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The Interglomerular Circuit Potently Inhibits Olfactory Bulb
Output Neurons by Both Direct and Indirect Pathways

X Shaolin Liu, Adam C. Puche, and Michael T. Shipley
Department of Anatomy and Neurobiology, Program in Neurosciences, University of Maryland School of Medicine, Baltimore, Maryland 21042

Sensory processing shapes our perception. In mammals, odor information is encoded by combinatorial activity patterns of olfactory bulb
(OB) glomeruli. Glomeruli are richly interconnected by short axon cells (SACs), which form the interglomerular circuit (IGC). It is unclear
how the IGC impacts OB output to downstream neural circuits. We combined in vitro and in vivo electrophysiology with optogenetics in
mice and found the following: (1) the IGC potently and monosynaptically inhibits the OB output neurons mitral/tufted cells (MTCs) by
GABA release from SACs: (2) gap junction-mediated electrical coupling is strong for the SAC¡MTC synapse, but negligible for the
SAC¡ETC synapse; (3) brief IGC-mediated inhibition is temporally prolonged by the intrinsic properties of MTCs; and (4) sniff fre-
quency IGC activation in vivo generates persistent MTC inhibition. These findings suggest that the temporal sequence of glomerular
activation by sensory input determines which stimulus features are transmitted to downstream olfactory networks and those filtered by
lateral inhibition.
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Introduction
Appropriate behavioral responses to environmental stimuli re-
quire precise identification and timing of sensory signals. In the
mammalian olfactory system, odor information is transduced
into neural signals by olfactory receptors (ORs) expressed by
olfactory sensory neurons (OSNs) (Jones and Reed, 1989). Each
OSN expresses only one type of ORs out of a repertoire of �1100
OR genes. The axons of OSNs with the same OR converge on a
pair of glomeruli in each olfactory bulb (OB) (Ressler et al., 1994;
Vassar et al., 1994; Mombaerts et al., 1996; Belluscio et al., 2002)
where they form synaptic connections with the second-order

neurons, including local glomerular interneurons (Hayar et al.,
2004a; De Saint Jan et al., 2009; Shao et al., 2009; Kiyokage et al.,
2010; Gire et al., 2012) and apical dendrites of mitral and tufted
cells (MTCs) (Najac et al., 2011), the principal OB output neu-
rons. One odorant typically differentially activates multiple types
of ORs, OSNs, and their targeted glomeruli. Odor identity is
encoded by specific combinations of activated glomeruli (John-
son et al., 1998; Mori et al., 1999; Johnson and Leon, 2007).
However, multiple lines of evidence support that activated glom-
eruli interact before the transfer of information to higher brain
regions. In the Drosophila antennal lobe, activating a single glom-
erulus with one odor elicits activity of inhibitory local interneu-
rons in all glomeruli (Hong and Wilson, 2015). In the mouse
olfactory bulb “short axon cells” (SACs) form the interglomeru-
lar circuit (IGC) that interlinks neighboring and distant glomer-
uli (Aungst et al., 2003; Kosaka and Kosaka, 2008; Kiyokage et al.,
2010). IGC acts on glomerular targets by corelease of the inhibi-
tory transmitter, GABA, and the modulatory transmitter, dopa-
mine (DA) (Borisovska et al., 2013; Liu et al., 2013).

Previous in vivo studies reported that the IGC mediates
GABAB receptor-mediated presynaptic inhibition of olfactory
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Significance Statement

Odor identity is encoded by combinatorial patterns of activated glomeruli, the initial signal transformation site of the olfactory
system. Lateral circuit processing among activated glomeruli modulates olfactory signal transformation before transmission to
higher brain centers. Using a combination of in vitro and in vivo optogenetics, this work demonstrates that interglomerular
circuitry produces potent inhibition of olfactory bulb output neurons via direct chemical and electrical synapses as well as by
indirect pathways. The direct inhibitory synaptic input engages mitral cell intrinsic membrane properties to generate inhibition
that outlasts the initial synaptic action.
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nerve (ON) terminals (McGann et al., 2005; Vucinić et al., 2006).
However, it remains unclear how the IGC acts on postsynaptic
glomerular targets to shape their output to downstream net-
works. Selective activation of the IGC by optogenetic targeting of
SACs triggers an inhibition-excitation sequence in external tufted
cells (ETCs) (Liu et al., 2013), a subpopulation of glomerular
excitatory interneurons that receive direct OSN input (Hayar et
al., 2004b; Liu and Shipley, 2008a) and monosynaptically excite
MTCs (De Saint Jan et al., 2009; Gire et al., 2012), vast majority of
SACs and periglomerular cells (PGCs) (Hayar et al., 2004a; Shao
et al., 2009; Kiyokage et al., 2010). GABAergic PGCs provide
strong feedforward inhibition of MTCs (Shao et al., 2012, 2013).
These ETC-driven indirect pathways have been proposed to be
the sole or predominant circuits underlying IGC action on MTCs
(Whitesell et al., 2013; Banerjee et al., 2015).

Here we combined in vitro and in vivo electrophysiology with
optogenetics in transgenic mice to determine whether the IGC
directly impacts MTCs. In contrast to previous studies (Whitesell
et al., 2013; Banerjee et al., 2015), we find that the IGC directly
and potently inhibits MTCs in parallel with the ETC-driven in-
direct pathways. We further demonstrate that this direct, mono-
synaptic connection is mediated by both GABAergic and
electrical synapses. The IGC GABAergic inhibition is temporally
amplified by MTC intrinsic properties and dominates over elec-
trical synapse-mediated excitation to potently reduce MTC re-
sponses to sensory input for hundreds of milliseconds.

Materials and Methods
Animals. Wild-type male mice (C57BL/6J) and transgenic TH-Cre mice
(B6.Cg-Tg(Th-cre)1Tmd/J, RRID: IMSR_JAX:008601) were obtained
from Charles River and The Jackson Laboratory, respectively. A colony of
transgenic animals was maintained by breeding heterozygous male TH-
Cre mice with wild-type C57BL/6J female mice. Animals were main-
tained with a standard 12 h light/dark cycle and given food and water ad
libitum. All experimental procedures were performed in accordance with
protocols approved by the University of Maryland Institutional Animal
Care and Use Committee.

Channelrhodopsin 2 (ChR2) expression. ChR2 was expressed in SACs as
described previously (Liu et al., 2013). Briefly, the Cre-inducible adeno-
associated virus serotype 9 (AAV2.9) carrying fusion genes for ChR2 and
enhanced yellow (AAV2.9-hSyn-hChR2(H134R)-EYFP) or mCherry
fluorescent protein (AAV-hSyn-hChR2(H134R)-mCherry) (Tsai et al.,
2009) (University of Pennsylvania Vector Core) were injected into the
glomerular layer (GL) of the medial side of each OB between postnatal
weeks 4 and 6. Under deep anesthesia, the skull was exposed and a small
hole (�0.5 mm diameter) drilled over each OB at coordinates at 3.95 mm
from bregma and 0.2 mm from midline. AAV2.9 was injected into three
points within the GL of the medial side of each bulb (depth 2.0 mm, 1.5
mm, and 1.0 mm) at a rate of 0.1 �l/min for 5 min with a total volume of
0.5 �l per bulb. After 2–3 weeks for ChR2-EYFP or -mCherry fluorescent
protein expression, acute horizontal OB slices were prepared for experi-
ments as described previously (Liu and Shipley, 2008b).

Slice preparation. Acute OB slices from 8- to 12-week-old male or female
mice were prepared as previously described (Liu and Shipley, 2008b). Briefly,
horizontal slices (350 �m) were cut with a VT1200 s vibratome in an ice-cold
and oxygenated (95% O2-5% CO2) sucrose-based ACSF containing the fol-
lowing: (in mM): 204.5 sucrose, 3 KCl, 1.25 NaH2PO4, 2.6 MgSO4, 0.5 CaCl2,
26 NaHCO3, 10 glucose. After 30 min incubation in normal ACSF at 30°C,
slices were then transferred to ACSF at room temperature until they were
used for experiments. Normal ACSF was continuously bubbled with 95%
O2-5% CO2 and had the following composition (in mM): 124 NaCl, 3 KCl,
1.25 NaH2PO4, 1.3 MgSO4, 1.3 CaCl2, 26 NaHCO3, 10 glucose. During
experiments, slices were perfused at 3 ml/min with ACSF equilibrated with
95% O2-5% CO2 and warmed to 30°C.

