are unaffected by the perfusion of a mixture of the cholinergic blockers
mecamylamine (MM, 10 mM) and atropine (Atrp, 3 mM) (purple trace; n = 5, p = 0.25), but completely blocked by the GABAAR blocker gabazine (Gbz, 10 mM) (gray trace; n = 3, p = 0.04). D,
Left, Light-evoked IPSCs in GCs are desynchronized by the equimolar replacement of calcium by strontium (Sr21, 2 mM). Right, Overlay of peak normalized IPSCs for control (black) and strontium
(pink) showing similar kinetics. C, D, The holding potential is�70mV. E, Histogram overlay of the eIPSC amplitudes during control (gray) and strontium (pink) application (n = 3 cells).
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indicate that MCPO inputs produce a fast-synchronized release
of GABA onto GCs, as light stimulation of MCPO axons with a
single pulse, or across a high-frequency stimulation train,
always evoked currents that decay monotonically (Fig. 3A,C,D).
Accordingly, equimolar replacement of the extracellular Ca21

by Sr21, a divalent ion that disrupts synchronized vesicular
release (Dodge et al., 1969; Goda and Stevens, 1994; Xu-
Friedman and Regehr, 2000; Shin et al., 2003), resulted in a bar-
rage of smaller current events on light stimulation (Fig. 3D,
left). In normal Ca21, the eIPSC had a mean amplitude of
1916 12 pA, while in the presence of Sr21 the current ampli-
tude was significantly lower (546 4 pA, p, 0.001, n = 3) (Fig.
3E). Importantly, in agreement with a quantal mechanism of
release at these synapses, the kinetics of eIPSC evoked in the
presence of Sr21 closely resembled the kinetics of those in nor-
mal Ca21 (Fig. 3D, right) (rise time, in Ca21, 1.526 0.3ms vs
in Sr21, 1.856 0.1ms, p = 0.3; decay time, in Ca21, 63.66 2ms
vs in Sr21, 60.56 3ms, p = 0.43, n = 3). Together, these results
suggest that activation of BF-LRGNs axons in the OB produces
a fast-synchronous release of GABA onto GCs, likely from mul-
tiple synaptic contacts.

Activation of BF-LRGNs disinhibits MCs and modulates the
extent of lateral inhibition
We next examined the influence of the fast and synchronous
GABA release onto the local inhibitory networks of the OB by
BF-LRGN. In the glomeruli, local GABAergic neurons drive
feedforward inhibition onto MCs, providing a mechanism for

sensory gain control and decorrelation of odor representations
(R. I. Wilson and Mainen, 2006; Zhu et al., 2013; Banerjee et al.,
2015). Thus, inhibition of PGCs by BF-LRGNs (Fig. 2) suggests
that BF inhibition can modulate the extent of feedforward inhibi-
tion in glomerular domains. To examine this possibility, we
evoked activity in MCs by stimulating the axons of OSNs in the
ON, while locally stimulating GABA release from BF-LRGNs
axons in the GL (Fig. 4A, diagram). Stimulation of the ON pro-
duced a long-lasting depolarization in MCs, with sustained firing
of action potentials (Fig. 4A), which was significantly increased
by simultaneous light stimulation of BF-LRGNs axons in the GL,
in agreement with the disinhibitory effect on this afferent input
(firing rate, control: 3.56 1.7Hz,1 LED: 6.46 1.4Hz, n = 4, p =
0.014) (Fig. 4B). We next recorded simultaneously excitatory and
inhibitory currents in MCs evoked by ON stimulation, using
symmetrical chloride, at a holding potential of �60mV (Fig.
4C). The ON stimulation evoked a large inward current consist-
ing of a barrage of glutamatergic and GABAergic events, which
was reduced ;60% by light stimulation directed to the GL (con-
trol, �1376 20 pC; 1LED, �536 15 pC; n = 10, p, 0.001)
(Fig. 4D). In agreement with the possibility that the reduction in
the inward current by light stimulation was mostly because of a
reduction of the GABAergic component, blockade of GABAARs
produced a similar reduction (;57%) in the current evoked by
ON stimulation (control: �1826 30 pC, gabazine: �73.56 11
pC, n = 4, p = 0.003).

