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Delineation of functional synaptic connections is fundamental to understanding sensory processing. Olfactory signals are syn-
aptically processed initially in the olfactory bulb (OB) where neural circuits are formed among inhibitory interneurons and
the output neurons mitral cells (MCs) and tufted cells (TCs). TCs function in parallel with but differently from MCs and are
further classified into multiple subpopulations based on their anatomic and functional heterogeneities. Here, we combined
optogenetics with electrophysiology to characterize the synaptic transmission from a subpopulation of TCs, which exclusively
express the neuropeptide cholecystokinin (CCK), to two groups of spatially segregated GABAergic interneurons, granule cells
(GCs) and glomerular interneurons in mice of both sexes with four major findings. First, CCKergic TCs receive direct input
from the olfactory sensory neurons (OSNs). This monosynaptic transmission exhibits high fidelity in response to repetitive
OSN input. Second, CCKergic TCs drive GCs through two functionally distinct types of monosynaptic connections: (1) den-
drodendritic synapses onto GC distal dendrites via their lateral dendrites in the superficial external plexiform layer (EPL); (2)
axodendritic synapses onto GC proximal dendrites via their axon collaterals or terminals in the internal plexiform layer (IPL)
on both sides of each bulb. Third, CCKergic TCs monosynaptically excite two subpopulations of inhibitory glomerular inter-
neurons via dendrodendritic synapses. Finally, sniff-like patterned activation of CCKergic TCs induces robust frequency-de-
pendent depression of the dendrodendritic synapses but facilitation of the axodendritic synapses. These results demonstrated
important roles of the CCKergic TCs in olfactory processing by orchestrating OB inhibitory activities.

Key words: inhibitory interneuron; neural circuits; olfactory bulb; projection neurons; synaptic plasticity; synaptic
transmission

Significance Statement

Neuronal morphology and organization in the olfactory bulb (OB) have been extensively studied, however, the functional
operation of neuronal interactions is not fully understood. We combined optogenetic and electrophysiological approaches to
investigate the functional operation of synaptic connections between a specific population of excitatory output neuron and in-
hibitory interneurons in the OB. We found that these output neurons formed distinct types of synapses with two populations
of spatially segregated interneurons. The functional characteristics of these synapses vary significantly depending on the pre-
synaptic compartments so that these output neurons can dynamically rebalance inhibitory feedback or feedforward to other
neurons types in the OB in response to dynamic rhythmic inputs.

Introduction
Behaving animals actively sample sensory stimuli from their
environments (Schroeder et al., 2010). Odorants are presented to
olfactory sensory neurons (OSNs) in the olfactory epithelium by
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either autonomic respiration or active sniffing in mammals
(Wachowiak, 2011). OSNs transduce odor stimuli into electrical
signals and transmit them to the olfactory bulb (OB) for process-
ing by neural circuits consisting of the output neurons mitral
cells (MCs) and tufted cells (TCs) as well as local inhibitory inter-
neurons (Shepherd, 1972; Shipley and Ennis, 1996).

TCs function in parallel with but differently from MCs
(Haberly and Price, 1977; Mori et al., 1983; Orona et al., 1984;
Nagayama et al., 2010; Fukunaga et al., 2012; Igarashi et al., 2012;
Cavarretta et al., 2018). Unlike MCs with the largest somata
arrayed in the compact MC layer (MCL) thus being easily identi-
fiable and extensively studied anatomically and functionally
(Cajal, 1911; Price and Powell, 1970a; Macrides and Schneider,
1982; Orona et al., 1984; Lledo et al., 2005), most TCs have
somata scattered and intermingled with interneurons in the
external plexiform layer (EPL; Macrides and Schneider, 1982)
thus impede systematic investigation with traditional physiologi-
cal approaches. TCs are traditionally classified into three subpo-
pulations: external TCs (ETCs), middle TCs, and internal TCs,
with somata in the glomerular layer (GL) and the superficial bor-
der of the EPL, the superficial two thirds, and deep one third of
the EPL, respectively (Macrides and Schneider, 1982). We re-
categorized the classical ETCs into two distinct groups, ETCs
and superficial TCs (STCs) based on (1) their somata in the GL
and superficial one third of the EPL, respectively, and (2) lack of
lateral dendrites (ETCs) or with lateral dendrites in the superfi-
cial EPL (STCs; Liu et al., 2012). Physiologically, ETCs possess
intrinsic properties underlying spontaneous burst firing, while
spontaneous firing activities of STCs are synaptically driven
(Hayar et al., 2004a; Antal et al., 2006; Liu and Shipley, 2008b).
Compared with the extensively studied ETCs (Hayar et al.,
2004b; Liu and Shipley, 2008a; De Saint Jan et al., 2009; Gire and
Schoppa, 2009; Liu et al., 2013; Whitesell et al., 2013; Vaaga and
Westbrook, 2017), the synaptic organization of other TC types is
less understood.