In vitro electrophysiology. Whole-cell patch-clamp or cell-attached re-
cordings were made from MTCs or ETCs visualized using a BX50WI

(Olympus) fixed-stage upright microscope equipped with near-infrared
differential interference contrast optics. MTCs were identified by their
location, cell size, and presence of lateral/primary dendrites. ETCs were
identified as previously described (Liu, Aungst et al., 2012). Briefly, they
are identified for experiments based on the following three criteria: (1)
spontaneous intrinsic burst firing that persists even when fast synaptic
transmitter (AMPA, NMDA, and GABAA) receptors are blocked; (2)
“pear”-shaped cell body located in the deep half of the GL when viewed in
infrared differential interference contrast optics; and (3) an apical den-
drite with extensively ramified tuft confined to the glomerulus and ab-
sence of lateral dendrites in the external plexiform layer.

Current or voltage signals were recorded with a MultiClamp 700B
amplifier (Molecular Devices) and low-pass filtered at 4 kHz and sam-
pled at 10 kHz with a DIGIDATA 1322A 16-bit analog-to-digital con-
verter (Molecular Devices) using Clampex 9.2 (Molecular Devices).
Patch recording electrodes were pulled from standard-wall glass capillary
tubes without filament (Sutter Instruments). Patch pipettes (4 –7 M�)
for whole-cell recording contained the following (in mM): 115
K-gluconate, 5.0 EGTA, 0.63 CaCl2, 5.5 MgCl2, 10 HEPES, 3 Na2-ATP,
0.3 Na3-GTP, and 14 Tris-phosphocreatine, pH 7.3 (285–295 mOsm).
The liquid junction potential (11–13 mV) was not corrected. Access
resistance was typically �30 M� and not compensated.

Immunohistochemistry. OB slices (350 �m thickness) were fixed in 4%
PFA for 24 h after physiological recordings, then embedded in 10% gelatin
in 1� PBS and recut at 40 �m using a vibratome (Leica). Immunohisto-
chemistry was performed at room temperature on free-floating sections.
Sections were incubated for 30 min in 2% BSA in TBST (0.1 M Tris, pH 7.4,
0.9% saline, and 0.3% Triton X-100) and then incubated overnight with a
mouse anti-TH antibody (1:20,000; Immunostar, RRID:AB_572268). Sec-
tions were rinsed in TBST (3 washes of 10 min duration) and incubated
in anti-mouse Cy3-conjugated secondary antibodies (1:1000; Jackson Im-
munoResearch Laboratories) for 2 h at room temperature. EYFP was de-
tected by the intrinsic fluorescence of the molecule. Sections were rinsed in
TBST (3 washes of 10 min duration), mounted on gelatin-coated slides, and
coverslipped with a 1,4-diazabicyclo-[2.2.2]octane-based anti-fade mount-
ing media. Digital microscopy images were captured using a FluoView500
confocal microscope (Olympus) and assembled using CorelDraw X7
(Corel).

Surgery and in vivo electrophysiology. Surgery was performed in adult
(8 –12 weeks old) male (n � 4) and female (n � 4) TH-Cre mice with
viral-ChR2 injection and expression as described above. Animals were
anesthetized with intraperitoneal injection of ketamine/xylazine mixture
at an initial dose of 100 mg/kg ketamine and 10 mg/kg xylazine. The
anesthesia level was judged by the dose at which the foot withdrawal
reflex ceases and that the amplitude/rate of respiration measured by chest
transducer was stable during the experiment (typically 1.5–3 Hz respira-
tion). Supplemental doses of ketamine/xylazine mixture were used to
maintain stable anesthesia throughout the surgery and recordings. The
anesthetized animals were held in a stereotaxic device and body temper-
ature maintained at 35°C-37°C with an insulated Peltier warming plat-
form controlled and monitored by a thermoregulation device. After the
skin was shaved and cut, a craniotomy opening (�3 mm diameter) was
made over the dorsal surface of the left OB using a dental drill and fine
forceps. The dura was incised on the lateral side of the OB for recording
electrode penetration.

Extracellular single-unit recordings from MTCs on the medial sides of
the left OB were performed with FHC tungsten microelectrodes with
impedances ranging from 1 to 4 M� as described previously (Zhan, Yin et
al., 2013). The electrode was positioned with a �30° angle to the hori-
zontal plane and inserted gradually from lateral dorsal surface to the
mitral layer on medial side of the bulb to ensure that the medial GL with
the apical dendrites of recorded mitral cell (MC) was unperturbed. The
medial mitral layer was determined both by advancing the predicted
distance from the lateral bulb surface and by assessment of characteristic
field/unit activity of each layer traversed to the medial side (lateral GL,
external plexiform layer, mitral cell layer, granule cell layer to medial
mitral cell layer). Single units and local field potentials were recorded by
a Plexon system. Signals from the recording microelectrode were ampli-
fied in series by an op-amp head-stage (Plexon, HST/8o50-G20-GR; 20�
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amplification) and a differential preamplifier (Plexon, PBX2/16SP-R/
16FP-G50; 50� amplification). Single-unit signals were extracted by
hardware high-pass filter (�150 Hz) and digitized at 20 kHz, whereas
local field potentials were extracted by low pass filter (�150 Hz) and
digitized at 4 kHz.

Electrical and optical stimulation. Electrical stimulation was delivered
by bipolar glass electrodes made from theta borosilicate tubes (Sutter
Instruments). The isolated and constant current stimulation pulses (100
�s) were triggered by a PG4000A digital stimulator (Cygnus Technology)
or Master-8 stimulator (A.M.P.I.). Optical stimuli were delivered from a
multimode optical fiber with opening diameter of 200 �m in vivo (0.48
NA, �15° beam divergence) or 25 �m in vitro (0.1 NA, �7° beam diver-
gence). Optical stimulation was (ThorLabs) produced by a 100 mW, 473
nm, diode-pumped, solid-state laser MBL-III-473 (Optoengine) and
gated with a laser shutter LST200 (NMLaser Products). Optical power
delivered at the fiber tip was calibrated with a PM20A power meter
(ThorLabs). For in vitro and in vivo recordings, onset and duration of
optical stimulation were measured during every experiment by splitting
1% of the laser beam out to a high speed (30 ns rise-time) silicon photo-
sensor (model 818-BB, Newport) and recorded by the same MultiClamp
700B amplifier (in vitro) as the patch electrode or recorded by the same
Plexon system as the single-unit recordings (in vivo).

Data analysis. In vitro data were first analyzed with Clampfit 9.2 (Mo-
lecular Devices). In vivo data were first sorted with the Offline Sorter
(version 2.8.8, Plexon) before further analyses with NeuroExplorer (Nex
Technologies). Numerical calculation and analysis were done with Mi-
crosoft Excel. Statistical analysis was performed with Origin, 2015 (Ori-
gin Lab) and NCSS 8 (NCSS). Statistical significance of population
responses were calculated by using Student’s t test or ANOVA with Bon-
ferroni post hoc comparisons. Graphs and plotting were created with
NeuroExplorer, Origin 2015, and SigmaPlot 9.0 (Systat software). Sex
differences between male/female animals in experiments were evaluated
and none observed.

Drugs and chemicals. APV (50 �M), NBQX (disodium salt, 10 �M),
gabazine (GBZ; SR95531, 10 �M), 8-bromo-2,3,4,5-tetrahydro-3-methyl-5-
phenyl-1H-3-benzazepin-7-ol (SKF83566) hydrobromide (10 �M), 8-[4-
(4-fluorophenyl)-4-oxobutyl]-1-phenyl-1,3,8-triazaspiro[4,5]decan-4-one
(spiperone) hydrochloride (10 �M), and (3�,20�)-3-(3-carboxy-1-oxo-
propoxy)-11-oxoolean-12-en-29-oic acid (carbenoxolone [CBX]) diso-
dium (300 �M) were purchased from Tocris Cookson. All other chemicals
were purchased from Sigma-Aldrich. All drugs were bath applied by diluting
in ACSF at the above-indicated doses unless otherwise stated.