The ON-evoked response recorded in MCs was not affected
by bath perfusing the Type 1 and 2 dopaminergic receptor
(DAR) antagonists sulpiride (100 mM) and SCH39166 (10 mM),

Figure 4. Activation of BF GABAergic inputs disinhibits MCs and reduces DDI. A, Left, Diagram of the experimental configuration. MCs were recorded either in current or voltage clamp while
the sensory axons in the ON were activated by electrical stimulation. BF GABAergic axons expressing ChR2 were activated by blue light in the GL. Right, Responses in a representative MC
recorded while stimulating the ON with a glass electrode (100 mA, 100 ms, 4 Hz, top black ticks) in the presence (left) or absence (right) of LED stimulation (at 10 Hz, blue ticks). The stimulus
intensity was adjusted to elicit firing in the MC. Bottom, Spike raster plots for 10 trials in the cell shown above. The membrane potential was �57mV (with zero current injection). B,
Summary bar graphs for spike frequency showing a significant increase in the firing rate during the LED stimulation compared with control (n = 4, p = 0.01). C, Synaptic currents evoked in an
MC by electrical stimulation of the ON (100 mA, 100 ms, arrow). Recordings were performed in symmetrical chloride, in which excitatory and inhibitory currents are seen as inward deflections.
A single ON stimulation produced a long-lasting inward current, which was reduced in the presence of LED stimulation in the GL (blue ticks). The holding potential is�60mV. D, The large bar-
rage of evoked synaptic activity by the ON stimulation is greatly suppressed by LED stimulation (n = 10, p, 0.001), and completely abolished by blockers of GABAA and glutamate receptors
(gabazine [Gbz], 10 mM; kynurenic acid [KA], 1 mM, respectively; n = 6, p = 0.01). E, Left, Diagram of the experimental arrangement. MCs were recorded either in current or voltage clamp
while LED stimulation was directed to the GCL. Right, Voltage traces of a representative MC held at peri-threshold membrane potential in control and in the presence of LED stimulation (4 Hz).
Spike raster plots for 20 trials are shown in the traces below. F, Summary bar graphs for spike frequency showing a significant increase in the firing rate during the LED stimulation compared
with control (n = 6, p = 0.004). Light directed to the GL did not significantly change the firing rate of MCs. Results are shown in Extended Data Figure 4-2A, B. G, Overlay of average current
traces showing DDI on a MC evoked by a short depolarization (0mV, 50 ms) in control and in the presence of LED stimulation (10 Hz). The holding potential is�60mV. H, Summary bar plot
showing a significant difference in the synaptic charge transferred in control versus during LED stimulation (n = 8, p = 0.003). Consistently, Gbz (10 mM) completely blocked the evoked den-
drodendritic current in MCs (n = 10, p = 0.0002). The reduction of the ON-evoked response and depolarization induced inhibition in MCs by light stimulation of BF-LRGNs axons persisted in
the presence of dopamine receptor antagonists. These results are shown in Extended Data Figure 4-1. In addition, light stimulation of the GL significantly reduced DDI in MCs, shown in
Extended Data Figure 4-2C, D. *p, 0.05. **p, 0.01.
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respectively (control �1706 34 pC; DAR antagonists
�1806 37 pC; n = 10, p = 0.62) (Extended Data Fig. 4-1A,B).
Correspondingly, the reduction of the ON-evoked response in
MCs by light stimulation of BF-LRGNs axons persisted in the
presence of DAR antagonists (control, �1046 26 pC; LED 1
DAR antagonists, �276 7 pC; n = 6, p = 0.01) (Extended Data
Fig. 4-1C,D). Last, the ON-evoked current was completely abol-
ished in the presence of gabazine and the broad glutamate recep-
tor blocker kynurenic acid (1 mM) (control: �1426 32 pC, 1
blockers: �6.76 4.5 pC, n = 6, p = 0.01). These results are con-
sistent with an inhibitory control of LRGNs on glomerular
GABAergic neurons targeting MCs.