TC apical dendrites potentially receive direct input from
OSNs and form synapses with local inhibitory interneurons
including periglomerular cells (PGCs) and short axon cells
(SACs) in the GL (Price and Powell, 1970a; Pinching and Powell,
1971; Parrish-Aungst et al., 2007; Kiyokage et al., 2010; Burton,
2017). Lateral dendrites of TCs form synapses onto distal apical
dendrites of GABAergic granule cells (GCs) in the EPL (Rall et
al., 1966; Price and Powell, 1970b; Macrides and Schneider,
1982; Mori et al., 1983; Orona et al., 1984), while their axon col-
laterals terminate in the internal plexiform layer (IPL) and
potentially establish synaptic connections with GCs (Price and
Powell, 1970b; Haberly and Price, 1977; Kishi et al., 1984; Orona
et al., 1984; Schoenfeld et al., 1985; Liu and Shipley, 1994).
However, the functional operation of the synapses between TCs
and these anatomically segregated interneurons in the OB has
not been systematically investigated.

Here, we addressed these questions by targeting TCs express-
ing the neuropeptide cholecystokinin (CCK) for three major rea-
sons. First, CCK is expressed predominantly in TCs, especially in
the STC type (Seroogy et al., 1985; Liu and Shipley, 1994). Thus,
CCK serves as a molecular marker enabling us to selectively label
and activate CCKerigc TCs with the optogenetic approach.
Second, a recent study demonstrates that CCKergic STCs func-
tion distinctively from other STCs (Short and Wachowiak,
2019). Third, CCKergic STCs constitute the intrabulbar asso-
ciational system (IAS) interconnecting mirror glomeruli (Liu
and Shipley, 1994; Belluscio et al., 2002; Lodovichi et al.,
2003), where axons of OSNs expressing the same type of

odorant receptors terminate (Ressler et al., 1994; Vassar et
al., 1994; Mombaerts et al., 1996). Thus, delineating the syn-
aptic organization of the CCKergic TCs would potentially
shed light on the functional significance of IAS and mirror
glomeruli arrangement in the OB.

Materials and Methods
Animals
Wild-type male mice (C57BL/6J) and transgenic CCK-Cre mice
(Ccktm1.1(cre)Zjh/J, RRID: IMSR_JAX:012706) were obtained from
The Jackson Laboratory. The GAD2gfp mice were obtained courtesy of
Gabor Szabo (López-Bendito et al., 2004), from the line GAD65_3e/
gfp5.5 #30 on a genetic background of C57BL6 with backcross to
C57BL/6J wild-type mice yielding mice heterozygous for the transgene.
TH-GFP mice were courtesy of Kobayashi (Matsushita et al., 2002), gen-
erated using a 9.0-kb 5’-flanking region of the TH gene on a genetic
background of C57BL/6J x DBA/2J backcrossed to C57BL/6J yielding
mice heterozygous for the transgene. Three additional colonies of trans-
genic animals were maintained by breeding homozygous CCK-Cre male
with wild-type C57BL/6J (CCK-Cre heterozygous), GAD65-GFP hetero-
zygous (CCK-Cre x GAD65-GFP), or TH-GFP heterozygous (CCK-Cre
x TH-GFP) female mice, respectively. Animals were maintained with a
standard 12/12 h light/dark cycle and given food and water ad libitum.
All experimental procedures were performed in accordance with proto-
cols approved by the Institutional Animal Care and Use Committees
(IACUCs) of University of Maryland at Baltimore and Howard
University.