Results
Direct and indirect IGC inhibition of MTCs
The IGC is formed by SACs, which project to multiple glomeruli
where they could make synaptic connections with the apical den-
drites of MTCs as well as local glomerular neurons, including
excitatory ETCs and inhibitory PGCs and SACs. In vitro and in
vivo activation of IGC with electrical or optogenetic stimulation
produces inhibition of MTCs (Aungst et al., 2003; Whitesell et al.,
2013; Banerjee et al., 2015). However, the precise circuitry and
synaptic actions of IGC are still unclear. MTCs receive direct
synaptic input from ON terminals as well as local excitatory
(ETCs) and inhibitory (PGCs and SACs) interneurons (Hayar et
al., 2004; De Saint Jan et al., 2009; Shao et al., 2009; Gire et al.,
2012). The IGC monosynaptically targets ETCs and causes fast,
GABAA receptor-mediated inhibition followed by slower, DA
receptor-mediated, rebound excitation (Liu et al., 2013). ETCs
monosynaptically excite MTCs (De Saint Jan et al., 2009; Gire et
al., 2012) and the majority of PGCs (Shao et al., 2009). Thus, at
least two indirect IGC pathways, SAC¡ETC¡MTC and
SAC¡ETC¡PGC¡MTC, could mediate IGC’s impact on
MTCs, as suggested by previous studies (Whitesell et al., 2013;
Banerjee et al., 2015). The SAC¡ETC¡MTC pathway would
reduce excitation of MTCs and the SAC¡ETC¡PGC¡MTC
pathway could produce a reduction followed by an enhancement

of inhibition. However, another possibility is that GABAergic
SACs directly, monosynaptically inhibit MTCs.

To investigate these possibilities, MTCs were voltage-clamped
at �60 mV, and their responses to optical activation of ChR2
expressing SACs were recorded in OB slices of TH-Cre mice.
Consistent with the previous studies (Liu et al., 2013), ChR2-
expressing neurons are restricted in the OB GL (Fig. 1A). Immu-
nohistochemical staining (Fig. 1B–D) showed that 90.8 	 0.6%
of ChR2-expressing neurons are TH protein-positive (n � 108
cells from 3 mice, data previously reported) (Liu et al., 2013). The
remaining �10% may represent immature SACs that express the
TH gene and drive ChR2 but do not yet express detectable levels
of TH protein (Baker et al., 2001; Saino-Saito et al., 2004). Previ-
ous studies show that �10% of TH
 glomerular neurons coex-
press GAD65 (Kosaka and Kosaka, 2008; Kiyokage et al., 2010), a
molecular marker of PGCs that have single dendrites restricting
to individual glomeruli. Thus, to avoid possible PGC actions,
optically stimulated glomeruli were separated from the glomeruli
containing the apical dendrites of the recorded MTCs by 3– 4
glomeruli (Fig. 1E, inset) (Liu et al., 2013) unless otherwise
indicated.

Brief (2 ms) optical activation of SACs evoked long-lasting
outward currents in MTCs (Fig. 1E). These currents had an initial
peak with a rise-to-peak time of 31.5 	 2.3 ms (n � 8), followed
by a sustained plateau. The half-peak width of these outward
currents ranged from 367 to 723 ms (412.8 	 25.1 ms, n � 8).
When the IGC indirect pathways via ETC¡MTC and
ETC¡PGC synapses were blocked with fast glutamate receptor
antagonists NBQX and APV, the duration of these outward cur-
rent was shortened to a half-peak width of 57.2 	 8.6 ms (n � 8,
p � 0.001; Fig. 1F) and total charge reduced from 40.6 	 6.7
nA � ms to 4.8 	 1.4 nA � ms (n � 8, p � 0.001; Fig. 1G).
However, the initial time-to-peak latency was unaltered (32.4 	
1.3 ms, n � 8, compared with before NBQX and APV) and peak
amplitude reduced by only 12.7 	 3.4% (p � 0.05, n � 8).
Moreover, with the IGC indirect pathways blocked, the onset
latency of the outward current ranged from 2.1 to 2.8 ms (2.40 	
0.04 ms, n � 8) with synaptic jitter (SD of latency) of 174 	 11 �s
(n � 8; Fig. 1H). The short, consistent latencies of the NBQX/
APV-resistant, SAC-evoked outward currents conform to a di-
rect, monosynaptic, inhibitory connection from SACs to MTCs.
Collectively, these findings demonstrate that IGC inhibits MTCs
by parallel circuits: direct, monosynaptic SAC¡MTC inhibition
that is prolonged by the indirect polysynaptic circuit involving
SAC¡ETC synapses (Liu et al., 2013).

Direct IGC input produces long-lasting inhibition of MTCs
The finding that both direct and indirect pathways mediate IGC
inhibition of MTCs sharply contrasts with previous studies re-
porting that indirect pathways are the sole or major mediators of
IGC inhibition of MTCs (Whitesell et al., 2013; Banerjee et al.,
2015). One explanation for this discrepancy is that impact of the
direct SAC-MC connection on postsynaptic neuron firing is too
subtle to be detected, especially by measuring intracellular Ca 2


signal changes (Banerjee et al., 2015). To test this idea, we exam-
ined MTC responses to brief (2 ms) optical activation of the IGC
with cell-attached recordings. Cell-attached recording provides
high-fidelity spike data without altering intracellular chloride,
which could impact the magnitude or even the polarity of GABAA

receptor-mediated responses. Consistent with our whole-cell
voltage-clamp results above, brief optical stimulation elicited a
long-lasting inhibition of MTC firing (Fig. 2A). Next, we elimi-
nated the contribution of the IGC indirect pathways by blocking
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the glutamatergic ETC¡MTC and ETC¡PGC circuits with
NBQX and APV. IGC inhibition duration was 671 	 81 ms
(n � 5) in ACSF and 445 	 51 ms (n � 5, p � 0.05) in NBQX and
APV (Fig. 2B,C). This shortened the duration of inhibition but
not to the extent predicted from the inhibition duration change
with NBQX/APV in our voltage-clamp findings (Fig. 1E,F).
There are two possible explanations for this finding: (1) the typ-
ical internal solution used in voltage-clamp experiments alters
the intracellular chloride concentration of MTCs such that the

Figure 1. Direct and indirect transmission from SACs to MTCs. A–D, Confocal image of a
horizontal OB section showing the expression of ChR2-EYFP selectively in the GL (A) and colo-
calization of TH protein and ChR2-EYFP (B–D) in SACs. E, F, Traces from an MTC voltage-
clamped at �60 mV showing outward currents in response to brief optical stimulation (blue

4

line and arrowhead) of short axon cells in ACSF (E) or in the presence of NBQX and APV (F). Black
and red traces represent the average in each condition. B, Inset, Experimental setup. Enlarge-
ment of traces in C at the bottom shows the short, consistent latencies of outward currents. G,
Quantified data from 8 cells showing the under curve area charge in conditions shown in A
(yellow) and B (green) as shown by the inset. H, Scatter plot showing latencies of SAC-evoked
outward currents in 8 MTCs in the presence of NBQX and APV. Blue horizontal bars represent the
average value of each cell.

Figure 2. SAC activation produces long-lasting inhibition of MTCs. A, B, Cell-attached re-
cordings showing that brief optical stimulation of SACs produces a long inhibition of MTC firing
in the absence (A) or presence of NBQX and APV (B). Raster data showing spike firing activities
of 10 recording traces in each conditions. C, Quantified data from 5 MTCs in cell-attached and 11
MTCs in current-clamp recording conditions showing the potent inhibition of MTCs by optical
stimulation of SACs with or without fast glutamatergic synaptic blockers.
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contribution of the direct IGC pathway is
underestimated; and/or (2) MTC intrin-
sic membrane properties amplify/prolong
the effect of brief direct IGC-mediated
outward current to cause long-lasting in-
hibition of spiking.

To test the first possibility, we recorded
MTCs in current clamp using the same
internal solution as in the voltage-clamp
experiments. The duration IGC-evoked
inhibition of MTC firing was 656 	 53 ms
(n � 11) in ACSF and 429 	 32 ms (n �
11) in NBQX and APV (Fig. 2C), neither
of which is statistically different from du-
rations recorded in cell-attached mode
(671 	 81 ms in ACSF and 445 	 51 ms in
NBQX and APV, n � 5). Thus, the pro-
longed duration of IGC¡MTC inhibi-
tion is not due to altered intracellular
chloride concentration by the internal so-
lution in patch-clamp electrodes.