DDI at MC-GC synapses is thought to shape the output signal
of MCs both in the temporal and spatial domains, through recur-
rent and lateral inhibition (Yokoi et al., 1995; Isaacson and
Strowbridge, 1998; Christie et al., 2001; Shepherd, 2004).
Therefore, we next examined how BF inhibition shapes the
responses of MCs, by locally stimulating GABA release from
MCPO axons in the GL and GCL. We depolarized MCs by con-
stant current injection to produce a low firing rate (;4 Hz; Fig.
4E). In agreement with a disinhibitory action of the BF afferent
input, via inhibition of GCs, light stimulation directed to the
GCL significantly increased the basal firing rate in MCs (control,
3.86 2.3Hz;1LED, 4.56 2.5Hz; n = 6, p = 0.004) (Fig. 4F), but
not when the light was focused in the GL (control, 4.36 0.9Hz;
1LED, 5.26 1.1Hz; n = 7, p = 0.3) (Extended Data Fig. 4-2A,B).
In order to directly examine the modulation of DDI by BF inhi-
bition, we recorded the GABAergic currents evoked by a depola-
rizing pulse in MCs while holding the cells at �60mV (Fig. 4G).
A brief stimulation (50ms) elicited a barrage of GABAergic cur-
rents with a relaxation time of 6406 230ms (n = 8) similar to
the values previously described (Isaacson and Strowbridge, 1998;
Schoppa et al., 1998). In the presence of local stimulation of
GABA release from BF-LRGNs axons directed to the GCL, the
DDI was significantly reduced (Fig. 4G,H) (control, �566 11
pC, LED stimulation, �366 11 pC, n = 8, p = 0.003). Similarly,
light stimulation of the GL produced a reduction in the current
evoked in MCs during a depolarizing step (control,
�1026 23pA;1LED,�546 19pA, n = 5, p = 0.007) (Extended
Data Fig. 4-2C,D). As expected, blocking GABAARs completely
abolished the evoked DDI in MCs (control, �526 14 pC;
gabazine, 26 1 pC; n = 10, p, 0.001). These results suggest
that activation of BF-LRGNs can reduce the extent of DDI in
MCs and thus can influence odor processing by reducing lat-
eral inhibition. Importantly, activating BF-LRGNs did not
produce a change in the membrane potential of MCs (con-
trol, �64.56 2mV;1LED, �64.36 2mV; n = 6; p = 0.3).

BF-LRGNs modulate h and c oscillations in a layer-specific
manner
Inhibition from local GABAergic circuits contributes to generate
a temporal framework in which low- and high-frequency neuro-
nal oscillations exist in the OB (Kay et al., 2009; Wachowiak,
2011). Although the underlying mechanism is not completely
understood, oscillations in the u frequency band (2-12Hz),
entrained by the respiratory cycle, are orchestrated by PGCs
(Lagier et al., 2004; Fukunaga et al., 2014), whereas g oscillations
(25-85Hz) require the activation of GCs (Rall and Shepherd,
1968; Balu et al., 2007; Lagier et al., 2007; Kay, 2014). Since a
main target of BF inhibition are the PGCs and GCs, we hypothe-
sized that BF GABAergic inhibition could differentially influence
the generation of oscillatory activity in the OB by regulating the
activity of the glomerular and inframitral inhibitory circuits. To