Channelrhodopsin 2 (ChR2) expression
Virus injection was performed as previously described (Liu et al.,
2013). Briefly, the adeno-associated virus serotype 5 (AAV2.5) car-
rying fusion genes for ChR2 and enhanced yellow fluorescent pro-
tein (EYFP; AAV-EF1a-double floxed-hChR2(H134R)-EYFP) or
mCherry (AAV-EF1a-double floxed-hChR2(H134R)-mCherry; Tsai
et al., 2009; University of Pennsylvania Vector Core or Addgene)
was injected into the superficial EPL on the medial side of each OB
of animals between their fourth and sixth postnatal week. Under
deep anesthesia, skull was exposed, and a craniotomy (1 mm in di-
ameter) was drilled on the midsagittal line between two OBs with a
typical coordinate at 3.95 mm from bregma. AAV2.5 was injected
into two points within the superficial EPL on the medial side of each
bulb (0.3 mm from the midline, depth of 1.7, and 1.2 mm) at a rate
of 0.6ml/min for 30 s via a nanoliter injector (Nanoject III,
Drummond Scientific). At three to four weeks after virus injection,
acute horizontal OB slices were prepared for experiments.

Slice preparation
Acute OB slices were prepared from 9- to 10-week-old male or female
mice as described previously (Liu and Shipley, 2008b). Briefly, animals
were deeply anesthetized with isoflurane using the IACUC-approved
drop method before decapitation. Then OBs were rapidly dissected and
mounted onto the specimen disk of a VT1200S vibratome using super-
glue. Horizontal OB slices (350mm) were cut in an ice-cold and oxygen-
ated (95% O2-5% CO2) sucrose-based artificial CSF (sucrose-ACSF)
containing the following: 210 mM sucrose, 2.5 mM KCl, 1.2 mM

NaH2PO4, 2.6 mM MgSO4, 0.5 mM CaCl2, 26 mM NaHCO3, and 10 mM

glucose. After 30min of incubation in normal ACSF at 30°C, slices were
then transferred to ACSF at room temperature (RT) until they were
used for recordings. Normal ACSF was continuously bubbled with 95%
O2-5% CO2 and had the following composition: 124 mM NaCl, 2.5 mM

KCl, 1.25 mM NaH2PO4, 2.0 mM MgSO4, 2.0 mM CaCl2, 26 mM

NaHCO3, and 10 mM glucose. During experiments, slices were perfused
at 3 ml/min with ACSF equilibrated with 95% O2-5% CO2 and warmed
to 30°C.

Electrophysiology
Whole-cell patch-clamp recordings were made from OB neurons visual-
ized using BX50WI (Olympus) or Axio Examiner (Zeiss) fixed-stage
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upright epifluorescence microscope equipped with near-infrared differ-
ential interference contrast (DIC) optics. SACs and PGCs were identified
by their expression of TH-GFP and GAD65-EGFP, respectively.

For post hoc reconstruction of GCs, biocytin (0.2%) was included
in the internal solution. Current or voltage signals were recorded
with a MultiClamp 700B amplifier (Molecular Devices) and low-
pass filtered at 4 kHz and sampled at 10 kHz with a DIGIDATA
1322A or 1550B 16-bit analog-to-digital converter (Molecular
Devices) using Clampex 10.3 or 11.1 (Molecular Devices). Patch re-
cording electrodes were pulled from standard-wall glass capillary
tubes without filament (Sutter Instrument). Patch pipettes (4–7
MX) for whole-cell recording and contained the following: 115 mM

K-gluconate, 5.0 mM EGTA, 0.63 mM CaCl2, 5.5 mM MgCl2, 10 mM

HEPES, 3 mM Na2-ATP, 0.3 mM Na3-GTP, and 14 mM Tris-phos-
phocreatine (pH 7.3, 285–295 mOsm). Pipettes were filled with
ACSF for cell-attached recordings. Tetrodotoxin (TTX; 1 mM) was
bath-applied to eliminate action potential-dependent circuit effects.