Intrinsic properties of postsynaptic neu-
rons that amplify the actions of synaptic in-
put have been reported in multiple classes
of neurons. For example, persistent inward
currents and T-type calcium currents pro-
long or enhance excitatory synaptic input-
evoked membrane depolarization or firing
in neocortical pyramidal neurons (Stuart
and Sakmann, 1995), spinal motoneurons
(Hultborn et al., 2004; Heckman et al.,
2008), thalamic reticular neurons (Crandall
et al., 2010), olfactory bulb ETCs (Liu and
Shipley, 2008a), and MCs (Johnston and
Delaney, 2010). Amplification of inhibitory
synaptic inputs by postsynaptic voltage-
dependent conductances has been reported
in cortical pyramidal neurons (Williams
and Stuart, 2003) and cerebellar Purkinje
neurons (Solinas et al., 2006). Thus, the in-
terplay between synaptic inputs and the in-
trinsic properties of the postsynaptic neuron are critical
determinants in many neural circuits. If the long-lasting IGC inhi-
bition of MTCs is due to intrinsic properties of MTCs, rather than a
circuit effect, then injecting brief hyperpolarizing currents into
MTCs should elicit similar long-lasting inhibition. To investigate
this, we first averaged IGC-evoked IPSCs in 8 MTCs measured with
the indirect IGC pathway blocked by NBQX and APV, yielding av-
erage peak amplitude 75.6 pA, decay time constant (tau) 41.5 ms
(�100 ms total duration), and the total charge 5.8 nA/ms. Injection
of this “simulated,” direct IGC IPSC produced robust inhibition in 8
of 8 MTCs recorded in ACSF (Fig. 3A, left traces and PSTH graph).
The duration of inhibition ranged from 350 to 770 ms (mean
545.2 	 45.2 ms, n � 8; Fig. 3C), which was 354% longer than the
duration of the simulated IPSC (p � 0.001; n � 8; Fig. 3A). This
long-lasting inhibition was unchanged after blocking circuit influ-
ences with NBQX, APV, and GBZ (average duration 513.9 	 41.8
ms; n � 8, p � 0.05 compared with 545.2 	 45.2 ms in ACSF; Fig.
3A,C). Together, these findings suggest that MTC intrinsic proper-
ties prolong the impact of brief inhibitory inputs.

How might this work? In healthy MTCs, the membrane potential
alternates between an upstate and downstate (Heyward et al., 2001).
The upstate results from a balance between the inward persistent

sodium current (INaP) (Heyward et al., 2001; Hage and Salkoff, 2012)
and outward current(s). The simulated IGC IPSC may hyperpolar-
ize the MTC membrane potential below the activation threshold for
INaP and thus terminate MTC spontaneous/evoked spiking by push-
ing cells into the downstate. Because MTCs have relatively weak
hyperpolarization-activated cation current (Ih) (Angelo and Marg-
rie, 2011; Angelo et al., 2012), strong and/or synchronous inhibitory
synaptic input will generate prolonged inhibition of MTCs until the
membrane slowly ramps back to the activation threshold of INaP that
brings membrane potential to the upstate. If this is true, then one
predication is that long-lasting inhibition of MTCs can be triggered
by even very brief membrane hyperpolarization. To test this predic-
tion, we recorded MTC responses to hyperpolarizing current pulses
of varying amplitude and duration (Fig. 3B,C). Injection of 50 pA
pulses with duration of 50 or 100 ms produced consistent long-
lasting inhibition with durations of 178.8 	 24.0 ms (n � 8) or
341.3 	 35.7 ms (n � 8), which approximates to �3.6 (50 ms) or 3.4
(100 ms) times the corresponding hyperpolarizing pulse duration.
Increasing the pulse amplitude to 100 pA generated longer MTC
lasting inhibition for both the 50 ms (445.0 	 50.5 ms, n � 8, p �
0.001 vs 178.8 	 24.0 ms with 50 pA) and 100 ms (476.3 	 28.0 ms,
n � 8, p � 0.005 vs 341.3 	 35.7 ms with 50 pA) pulses. Because 50

Figure 3. MTC intrinsic properties amplify inhibitory input impact A, B, Top, Ten superimposed current-clamp traces
showing responses of a MTC to the SAC-MTC IPSC averaged from 80 traces in 8 cells (A), or a hyperpolarizing current pulse
100 pA � 50 ms (B) in ACSF (left) or in the presence of synaptic blockers (right). Bottom, Averaged PSTH from 8 cells in
corresponding conditions. C, Quantified data from 8 MTCs showing the inhibition duration produced by each treatment.
NAG � NBQX, APV, and gabazine.
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pA/100 ms and 100 pA/50 ms have the same charge (5.0 nA/ms) but
result in different MTC inhibition duration (341.3 	 35.7 ms vs
445.0 	 50.5 ms, n � 8, p � 0.01), we conclude that charge is not the
primary driver of MTC inhibition response to the IGC. Rather, input
current amplitude is more important than duration for intrinsic
amplification of inhibition in MTCs. With larger amplitude pulses,
the inhibition duration is �8.9 and 4.8 times the 50 and 100 ms
pulses, respectively. Together, these data show that MTC intrinsic
properties preferentially prolong strong inhibition (�50 pA), such
as that evoked by IGC activation. Therefore, circuit-level inhibition
is not only a function of presynaptic activity but can also be strongly
shaped by the intrinsic properties of the postsynaptic neuron.

Is direct SAC¡MTC transmission mediated by coreleased
GABA and DA?
GABA and DA corelease by SACs produces an inhibitory-excitatory
sequence in postsynaptic ETCs (Liu et al., 2013). Moreover, the
SAC¡ETC synapse is reported to support electrical coupling (Ba-
nerjee et al., 2015). Is the direct SAC¡MTCs synapse also mediated
by coreleased GABA and DA and does it support electrical coupling?

To investigate this, we again isolated the
IGC¡MTC direct circuit with NBQX and
APV to eliminate indirect pathways via
ETCs and examined MTC responses to op-
tical stimulation of SACs with and without
GABAA and DA receptor antagonists. Acti-
vation of SACs evoked direct, short-onset
latency inhibition of MTC firing in all tested
cells with either current-clamp recording
(n � 5; Fig. 4A1–B2) or cell-attached (n � 4,
data not shown). As results from cell-at-
tached and current-clamp recordings were
identical, spike data from these cells were
pooled for analysis. Addition of the GABAA

receptor blocker, GBZ, transformed the
MTC responses from long-lasting inhibi-
tion (497.3 	 15.9 ms, n � 9) to brief high-
frequency spiking (frequency 71.2 	 5.9 Hz,
duration 143.6 	 13.3 ms) followed by in-
hibition of spiking (568.2 	 14.1 ms) in 9 of
9 MTCs recorded in either cell-attached or
current-clamp conditions (Fig. 4C1,C2).
Conversion of the initial portion of IGC-
evoked inhibition into excitation by the
GABAA receptor blocker GBZ indicates that
the direct, monosynaptic inhibition of
MTCs is mediated by GABA released from
SACs and dominates over an excitatory
component of synaptic action.

What accounts for this IGC-evoked
fast glutamate/GABA receptor-indepen-
dent excitation-inhibition response? It
could be the result of a pronounced spike-
induced after-hyperpolarization (AHP)
that would be present only when spikes
are elicited in MTCs (Dumenieu et al.,
2015; Liu et al., 2015). If this were the case,
eliminating the IGC-evoked MTC spiking
should abolish the following inhibition, as
there would be no spike-evoked AHP. To
test this, we repeated the above current-
clamp experiments with injected current
to hyperpolarize MTCs below spiking

threshold. In this condition, brief activation of SACs still evoked
a depolarization followed by hyperpolarization, although no
spiking was elicited (Fig. 4E1,E2). The depolarization lasted for
561.9 	 11.5 ms with a peak amplitude of 3.4 	 1.1 mV (n � 5),
and the subsequent hyperpolarization had a duration of 602.4 	
21.3 ms (n � 5) with a peak amplitude of 2.1 	 0.7 mV (n � 5).
These results argue that a spike-dependent AHP is not the major
contributor to the inhibitory component of the IGC-evoked, fast
glutamate/GABA receptor-independent response in MTCs.