examine this possibility, we recorded the LFPs evoked by stimu-
lation of the ON (Lagier et al., 2007) while optogenetically induc-
ing GABA release from MCPO GABAergic axons (Fig. 5A,
diagram). A brief, high-frequency, electrical stimulation of the
ON (100Hz, 50ms) elicited both slow and fast fluctuations in
the LFP, that persisted for ;1 s following the cessation of the
ON stimulation (Fig. 5B,C). Frequency analysis of the LFP sig-
nals revealed that both u and g oscillations concurred; they were
apparent in both the raw and filtered LFP traces (Fig. 5B–D;
Extended Data Fig. 5-1). Importantly, when the MCPO
GABAergic axons were locally stimulated in the GL, the power
of u was significantly reduced (u : control 2.176 0.4, LED
1.566 0.3, n = 6, p = 0.001). We also observed a trend toward a
lower g power, albeit this was not significant (g : control
1.46 0.1, LED 1.36 0.2, n = 6, p = 0.31) (Fig. 5D,E). In contrast,
when the light stimulation was directed to the GCL, the power of
g , but not u , was significantly reduced (u : control 1.646 0.2,
LED 1.426 0.3, n = 5, p = 0.11; g : control 1.336 0.1, LED
1.176 0.1, n = 5, p = 0.05) (Fig. 5D,E). These results suggest that
the BF-LRGNs could differentially regulate the dynamics of local
GABAergic circuits in the GL and GCL. We note that LED stim-
ulation alone, in either GL or GCL, failed to induce significant
changes in the LFP, owing perhaps to the low activity of inhibi-
tory circuits in the slice. Nevertheless, a mixture of the excitatory
and inhibitory synaptic blockers, kynurenic acid and gabazine,
completely abolished the electrically induced oscillations, in
agreement with their synaptic origin (u : control 2.26 0.2, block-
ers 0.96 0.01, n = 4, p = 0.01; g : control 1.456 0.06, blockers
16 0.02, n = 4, p = 0.01) (Fig. 5B; Extended Data Fig. 5-1B).

Activation of BF-LRGNs inputs decreases spike precision in
MCs
In other brain regions, long-range GABAergic inhibition influ-
ences rhythmic activity through direct modulation of local
GABAergic interneurons, which in turn can regulate the preci-
sion of firing of principal neurons (Tamamaki and Tomioka,
2010; Melzer et al., 2012; Kim et al., 2015). In the MOB, spike
precision in MCs can be regulated by inhibition from GCs
(Schoppa, 2006), a main target of BF inhibition; therefore, we
next examined how BF inhibition modulates spike precision of
MCs. We simulated the occurrence of coincident sensory inputs
of increasing synchrony onto MCs, overlaid on a 4Hz respira-
tion-like wave. The currents that produced the simulated EPSPs
(sim-EPSPs) were adjusted to elicit a similar firing rate across tri-
als (Fig. 6A, top current trace), and the first four and last four
stimuli were averaged to represent lower and higher synchrony,
respectively. Under control conditions, the jitter in the spiking
generated by the low synchrony sim-EPSCs was higher, com-
pared with the high synchrony sim-EPSCs; in other words, the
spike precision is higher with the high synchrony stimuli
(Rodriguez-Molina et al., 2007) (Fig. 6A, bottom traces; low syn-
chrony 346 2.3ms vs high synchrony 18.96 2.2ms; n = 7, p =
0.02). As expected, the overall firing rate of MCs during the sim-
EPSPs significantly increased when the MCPOGABAergic axons
were locally stimulated with light (Fig. 6B; control 7.26 1.1 vs1
LED 8.36 1.3Hz, n = 7, p = 0.02). Importantly, optogenetic acti-
vation of BF-LRGNs axons significantly increased spike jitter in
MCs for sim-EPSCs at both low and high synchrony (Fig. 6C;
low synchrony: control 346 2.3ms vs LED stim 38.76 2ms, n =
7, p = 0.02; high synchrony: control 18.96 2.2 vs LED stim
24.76 2.6ms, n = 7, p, 0.001). Additionally, the current needed
to evoke a spike in MCs, across all sim-EPSPs, was significantly
reduced in the presence of light stimulation, in agreement with
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the disinhibitory action of the MCPO GABAergic inputs (Fig.
6D; low synchrony peak: p, 0.001; high synchrony peak:
p, 0.001). Together, these results indicate that MCPO
GABAergic inhibition of local circuits results in disinhibition of
MCs and a decrease in the firing precision of the output
neurons.