Immunochemical staining
OB slices with 0.2% (w/v) biocytin-filled GCs were immediately kept
in 4% paraformaldehyde (PFA) at 4°C overnight. After three (5min
each) washes with 0.05 M PBS, slices were incubated in a blocker so-
lution on a shaker for 1 h. Blocker solution was made by 0.05 M PBS
with the addition of bovine serum albumin (BSA) and Triton X-100
at final concentrations of 1% (w/v) and 0.5% (v/v), respectively. The
slices were then transferred to and kept in this blocker solution con-
taining streptavidin-Cy3 (1mg/ml) covered with aluminum foil to
prevent light exposure at RT on a shaker for 7 h. Following three
(5min each) rinses with 0.05 M PBS to terminate streptavidin-Cy3
staining, slices were treated with 0.05 M PBS containing 49,6-diami-
dino-2-phenylindole (DAPI; 5mg/ml) at RT in the dark for 10min.
DAPI staining was terminated by three (5min each) washes with
PBS before slices were wet mounted and cover-slipped with fluores-
cence mounting media. Biocytin-filled cells with Cy3 staining were
scanned and reconstructed under a confocal microscope.

For CCK protein staining, CCK-Cre mice were injected intracerebro-
ventricularly with 10mg colchicine dissolved in 5ml of saline at
fourweeks after receiving AAV virus injection in their OBs. Forty-eight
hours later, animals were anesthetized and transcardially perfused with
saline followed by 4% PFA before OBs were dissected out and kept in
4% PFA at 4°C for 24 h. OBs were then cut into 30-mm sections with a
vibratome (Leica VT1000s) in 0.05 M PBS. OB sections were rinsed with
0.05 M PBS for three times (5min each) before being incubated in block-
ing solution: 0.05 M PBS containing 0.5% Triton X-100 and 1% BSA.
One hour later, sections were incubated with rabbit polyclonal anti-CCK-
8 antibody (1:1000; C2581; Sigma-Aldrich) in blocking solution for 48 h at
4°C. Following three times (5min each) of rinse with PBS, tissue sections
were treated by blocking solution containing Alexa Fluor 488-conjugated
goat anti-rabbit antibody (1:1000; A32731; ThermoFisher Scientific) in
dark for 2 h at RT. After termination of secondary antibody reaction by
three times (5min each) of rinse with PBS, sections were incubated in PBS
containing 5mg/ml DAPI at RT for 10min. Finally, after being rinsed
with PBS for three times (5min each) to terminate DAPI staining, sections
were mounted with anti-fade fluorescence mounting medium and cover-
slipped for confocal imaging.

Electrical and optical stimulation
Electrical stimulation was delivered by bipolar glass electrodes made
from theta borosilicate tubes (Sutter Instrument). The isolated and con-
stant current stimulation pulses (100 ms) were triggered by a Master-8 or
Master-9 stimulator with a stimulus isolator ISO-FLEX (AMPI). Optical
stimulation was produced by a 100 mW, 473nm, diode-pumped, solid-
state laser MBL-III-473 (Optoengine) and gated with a laser shutter
LST200 (NMLaser Products). Optical stimuli were delivered from a mul-
timode optical fiber (ThorLabs) with opening diameter of 25mm
(0.1NA, ;7° beam divergence). Laser delivered with this type of fiber
optic produced an elliptical illumination area on brain slices in the re-
cording chamber with typical major and minor diameters of 60 and

40mm, respectively. Optical power delivered at the fiber tip was cali-
brated with a PM20A power meter (ThorLabs). 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.

Data analysis and statistical tests
All numerical data were presented as mean 6 SEM. Action potentials
were detected in Clampfit 10.7 using a detection threshold of�40mV to
exclude EPSP detection or a detection threshold of �20pA relative to
baseline for cell-attached data. Group data graphing or plotting was per-
formed with Origin Pro 2020 (Origin Lab). Statistical details of exp-
eriments are listed in Results. Statistical significance of population
responses was determined by using paired t test for comparing data
examining NBQX and APV effects on the same group of cells (Fig. 4D–
F), one-way ANOVA test for linear regression data (Figs. 2F, 6F,G, 7F,
G), or ANOVA one-way repeated measure (ANOVAOneWayRM) with
Bonferroni post hoc comparisons for multiple (.2) measurements of the
same group of cells with paired comparisons (Figs. 5F, 6E, 7E, 8D,E, 9G,
H, 10D–G, 11E,F) in Origin Pro 2020. Statistical significance was set at
p, 0.05 for all tests.