Could DA play a role in this complex response? GABA and DA
are coreleased at SAC¡ETC synapses (Borisovska et al., 2013;
Liu et al., 2013). DA acts on D1- or D2-like receptors to produce
excitatory or inhibitory actions in many other neurons (Beck-
stead et al., 2004; Govindaiah and Cox, 2005; Liu et al., 2013).
However, IGC-evoked MTC responses were unaltered by DA
antagonists. First, the IGC-evoked excitation-inhibition of
firing responses identically exhibited in both cell-attached and
current-clamp recordings in the presence of fast glutamatergic
and GABAergic synaptic blockers showed no further change fol-
lowing addition of DA D1- and D2-like receptor antagonists,

Figure 4. Block of ionotropic synaptic receptors switches SAC-MTC transmission from inhibition to excitation. A1–D1, Ten
superimposed current-clamp traces showing MTC responses to brief optical stimulation (blue vertical line) of SACs in ACSF (A1), in
the presence of NBQX and APV (B1), addition of GBZ (C1), or DA receptor antagonists SKF83566 and spiperone (D1). E1, Traces
averaged from 10 individual responses in the same cell with hyperpolarizing current injection to prevent spiking reveals a biphasic
response: depolarization followed by hyperpolarization in the presence of NBQX, APV, and GBZ (NAG, red) or addition of DA
receptor antagonists (dark blue). A2–E2, Enlargement of traces on the left side to highlight the following: (1) blocking glutama-
tergic transmission with NBQX and APV (B2) shortens the SAC inhibition of MTCs compared with A2; (2) addition of GBZ revealed
a brief excitation immediately following optical stimulation in forms of firing (C2) or subthreshold depolarization (E2, red trace)
followed by firing inhibition or hyperpolarization; and (3) further addition of DA receptor antagonists showed no effect on the
excitation-inhibition responses (D2 compared with C2 and dark blue trace compared with red trace in E2).
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SKF83566 and spiperone (Fig. 4C1,C2

compared with Fig. 4D1,D2). The IGC-
evoked brief spiking in MTCs in the pres-
ence of DR antagonists had a frequency of
69.1 	 5.8 Hz (n � 9, not significant com-
pared with pre-DA antagonists) and dura-
tion of 137.9 	 14.5 ms (n � 9, not
significant compared with pre-DA antago-
nists), whereas the following inhibition of
spiking lasted for 573.6 	 16.8 ms (n � 9,
not significant compared with pre-DA an-
tagonists). Second, the depolarization-hy-
perpolarization response sequence in
current clamp with hyperpolarizing current
injection (Fig. 4E1,E2) was also unaltered by
the further addition of the DA D1- and D2-
like receptor antagonists, SKF83566 and
spiperone (Fig. 4E1,E2, dark blue trace com-
pared with red trace).The subthreshold re-
sponse in current clamp in the presence of
DA antagonists showed a depolarization
duration of 557.8 	 9.8 ms and peak ampli-
tude of 3.3 	 1.2 mV followed by hyperpo-
larization with duration of 601 	 10.5 ms
and peak amplitude of 2.0 	 0.9 mV. None
of these parameters differed from those
measured in pre-DA antagonist conditions
(n � 5, not significant). These results indi-
cate that the direct IGC¡MTC synapse can
generate an excitatory-inhibitory response
sequence that is independent of glutamate,
GABA, and DA. What could mediate this
response?

IGC-MTC synapses support strong
electrical coupling; IGC-ETC synapses
do not
Gap junction-mediated electrical cou-
pling has been reported between ETCs
and MTCs affiliated with same glomeru-
lus (De Saint Jan et al., 2009), and a recent
study reported electrical synapses be-
tween SACs and ETCs (Banerjee et al.,
2015). However, it is also possible that
SACs directly couple with MTCs via gap
junction. In this scenario, optical stimula-
tion evokes spiking followed by AHP in
SACs and that these excitation-inhibition
currents are transferred to MTCs via gap
junctions. If this were true, response du-
ration in MTCs should vary with dura-
tion of SAC activation. The second
prediction is that blocking electrical
coupling should eliminate both the
excitatory and inhibitory components
of the IGC-evoked, glutamate/GABA
receptor-independent excitation-inhibition response in
MTCs. To test these predictions, we clamped MTCs at �60
mV and recorded their response to optical activation of IGC in
the presence of the fast synaptic blockers NBQX, APV, and
GBZ, as before. Consistent with our current-clamp findings
(Fig. 4C1–D2), MTCs responded to brief or long (1 s) IGC
stimulation with brief or long inward currents, respectively

(Fig. 5 A, C), followed by a small outward current. These cur-
rents were not altered by DA D1- and D2-like receptor antag-
onists (Fig. 5 A, C, E, G), confirming that they are not mediated
by DA. However, addition of the gap junction blocker CBX
entirely abolished both responses (Fig. 5 A, C, E, G). This shows
that there is strong gap junction-mediated electrical coupling
between SACs and MTCs.

Figure 5. SAC-MTC electrical transmission is �10-fold stronger than that of SAC-ETC. A–D, Typical averaged traces recorded from an
MTC (A, C) voltage-clamped at�60 mV and an ETC (B, D) voltage-clamped at�60 mV (top) or�90 mV (bottom) in response to brief (A,
B) or long (1 s; B, D) optical stimulation of SACs in the presence of NBQX, APV, and GBZ (NAG, black), addition of DA receptor antagonists
SKF83566andspiperone(green),or furtheradditionofCBX(red). E, F,Quantifieddatashowingthatbriefopticalstimulationof SACs evokes
much larger inward currents in MTCs (n�7; E) than ETCs (n�5; F) when they are held at�60 mV in the presence of NBQX, APV, and GBZ
(NAG, black symbols). Response of ETCs held at �90 mV (magenta and black symbols) is stronger than that held at �60 mV (black
symbols). F, Inset, Same graph with an expanded abscissa scale. This response in MTCs is insensitive to DA receptor antagonists (E, green
symbols) but abolished by gap junction blocker CBX (E, red symbols) where the response in ETCs is abolished by DA receptor antagonists (F,
green symbols). G, H, Quantified data showing that 1 s optical stimulation of SACs evokes a larger inward currents in MTCs (n�7; G, black
symbol) but a smaller response mixed with inward or outward currents in ETCs (n � 5; H, black symbols) when they are held at �60 mV
in the presence of NBQX, APV, and GBZ (NAG). When ETCs are held at �90 mV, this stimulation evokes larger inward currents (H, black
symbols). Responses of ETCs, but not MTCs, are sensitive to DA receptor antagonists (green symbols). Addition of CBX abolishes residual
currents in both MTCs (G, red symbols) and ETCs (H, red symbols).

9610 • J. Neurosci., September 14, 2016 • 36(37):9604 –9617 Liu et al. • Direct Interglomerular Inhibition of Mitral Cells



Could this electrical coupling be mediated by serial electrical
synapses in a SAC¡ETC¡MTC circuit, as suggested by a recent
study (Banerjee et al., 2015)? Electrical synapses (unlike chemical
synapses) lack gain as they allow passive current flow. However,
due to cabling and capacitance properties of sequential cells, the
response in the postsynaptic neuron is in general smaller in am-
plitude than the presynaptic neurons. Thus, if current flows via
serial gap junctions from SAC¡ETC¡MTC, then the SAC-ETC
coupling should be at least equal to or slightly stronger than the
IGC¡MTC coupling. To test this, we voltage-clamped ETCs at
�60 mV, their average resting membrane potential (Liu and Shi-
pley, 2008b), and recorded responses to optical activation of the
IGC. Consistent with our previous study (Liu et al., 2013), brief
activation of SACs evoked a small inward current in the presence
of fast glutamatergic and GABAergic receptor blockers (Fig. 5B,
top). This current had an average total charge of 0.52 	 0.12
nA � ms (n � 5; Fig. 5F). However, 94.7 	 3.5% (n � 5) of this
current was blocked by SKF83566 and spiperone (0.021 	 0.007
nA � ms, n � 5, p � 0.001) (Fig. 5B,F), indicating that it is
mediated almost entirely by DA receptors. Addition of the gap
junction blocker, CBX, abolished the residual current (5.3 	
0.8%), indicating negligibly weak electrical coupling between
SACs and ETCs at physiological membrane potentials (�60 mV).
Long (1 s) optical stimulation of the IGC evoked only a small,
brief inward current in 4 of 5 ETCs (half peak width 17.2 	 4.1
ms: peak amplitude 3.4 	 1.1 pA, charge 0.34 	 0.11 nA � ms,
n � 4) followed by a larger, longer duration outward current
(maximal amplitude 9.5 	 2.8 pA; half-width 237.3 	 15.4 ms,
charge 1.41 	 1.15 nA � ms; Fig. 5D,H). DA antagonists blocked
92.1 	 5.9% of this response (Fig. 5H) leaving only a small,
long-lasting inward residual current (1.75 	 1.07 nA � ms; Fig.
5D,H) that was abolished by CBX (0.02 	 0.01 nA � ms, n � 5)
(Fig. 5D,H). Thus, our findings indicate that �90% of the IGC-
evoked inward current in ETCs is due to activation of DA recep-
tors and that electrical coupling is negligible. These findings
contrast starkly with the Banerjee et al. (2015) conclusion of IGC-
ETC electrical synapses based on experiments testing neither DA
receptor antagonists nor gap junction blockers.