Discussion
We provide new mechanistic insights on how long-range
GABAergic inhibition shapes early sensory processing by influ-
encing local inhibition in the OB. BF inhibition directly regulates
local inhibitory neurons, including the GCs and PGCs, produc-
ing a net disinhibition of the OB output neurons. This disinhibi-
tion affected the function of MCs at two levels; in the temporal

domain, activation of BF inhibition produced a phasic increase
in the firing of MCs and a decrease in their spiking precision.
Additionally, activation of LRGNs reduced the extent of DDI at
GC-MC synapses, suggesting that top-down GABAergic inhibi-
tion can also regulate MCs function in the spatial domain. At the
circuit level, activation of the GABAergic feedback produced a
specific modulation of inhibition across the glomerular and GC
layers. Phasic activation of BF-LRGNs resulted in modulation of
the intensity of u and g band oscillations across these two layers.
Thus, phasic activation of BF long-range GABAergic inhibition
is poised to influence both the spatial and temporal aspects of
early olfactory processing.

The MCPO is the most important source of GABAergic pro-
jections to the OB; however, the function of these inhibitory neu-
rons has been difficult to assess because of the presence of other

Figure 5. Layer-specific modulation of LFP oscillations by activation of BF GABAergic inputs. A, Left, Image of a recorded section of the OB showing expression of ChR2-tdTomato achieved
by an injection of AAV5-Flex-ChR2-tdTomato virus in the MCPO. Right, Diagram of the experimental configuration. A low-resistance patch electrode was placed in the EPL to record the LFP in
OB slices containing BF GABAergic axons expressing ChR2. Oscillatory activity was elicited by stimulating the ON with a brief high-frequency stimulus (100 mA, 100 Hz for 50ms). In alternate
trials, we stimulated the BF GABAergic axons with a blue LED (5ms, 10 Hz for 2 s) directed to the GCL or the GL using a 40� objective focused;400mm apart. B, Raw traces of LFP record-
ings in the EPL during electrical stimulation of the ON (black ticks) in control (top), with LED stimulation over the GCL (blue ticks, middle) or the GL (bottom), and in the presence of the synap-
tic blockers kynurenic acid (KA, 1 mM) and gabazine, 10 mM). C, Band pass filtered LFP traces for the different conditions; low frequency, 2-12 Hz (u , gray), and high frequency, 25-85 Hz (g ,
black). D, Mean normalized 300 Hz low pass power spectra for a 1 s window of LFP recording during GL (left) and GCL (right) LED stimulation. Power was normalized with respect to the pre-
ON stimulation period. The power spectra show significant activity,20 Hz, as well as a shoulder at higher frequency. E, Pair comparison of the normalized power of the u (top plots) and g
frequency bands (bottom plots) in the absence (control) and presence of light stimulation (LED). Light stimulation in the GL significantly reduced the power of the u band (n = 6, p = 0.001),
but not the g band (n = 6, p = 0.31), whereas LED stimulation in the GCL significantly reduced the power of the g band (n = 5, p = 0.05), but not the u band (n = 5, p = 0.11).
Representative raw power spectrograms before and after ON stimulation, as well as normalized power spectrograms in the presence of synaptic blockers are shown in Extended Data
Figure 5-1. *p, 0.05.
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cell types in the BF, including cholinergic and glutamatergic neu-
rons (Zaborszky et al., 2012; Yang et al., 2017). Our functional
and neuroanatomical studies provide direct evidence that MCPO
GABAergic projections to the OB use GABA as a main transmit-
ter. The cholinergic marker ChAT was not present in MCPO
GABAergic neurons, and the fast-inhibitory currents elicited by
their activation were insensitive to cholinergic antagonists. Thus,
although we cannot rule out the possibility that ChAT is
expressed at low levels in OB-projecting MCPO neurons, unde-
tected by our immunoassay, or that MCPO Gad21 neurons can
release other neurotransmitters (Trudeau and El Mestikawy,
2018), our evidence supports a main GABAergic phenotype for
these neurons. Phasic activation of MCPO GABAergic neurons
produces a fast inhibition in local OB inhibitory neurons, which
distinguish them from a different subtype of BF projection neu-
rons previously described (Saunders et al., 2015; Case et al.,
2017).