Drugs delivery and chemicals
Drugs were all bath applied. DL-2-amino-5-phosphonopentanoic acid so-
dium salt (APV; 50 mM), 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]qui-
noxaline-7-sulfonamide disodium salt (NBQX disodium salt; 10 mM),
gabazine (SR95531, 10 mM), and octahydro-12-(hydroxymethyl)�2-imino-
5,9:7,10a-dimethano-10aH-[1,3]dioxocino[6,5-d]pyrimidine-4,7,10,11,12-
pentol citrate (TTX citrate; 1 mM) were purchased from Tocris
Cookson. Cy3 streptavidin and Alexa Fluor 488-conjugated goat
anti-rabbit antibody were from ThermoFisher Scientific. All other
chemicals were purchased from Sigma-Aldrich. All drugs were dis-
solved in distilled water as stock solution and diluted 1000 times
with ACSF to final concentrations.

Results
Selective labeling and activation of CCKergic STCs
To characterize CCKergic TC responses to ON input, we
adopted the optogenetic approach by injecting Cre-dependent
AAV2.5-ChR2-EYFP into the OB of CCK-Cre mice to selectively
label these excitatory projection neurons. As shown in Figure
1A, left panel, virus injection into the OB induced consistent
EYFP expression predominantly located in the superficial EPL,
GL, and IPL, which correspond to locations of somata, apical
dendrite tufts, and axons of the CCK-containing and IAS-form-
ing TCs, respectively (Haberly and Price, 1977; Kishi et al., 1984;
Schoenfeld et al., 1985; Seroogy et al., 1985; Liu and Shipley,
1994). Somatic counting analysis (Fig. 1A, right panel) showed
that vast majority (84.6%) of EYFP-expressing cells had somata
located in the superficial (126/150 cells in three mice) one third
rather than middle (9/150 cells) or deep (15/150 cells) one third of
the EPL (Fig. 1A, right panel, F), suggesting that our optogenetic
approach preferentially labels CCKergic STCs. Furthermore, im-
munohistochemical staining revealed that 88.96 1.7% (n=127
cells from three mice) of EYFP1 cells in the EPL were CCK pro-
tein-positive (Fig. 1B). Since the axonal transporter blocker colchi-
cine is required for detection of CCK peptide in cell somata, the
remaining ;11% may reflect TCs with undetectable level of CCK
protein in cell bodies at the given dose of colchicine intracerebro-
ventricular injection. Consistent with TC morphology (Macrides
and Schneider, 1982; Mori et al., 1983; Orona et al., 1984;
Schoenfeld et al., 1985; Liu and Shipley, 1994), the vast majority
(91/100 cells in three mice) of the EYFP-expressing cells showed
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one (39/100 cells) or two (52/100 cells) lateral dendrites (Fig. 1C,
G) but all had single apical dendrites confined to individual glo-
meruli (100/100 cells; Fig. 1C). The rest 9% (9/100 cells) with no
lateral dendrites but having somata residing in the boundary
region between GL and EPL may represent STCs with lateral den-
drites truncated during slicing or ETCs, which have no lateral den-
drites (Hayar et al., 2004a,b; Liu and Shipley, 2008b). Collectively,
these findings demonstrated that our optogenetic approach
enabled us to preferentially label CCKergic STCs in the OB. Thus,
our subsequent physiological studies mainly focused on this sub-
population of TCs.

To characterize the ChR2-mediated current or excitation in
the CCKergic STCs, the selective blockers of AMPA (NBQX, 10
mM) and NMDA (D-APV, 50 mM) receptors as well as GABAA

receptors (gabazine/GBZ, 10 mM) were bath-applied throughout
the experiments to minimize circuit influence. In these condi-
tions, brief (2ms) blue laser light (473nm) evoked intensity-de-
pendent inward currents in the EYFP-expressing cells voltage
clamped at�60mV (Fig. 1D,H). The decay time constant of this
inward current was 11.96 0.9ms (n= 7 cells; Fig. 1E), which is
consistent with the kinetics of the humanized ChR2-mediated
current (Lin et al., 2009). To ensure activation consistency and