We hypothesize that the IGC¡ETC inward current, attrib-
uted to gap junctions by Banerjee et al. (2015) is actually due to
DA enhancement of the hyperpolarization-activated cation cur-
rent Ih (Liu et al., 2013). If correct, then activation of the IGC
should evoke even larger inward currents in ETCs held at the
hyperpolarized voltages used by Banerjee et al. (2015), and these
larger currents should also be blocked by DA receptor antago-
nists. To test this, we repeated these experiments in the same
ETCs voltage-clamped at �90 mV. Because Ih current varies with
both the amplitude and duration of hyperpolarization, we tested
brief (2 ms) and long (1 s) optical stimulation pulses. As pre-
dicted, both brief and long optical stimuli elicited larger inward
currents at �90 mV (Fig. 5B,D) than at �60 mV (Fig. 5F,H).
For brief IGC activation, ETCs responded with inward currents
with an average total charge of 0.83 	 0.09 nA � ms (n � 5; Fig.
5F; p � 0.05 compared with 0.52 	 0.12 nA � ms at �60 mV with
2 ms stimulation) and for long pulses large inward current of
23.1 	 4.4 nA � ms was elicited (n � 5; Fig. 5H; p � 0.001
compared with 0.34 	 0.11 nA � ms inward charge at �60 mV
with long stimulation). Moreover, as expected from our previous
finding of DA enhancement of Ih current in ETCs (Liu et al.,
2013), DA receptor antagonists nearly completely abolished these
IGC-evoked inward currents in ETCs held at �90 mV. The cur-
rent evoked by brief SAC activation was reduced by 96.4% to
0.03 	 0.01 nA � ms; n � 5, p � 0.05; Figure 5F), whereas the

current evoked by long SAC activation was reduced by 77.1% to
5.28 	 0.90 nA � ms; n � 5, p � 0.001; Figure 5H). Addition of
the gap junction blocker CBX abolished these residual currents
for both brief and long IGC activations (Fig. 5F,H). Therefore,
even at extremely hyperpolarized levels, most of the SAC¡ETC
inward current is due to DA augmentation of Ih and not electrical
coupling.

Together, these findings demonstrate that gap junction cou-
pling is strong between SACs and MTCs but negligible between
SACs and ETCs at resting membrane potentials.

IGC regulates MTC responses to ON input
MTCs are the principal OB output neurons; they receive sensory
input and transfer signals directly to the olfactory cortex and
other downstream networks. Thus, modulation of MTC excit-
ability impacts the OB input– output transformation function.
We previously showed that electrical activation of neighboring
glomeruli inhibited ON-evoked response in MTCs (Aungst et al.,
2003), but this effect is most effective when delivered �100 ms
subsequent to ON-evoked MTC responses (Shirley, Coddington
et al., 2010). Electrical stimulation nonselectively activates all dis-
tant glomerular circuits: does selective SACs activation have the
same temporal dynamic? To investigate this, we combined
current-clamp recordings of MTCs with electrical stimulation of
the ON and optogenetic activation of SACs at different time in-
tervals in OB slices.

MTCs responded to ON electrical stimulation (E-stim) alone
with long-duration (�600 ms) spike firing (Fig. 6A), consistent
with previous studies showing ON-evoked long-lasting depolar-
ization and spiking in MTCs (Carlson et al., 2000; De Saint Jan et
al., 2009; Shao et al., 2012). We expressed ON-evoked spiking
within a 300 ms time window following E stimulation as a per-
centage of its baseline spontaneous firing averaged �700 ms im-
mediately before ON stimulation (Fig. 6G). MTC spiking evoked
by ON stimulation alone was 762.7 	 154.1% (n � 12) of base-
line level (E-stim only in Fig. 6A,G). We then examined MTC
responses to brief optical stimulation (O-stim, 2 ms) of the IGC
alone. As with the preceding findings (Figs. 1; 2; 4), activation of
the IGC consistently produced a long-lasting inhibition in 12 of
12 MTCs (Fig. 6B). MTC spiking within a 300 ms time window
following O-stim was 5.9 	 1.1% of the spontaneous baseline
level (n � 12). To assess the impact of SAC activation on ON-
evoked MTC spiking, ON stimulation was followed by optical
stimulation of the IGC at time intervals ranging from 0 to 300 ms.
At all ON-IGC stimulation intervals, ON-evoked MTC spiking
was immediately terminated by IGC stimulation (Fig. 6C–F). To
better assess the impact of IGC activation on the ON-evoked MC
output, spiking was also normalized to MC spiking within a 300
ms time window immediately following ON stimulation alone
(Fig. 6G, right side scale). At stimulation intervals of 0 or 10 ms,
the average MTC firing following ON stimulation was reduced to
11.1 	 6.2% or 63.1 	 16.2% of baseline firing and 1.5 	 0.7% or
9.3 	 2.2% of the ON-evoked firing, respectively (Fig. 6B,C,G),
indicating that IGC activation strongly inhibits MTC spiking to
levels lower than baseline spiking at these short ON-IGC stimu-
lation intervals. When the ON-IGC interval increased from 30 to
300 ms, MTC spiking was truncated upon IGC stimulation. To
represent the impact of IGC on ON-evoked MTC spike output in
a different analysis window, we quantified the MTC spiking
within a 300 ms time window immediately following optical IGC
activation. Regardless of when IGC activation occurred, MTC
spiking was suppressed below spontaneous baseline level at all
tested intervals (Fig. 6G), demonstrating potent truncation of
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MTC spike output by the IGC. Thus, se-
lective IGC activation following ON stim-
ulation immediately terminates MTC
sensory responses in other glomeruli.

IGC activation reduces MTC sensitivity
to subsequent sensory input
Brief, selective activation of the IGC
causes, potent, long-lasting inhibition of
MTC firing via direct and indirect path-
ways. Thus prior IGC activation might
generate a long-lasting temporal window
in which MTCs in other glomeruli are less
sensitive to subsequent sensory input. To
test this hypothesis, we recorded MTC re-
sponse to ON stimulation when preceded
by optogenetic activation of the IGC at
time intervals from 0 to 600 ms. MTC
spiking evoked by ON stimulation (E-
stim) alone was increased by 669.5 	
124% over baseline levels (Fig. 7A,F) as in
the previous experiment. However, ON-
evoked MTC spiking was strongly inhib-
ited to below the spontaneous baseline
levels when preceded by optical stimula-
tion (O-stim) of the IGC within short
time windows. At O-stim¡E-stim inter-
vals of 0 or 50 ms ON-evoked spiking was
reduced to 9.6 	 5.6% (n � 12) or 60.4 	
22% (n � 12) of baseline spiking and
1.5 	 0.7% or 9.7 	 3.9% of ON-evoked
spiking, respectively (Fig. 7A,B,C,F).
When IGC activation preceded ON stim-
ulation by 100 – 600 ms, ON-evoked MTC
spiking incrementally changed from
257.6 	 85.8% to 422.4 	 54.2% of spon-
taneous baseline levels or 33.1 	 7.6% to
73.9 	 12.2% of ON-evoked spiking (n �
12; Fig. 7D,E,F), indicating significant
IGC inhibition of MC response to subse-
quent ON input. These results demon-
strate that, when activity in IGC precedes
sensory signals, MTC responses are
strongly suppressed. Thus, sensory input
to a glomerulus may activate its IGC to
suppress MTCs in other glomeruli receiv-
ing subsequent sensory signals for hun-
dreds of milliseconds and thus reduce
their relative impact on downstream ol-
factory networks.