Functionally, fast MCPO GABAergic inhibition shapes the
OB output by regulating local inhibitory circuits, instead of
directly acting on the output neurons. LRGNs preferentially elicit
GABAergic currents on inhibitory neurons in both MOB and
AOB, although it is possible that small responses could exist in
the output neurons, as recently suggested (Böhm et al., 2020).
However, this study did not specifically target the MCPO; fur-
thermore, the absence of responses in MCs in our studies is also
consistent with neuroanatomical studies indicating that BF
GABAergic afferents only target inhibitory neurons in the OB
(Gracia-Llanes et al., 2010). This bias toward GABAergic targets
has been reported for other long-range inhibitory projections in
the brain (Freund and Antal, 1988; Gulyás et al., 1990, 1991;
Freund and Gulyás, 1991; Martínez-Guijarro and Freund, 1992;
Melzer et al., 2012; Caputi et al., 2013; Gonzalez-Sulser et al.,

2014). The function of this biased pattern is unknown; however,
given the essential participation of inhibitory circuits in network
synchronization (Buzsáki and Chrobak, 1995), it has been pro-
posed that long-range GABAergic inhibition modulates temporal
dynamics in target circuits (Hangya et al., 2009; Kim et al., 2015;
Viney et al., 2018). We found that fast feedforward inhibition of
local GABAergic neurons by BF-LRGNs decreases the intensity
of evoked u and g band oscillations in the OB, through direct
activation of GABAAR in a circuit-specific manner. Oscillations
are inherent to olfaction (Kay et al., 2009) and underlie fine odor
discrimination and high level cognitive tasks (Stopfer et al., 1997;
Nusser et al., 2001; Beshel et al., 2007). Interestingly, disruption
of GABAAR in GCs increases g oscillations (Nusser et al., 2001),
further supporting the possibility that inhibition of GCs influ-
ences synchronized activity in the OB. A similar mechanism
has been proposed in the thalamus, where reduction in
the GABAAR-mediated inhibition intensifies thalamocortical
oscillatory activity (Huntsman et al., 1999). Interestingly,
studies in vivo have shown that cortically projecting BF
GABAergic neurons increase g band oscillations by modu-
lating local fast spiking inhibitory neurons (Kim et al., 2015).
Thus, the EPL-I neurons in the MOB could have a similar
function as they also exhibited fast inhibition on MCPO
GABAergic activation. Future experiments should evaluate
the contribution of fast-spiking neurons to g oscillations in
the MOB and their regulation by BF inhibition in vivo.
Nevertheless, these changes in synchrony at the network
level can also be explained by decorrelation of activity in the
output neurons, as BF-LRGN activation reduced spike preci-
sion on MCs in response to a simulated sensory input. It is
noteworthy that GCs have been proposed to participate in
the generation of highly precise firing in MCs (Schoppa,

Figure 6. Activation of BF GABAergic inputs desynchronizes MCs. A, Left top, Diagram of the experimental configuration. MCs were recorded in current clamp while axons of BF GABAergic
neurons expressing ChR2 were locally activated in the GCL by blue light (5 ms, 10 Hz). MCs were stimulated with fluctuating currents that simulate sensory input of increasing synchrony on a
4 Hz sine wave (top). The simulated current injection had low (first 4 current bursts) and high synchrony (last 4 current bursts). Overlaid voltage traces from an MC held at�60mV in response
to the current stimuli, during control (top traces) and blue light stimulation (LED 5 ms, 10 Hz, bottom traces). Raster plots underneath show single-cell responses in 40 trials. B, The overall fir-
ing rate of MCs was significantly increased in the presence of blue light stimulation (n = 7, p = 0.02). C, The spike jitter was significantly increased during low synchrony and high synchrony
simulated sensory inputs in the presence of blue light stimulation (low synchrony: p = 0.02; high synchrony: p, 0.001). D, Spike-triggered average during low synchrony (left) and high syn-
chrony (right) in the presence (red) or absence (blue) of blue light stimulation. The peak current needed to elicit spikes was smaller in the presence of blue light stimulation (low synchrony
peak: p, 0.001; high synchrony peak: p, 0.001). *p, 0.05. **p, 0.01.
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2006), which is thought to underlie temporal encoding in the
OB (Kepecs et al., 2006; Shusterman et al., 2011).