The IGC inhibits MTCs in vivo
A recent in vivo study showed that long-
duration (10 –500 ms) optogenetic activa-
tion of the IGC inhibited spontaneous
and odor-evoked MTC firing (Banerjee et
al., 2015). The present in vitro findings
predict that brief selective activation of
IGC should produce long-lasting inhibi-
tion of MTCs in vivo. To test this hypoth-
esis, we used extracellular single-unit
recordings in anesthetized intact mice to
determine how MTCs respond to a brief

Figure 6. ON-evoked MTC responses are truncated by IGC input. A–F, Averaged PSTHs of current-clamp data from 12
MTCs showing MTC response to electrical stimulation (E-stim, red arrow) of ON (A), brief optical stimulation (O-stim, blue
arrow) of the IGC (B), and E-stim followed by O-stim at different time intervals ranging from 10 to 300 ms (C–F). A, Inset,
Schematic of experimental design. ONL, Olfactory nerve layer; EPL, external plexiform layer; Rec: recording electrode. G,
Quantified data showing the average ON-evoked spiking activity within the 300 ms time window following E-stim (black
square) or within the 300 ms time window following O-stim (green square) in 12 MTCs showing the impacted of subse-
quent activation of the IGC by O-stim at different time intervals (0 –300 ms). Spiking is normalized to the baseline
spontaneous level within a 700 ms time window before E-stim or to the ON-evoked spiking within a 300 ms time window
following E-stim.
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(2 ms) optical activation of SACs expressing ChR2 (Fig. 8A).
Optical stimulation was delivered via a 200 �m optical fiber po-
sitioned vertically above the OB dorsal surface of the medial OB.
Previous measures showed that a 2 ms light pulse elicits �4 spikes
from ChR2-expressing SACs (Liu et al., 2013). Although these
single brief stimulation pulses elicit transient SAC spiking, they
caused potent, long-lasting inhibition of MTC firing when deliv-
ered to the OB surface in the vicinity the recorded unit (Fig.
8B,C). MTC inhibition lasted for 231.8 	 10.8 ms (n � 24 units
from 8 mice; Fig. 8C), dramatically longer than the 2 ms optical

stimulation. IGC activation of ETCs
causes inhibition followed by robust re-
bound spiking (Liu et al., 2013). However,
in MTCs, there was no significant re-
bound excitation following IGC inhibi-
tion (102.9 	 8.1% of prestimulation
baseline, n � 17, p � 0.05). These findings
demonstrate that brief (2 ms) IGC activa-
tion produces strong, long-lasting inhibi-
tion of MTC firing in vivo.

Mammals sample environmental odors
by respiration or active sniffing; thus, the
IGC would normally be repetitively acti-
vated by sensory input. How does such tem-
porally dynamic IGC activity at sniffing
frequencies influence MTC output? To ad-
dress this question, we investigated repeti-
tive IGC activity impact on MTC output. To
approximate sniff-like activation of the
IGC, we used trains of five brief (2 ms) light
pulses at three different frequencies: 2 Hz
(normal mouse respiration rate), 5 Hz and 8
Hz (spanning mouse active sniffing fre-
quencies) (Adrian, 1950; Verhagen et al.,
2007). Each light pulse of the 2 Hz train
stimulation produced a long-lasting inhibi-
tion of MTC firing equivalent to a single
stimulation (215.4 	 11.2 ms for the first
pulse and 187.5	15.5 ms for the fifth pulse;
Fig. 8D; n � 14 units from 5 mice). Thus, at
this temporal interval, there is sufficient
time for near full recovery to baseline spik-
ing before the next pulse. However, as input
frequency was increased to 5 or 8 Hz, MTCs
were continuously inhibited throughout the
stimulation epoch (Fig. 8D). Even with
high-frequency trains, inhibition was fol-
lowed by only minor rebound excitation
(119.2 	 11.1% and 126.6 	 15.9% of pre-
stimulation baseline for 5 Hz and 8 Hz,
n � 14, p � 0.05). These observations dem-
onstrate potent IGC inhibition of the OB
output neurons at all tested input frequen-
cies. Inhibition becomes continuous when
input frequencies approximates the range of
active sniffing.

Approximately two-thirds of SACs re-
ceive their most effective excitatory drive
from ETCs (Kiyokage et al., 2010), which
respond to ON input with a burst of 3–5
spikes with interspike frequency of 50 –
100 Hz (Hayar et al., 2004b; Liu and Shi-
pley, 2008b). Thus, SACs could receive,

and potentially generate, a brief burst of spikes. To simulate
bursting input patterns from ETCs, we optically activated
SACs in vivo with a train of 5 light pulses with intratrain
frequency at 50 Hz while recording MTC firing. Greater than
70% of ChR2-positive SACs can follow up to 50 Hz optical
stimulation rates eliciting a spike upon each optical pulse (unpub-
lished data). This burst-patterned IGC activation inhibited MTCs
for 468.3 	 26.4 ms with no rebound spiking (105.6 	 10.9% of
prestimulation baseline, n � 14, p � 0.05; Fig. 8D).

Figure 7. SAC activation potently inhibits MTC responses to subsequent ON input. A–E, Averaged PSTHs of current-
clamp data from 12 MTCs showing MTC responses to electrical stimulation (E-stim, red arrows) of A or brief optical
stimulation of SACs (O-stim, blue arrow) followed by E-stim at different time intervals (B–E). A, Same as Figure 6A. F,
Quantified data showing the average MTC (n � 12) spiking within a 300 ms analysis time window following E-stim and the
impact of prior optical activation of the IGC at different time intervals ranging from 0 to 600 ms. MTC spiking is normalized
to the spontaneous baseline level within a 700 ms time window before O-stim (left axis) or to the ON-evoked spiking within
a 300 ms time window following ON stimulation (right axis).
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Together, these in vivo findings show that single or function-
ally relevant patterns of IGC stimulation all produced inhibition
of MTC firing that persisted for hundreds of milliseconds after
the termination of IGC stimulation.

Discussion
Olfactory sensory signals are initially processed in the glomeruli,
a complex set of direct and indirect, feedforward and feedback,
excitatory and inhibitory, and intraglomerular circuit and IGC.
The IGC is a prominent lateral network that impacts the initial
site of synaptic integration in the olfactory system. Here, we char-
acterized IGC action on MTCs, the principal OB output neurons,
with in vivo and in vitro electrophysiology combined with cell
type-specific optogenetics (Fig. 9A,B) identifying the following:
(1) monosynaptic MTC inhibition is mediated by GABA release
from SAC¡MTC synapses; (2) gap junction coupling is strong
for SAC¡MTC synapses but negligible for SAC¡ETC synapses;
(3) brief SAC-MTC inhibition is amplified and temporally pro-
longed for hundreds of milliseconds by MTC intrinsic properties;
(4) IGC-mediated inhibition evokes negligible rebound excitation in
MTCs; and (5) IGC stimulation at “sniffing” frequencies above nor-
mal respiration produces sustained inhibition of MTCs.

How does the IGC inhibit MTCs?
At least two indirect pathways can mediate IGC actions on MTCs
(Fig. 9B): (1) SAC¡ETC¡MTC and (2) SAC¡ETC¡PG¡MTC.
Both pathways begin with SAC¡ETC synapses, which generate a
GABA- and DA-mediated sequential inhibition-excitation response

in ETCs (Liu et al., 2013). ETCs provide direct excitatory input to
MTCs and to PGCs, which inhibit MTCs (Hayar et al., 2004a; De
Saint Jan et al., 2009; Shao et al., 2009, 2012, 2013; Gire et al., 2012).
Thus, the SAC¡ETC¡MTC circuit could decrease ETC¡MTC
excitation, whereas the SAC¡ETC¡PG¡MTC circuit might re-
duce ETC¡PGC inhibitory drive to MTCs resulting in disinhibition
(Whitesell et al., 2013; Banerjee et al., 2015). In either circuit, block-
ing glutamatergic synapses from ETCs to MTCs or PGCs should
block the IGC’s impact on MTCs. However, we demonstrated that,
when both indirect circuits are blocked, there remains a robust di-
rect, monosynaptic, inhibitory connection from SACs to MTCs.

Previous studies reported the absence of a monosynaptic
IGC¡MTC connection (Whitesell et al., 2013; Banerjee et al.,
2015). Several factors might account for this. First, we used adult
8- to 12-week-old mice, whereas the Whitesell et al. (2013) re-
cordings were from 12 to 20 postnatal day mice. There could be
an age-dependent maturation of the monosynaptic SAC-MTC
connection. Consistent with this possibility, Whitesell et al.
(2013) reported that stimulation of distal glomeruli evoked
NBQX/APV-resistant IPSCs in a minority of MTCs indicating
occasional monosynaptic SAC-MTC connection in younger
mice. The major difference between our experiments and those of
Banerjee et al. (2015) is that they used mice expressing Cre re-
combinase under transcriptional control of the DA transporter
promoter (DAT-cre mice) with 129 Sv/J genetic background
(Zhuang et al., 2005; Banerjee et al., 2015), whereas we used mice
with Cre expression under transcriptional control of the rate lim-

Figure 8. Single or repetitive activation of IGC potently inhibits MTCs in vivo. A, Experimental setup of in vivo single-unit recordings of MTCs from TH-Cre mice injected with Cre-inducible ChR2
virus in the OB. B1, Brief optical stimulation of SACs produces prolonged inhibition of MTC spiking. Top, Single trace showing inhibition. Bottom, Raster plots of 10 sweeps at 0.1 Hz. B2, Expanded
trace from B1 showing MTC spontaneous spiking. C, Averaged PSTH of 24 recording units from 8 mice showing that single brief optical stimulation consistently produces prolonged inhibition of
MTCs. D, Averaged PSTHs of 14 single units from 5 mice showing that a train of 5 brief (blue arrows) optical stimuli at the sniffing frequencies (2– 8 Hz) or 50 Hz (ETC intraburst spiking frequency)
produce potent and additive inhibition of MTC firing activity. Bin size: 10 ms.
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iting DA synthetic enzyme TH on a C57BL/6N genetic back-
ground (Savitt et al., 2005). It is possible that the ChR2 expression
in the DAT-Cre mice supports insufficient local membrane de-
polarization to trigger GABA release or unknown strain differ-
ences in the animal’s genetic background may play a role.
Additional studies are needed to resolve these possibilities, but
the present experiments provide unequivocal evidence for a
monosynaptic SAC¡MTC inhibitory synapse.

Although activation of the IGC could suppress ON-evoked
responses in MTCs via the GABAB and/or DA D2 receptor-
mediated presynaptic inhibition of OSN axon terminals (Berko-
wicz and Trombley, 2000; Ennis et al., 2001; McGann et al., 2005;
Vucinić et al., 2006), the present study showed that the IGC im-
pact on ON-evoked MTC responses is mainly due to postsynaptic
action on MTCs: (1) activation of the IGC can terminate MTC
responses after an ON stimulation, which can only occur via
postsynaptic action; (2) IGC inhibition of MTCs was completely
blocked by GBZ, a selective antagonist of GABAA receptors,
which would have had no effect on any DA/GABAB mediated
presynaptic inhibition; and (3) IGC stimulation blocks MTC re-
sponses when delivered within a 0 –50 ms time window before an
ON stimulation. This unlikely attributes to presynaptic inhibi-
tion of MTCs as the G-protein-coupled GABAB or D2 receptor-
mediated effects require �75–100 ms activation times (McGann
et al., 2005; Shao et al., 2009), although presynaptic inhibition
may help augment postsynaptic inhibition at greater delay inter-
vals. Together, these results indicate that a major action of the
IGC is postsynaptic inhibition of MTC.

MTC intrinsic properties amplify IGC inhibition
MTCs alternate membrane potential between an up- and down-
state (Heyward et al., 2001), driven by a balance between the
inward persistent sodium current (INaP) (Heyward et al., 2001;
Hage and Salkoff, 2012) and outward current(s). MTCs have
relatively weak hyperpolarization-activated inward currents (An-
gelo and Margrie, 2011; Angelo et al., 2012) such that their mem-
brane potential returning to upstate is a slow ramp process
(Heyward et al., 2001). This is consistent with our demonstration
that strong and/or synchronous inhibitory IGC input hyperpo-

larizes the MTC membrane potential and generates prolonged
(�400 ms) inhibition of MTCs.

The duration of this inhibition is temporally amplified by
MTC intrinsic membrane properties as well as by polysynaptic,
indirect circuits. Consequently, the IGC exerts potent, long-
lasting inhibitory control of MTC output. Thus, circuit-level in-
hibition is not only a function of presynaptic activity but is also
strongly shaped by postsynaptic neuron intrinsic properties.

Electrical transmission in the IGC
Gap junction-mediated electrical coupling has been reported be-
tween MTC apical dendrites (Schoppa and Westbrook, 2002;
Christie et al., 2005) and between ETCs (Hayar et al., 2005). Here
we demonstrated strong gap junction electrical coupling between
SACs and MTCs. After blocking glutamatergic, GABAergic, and
DAergic synapses, optical activation of IGC evoked an inward
current in MTCs clamped at resting membrane potential. This
inward current persisted for the duration of optical stimulation
and was abolished by a gap junction blocker. Recently, electrical
synapses between SACs and ETCs were reported (Banerjee et al.,
2015). However, applying the same paradigm used in that study,
we showed that the apparent SAC-ETC electrical coupling was
entirely blocked or strongly attenuated by DA receptor antago-
nists. Moreover, with DA action blocked, the residual electrical
coupling between SACs and ETCs was negligible at physiological
membrane potentials. We conclude that the putative SAC-ETC
gap junction current is due to SAC synaptic release of DA, which
increases Ih and generates an inward current in ETCs. Together,
these findings show that SACs selectively form gap junctions with
MTCs but not ETCs.

Functional impact of the IGC
Unlike visual and auditory stimuli that can be defined by wave-
length and amplitude, odor information is encoded by spatio-
temporal patterns of glomerular activation (Johnson et al., 1998;
Mori et al., 1999; Johnson and Leon, 2007). The pattern of acti-
vated glomeruli depends on both the identity and the concentra-
tion of the odorant. But the two are potentially confounded: an
odorant at a given concentration will activate a pattern of glom-

Figure 9. Schematic of mechanisms underlying the IGC impact on OB output. A, Simplified illustration of the interglomerular circuit formed by SACs. B, Circuit connection diagram shows the direct
and indirect synaptic pathways mediating interglomerular inhibition of MTCs, the principal OB output neurons. gap junct, Gap junction; glut, glutamate.

Liu et al. • Direct Interglomerular Inhibition of Mitral Cells J. Neurosci., September 14, 2016 • 36(37):9604 –9617 • 9615



eruli, but increased concentration of the same odorant will acti-
vate the same and additional glomeruli yet in most cases so that
the odor will be perceived as the same but stronger.

The IGC could play a role in disambiguating identity and
concentration. The IGCs associated with activated glomeruli
would inhibit MTCs in less active glomeruli. Indeed, activation of
the IGC positively correlates with odor concentration (Banerjee
et al., 2015). This would tend to decrease the sensitivity of MTCs
in less active glomeruli and thus could “normalize” output re-
sponses to preserve odor identity in the face of increased concen-
tration. As odorant concentration increases, more “off-target”
sensory neurons would engage the IGC circuitry in their glomer-
uli. Because the IGC of weakly activated glomeruli will also in-
hibit MTCs in more strongly activated ones, IGC circuitry would
also counteract response saturation by increased odorant con-
centration. Thus, the lateral, feedforward inhibition generated by
the IGC could sharpen output contrast within the ensemble of
activate glomeruli to preserve odor identity as concentration var-
ies (Aungst et al., 2003; Vucinić et al., 2006).

Our findings show that IGC function also has a significant
temporal component. When glomeruli are repetitively activated
by sniff-like sensory input, the MTC output of less activated
glomeruli is truncated by inhibitory IGC input from more
strongly activated ones. Moreover, prior activation of the IGC
potently suppresses MTC responses in neighboring glomeruli to
subsequent sensory activation for hundreds of milliseconds.
Glomeruli receiving stronger sensory input are activated slightly
earlier than those receiving weaker input (Spors and Grinvald,
2002). The IGC might amplify this temporal activation advan-
tage. At typical resting respiratory rates (�2 Hz), the impact of
preceding IGC activation on MTC responses to subsequent inha-
lation is modest (�26%). However, as sniffing rate increases,
prior activation of the IGC more strongly suppresses MTC re-
sponses to sensory input. Thus, we propose that, during brief
bouts of high-frequency investigative sniffing, only the most
strongly activated glomeruli may transfer signals to downstream
circuits.
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