Activation of BF GABAergic inhibition in the glomerular or
the GCL circuits greatly reduced the extent of inhibition in MCs.
Interestingly, the density of innervation by MCPO GABAergic
axons was highest in the GCL; and therefore, BF inhibition is
well poised to influence the role of GCs in odor processing. This
would be in agreement with recent findings that highlight the
importance of GABAergic inhibition of GCs, including that aris-
ing in the MCPO, in odor discrimination (Abraham et al., 2010;
Nunez-Parra et al., 2013; Gschwend et al., 2015). On the other
hand, in the GL, the decay of the IPSCs elicited by MCPO axon
activation in PGCs is significantly faster than for GCs. PGCs are
reciprocally connected with MCs/TCs, from which they receive a
strong excitation (Murphy et al., 2005). Consistent with our find-
ings, a recent report described robust IPSCs in a subpopulation
of PGCs elicited by activation of BF GABAergic neurons (Sanz
Diez et al., 2019). This dendrodendritic interaction is thought to
gate the glomerular output by regulating the activity of MCs/TCs
(Wachowiak and Shipley, 2006; Gire and Schoppa, 2009; Shao et
al., 2012), suggesting that phasic activation of BF-LRGNs can
rapidly modulate the glomerular circuits, strongly impacting the
strength of the incoming sensory input. Together, these results
suggest that the BF GABAergic input to the OB is well suited to
rapidly modulate the extent of local inhibition in the glomerulus
and the lateral dendrites of MCs.

Our results underscore the view that GCs integrate inhibi-
tion from two sources: top-down inhibition from MCPO affer-
ents and inhibition from local interneurons (Pressler and
Strowbridge, 2006; Eyre et al., 2008; Burton and Urban, 2015);
however, these sources of inhibition may play different func-
tions on GCs. Phasic activation of MCPO GABAergic inputs
elicited a fast synchronized release of GABA, suggesting a tight
coupling between presynaptic action potentials and the release
events (Kaeser and Regehr, 2014). However, the IPSCs elicited
by MCPO inputs in GCs had a slower time course (;40ms)
compared with the decay of the IPSCs elicited by local inhibi-
tory inputs (;6ms) (Eyre et al., 2012), suggesting that these
sources of inhibition may have a different function in the tem-
poral domain. In the hippocampus, IPSCs with fast decay
kinetics are thought to facilitate g oscillations, whereas IPSCs
with slow decays likely control postsynaptic excitability (Bartos
et al., 2002). Thus, it is possible that the slower decay of top-
down inhibition has a stronger influence in the excitability of
GCs, whereas the local inhibitory inputs may facilitate g oscil-
lations. Furthermore, the fast rise time of the mIPSCs suggested
a predominant perisomatic targeting of the MCPO GABAergic
input to GCs. Thus, BF inhibition could have a strong influence
on the excitatory inputs that also target the proximal region of
the GCs (Balu et al., 2007), which produces an overall inhibi-
tion of the OB output (Boyd et al., 2012, 2015; Markopoulos et
al., 2012; Rothermel and Wachowiak, 2014; Otazu et al., 2015),
additional experiments are needed to determine the temporal
window in which this regulation can occur.

Interestingly, in in vivo recordings from OB-projecting
MCPO neurons, these cells can be directly excited by activation
of the piriform and entorhinal cortices (Paolini and McKenzie,
1997), suggesting modulation of MCPO LRGN activity by
incoming odor-elicited activity from olfactory areas. Since GCs
are targeted by the MCPO GABAergic axons, these projections
could participate in an OB-BF feedback loop that can rapidly
modulate the temporal code in the OB. The highly branched
BF-LRGN innervation across the OB cellular layers in addition

to a relatively small number of OB-projecting neurons in the
MCPO (;680 GABAergic neurons) (Gracia-Llanes et al.,
2010), suggests that GABAergic axons could influence a large
number of interneurons in the OB. Thus, we hypothesize that
top-down inhibition provides a rapid disinhibitory feedback to
ongoing odor-induced activity in the OB, influencing the tem-
poral and spatial dynamics of odor coding in the OB, including
gain control and tuning specificity of the output neurons.
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