Figure 1. Selective labeling and activation of CCKergic TCs in the olfactory bulb. A, left panel, Confocal image of a horizontal OB section showing expression of ChR2-EYFP. Right panel,
Blown-up from left panel showing EYFP-expressing TC somata and division of the EPL into three equivalent portions: superficial one third (sEPL), middle one third (mEPL), and internal one
third (iEPL). Arrow heads point to somata. L: lateral, R: rostral. B, Confocal images showing the colocalization of ChR2–EYFP (green, top) and CCK protein (blue, middle) in TCs. C, One recorded
STC labeled with two markers ChR2-EYFP (green) and biocytin (red) filled via a patch electrode with lateral dendrites highlighted by arrowheads. D, Typical ChR2 current traces evoked by 2-ms
laser blue light (vertical blue bar) at different power levels. Gray: individual traces, red: averaged traces for each laser power level. E, Typical averaged trace showing the ChR2 current decay
time constant measurement. F, G, Bar graphs showing the number of EYFP1 cells distributed in each of three portions of the EPL and percentage of EYFP1 cells with different number of lat-
eral dendrites. H, Plot showing the relationship of the averaged ChR2 current peak amplitude (n= 7 cells) with laser power. GCL: granule cell layer.
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data comparability, we used the same level of laser power
(260 mW) for all subsequent experiments. Altogether, our
results demonstrate the effectiveness of our optogenetic
approach to selectively label and activate the CCKergic STCs
in the OB.

CCKergic STCs receive direct input
from the olfactory nerve (ON)
A recent calcium-imaging study demon-
strated that CCKergic STCs responded to
odor stimulation with consistently shorter
onset latencies than MCs and other non-
CCKergic STCs, indicating the CCKergic
STCs function as a distinct subpopulation
of TCs receiving direct and faithful OSN
input (Short and Wachowiak, 2019). To
test this, we made whole-cell recordings
from the EYFP-expressing STCs (Fig. 2A,
B) in OB slices in both voltage and current
clamp. As shown by Figure 2C, electrical
ON stimulation evoked EPSCs in STCs
voltage clamped at �60mV. These ON-
evoked EPSCs were completely abolished
by the fast glutamatergic receptor blockers
NBQX and APV (Fig. 2C, red traces com-
pared with gray traces) and exhibited
consistently short onset latencies (2.1 6
0.02ms, n= 12) with a jitter of 112.4 6
0.01 ms (n= 12; Fig. 2C, bottom trace, 2E),
supporting their nature of glutamate-
mediated EPSCs. In current clamp, STCs
responded to electrical ON stimulation
with a burst of action potentials (Fig. 2D),
duration of which varies from cell to cell
ranging from 297.6 to 497.9ms (452.6 6
11.3ms, n=6). The average number of
action potentials in each burst response
was 21.36 4.8 (n= 6). Each ON-evoked
response exhibited a spike frequency adap-
tation, a progressive reduction in the
instant spike frequency following an initial
increase (Fig. 2D,F). This may reflect the
kinetic profiles of the underlying ON-eli-
cited EPSCs, i.e., an initial brief large com-
ponent followed by a prolonged small and
gradually decaying component (Fig. 2C),
or intrinsic properties of STCs.

Taken together, these results substanti-
ate that CCKergic STCs respond to the
glutamate-mediated, monosynaptic ON in-
put with bursts of action potentials.

STCs provide direct synaptic input to
GCs
Previous ultrastructural evidence supports
synaptic connections between the CCKergic
TCs and GCs in the IPL (Price and
Powell, 1970b; Kishi et al., 1984; Orona
et al., 1984; Liu and Shipley, 2008b).
However, the functional operation of
these synapses remains elusive. This
could be due to the lack of experimental
approaches to selectively activate TCs.
GCs are broadly classified into two
major populations: superficial and deep

GCs. The superficial GCs have somata residing in the superfi-
cial portion of the GC layer and apical dendrites reaching the
superficial EPL where they potentially form synapses with TC
lateral dendrites while deep GCs have somata in the deep

Figure 2. CCKergic STCs receive monosynaptic input from the ON. A, Schematic showing experimental design. B,
Epifluorescence microscopic photograph showing a recorded EYFP1 STC. C, Top, typical traces showing the ON stim-
ulation (ON stim., arrowhead)-evoked EPSCs in a STC in OB slice perfused with ACSF (gray traces) or after addition
of the fast glutamatergic receptor blockers NBQX and APV (N&A, red traces). Bottom, Blown-up from the top traces
showing the consistent EPSC onset latencies. Black traces represent the average. D, Typical trace showing ON stimu-
lation-evoked spike response in the same STC shown in C. E, Symbol plot showing onset latencies of ON-evoked
EPSCs in 12 STCs. F, Fitting plot showing the negative correlation of the instant frequency of the burst spike
response with time of the trace shown in D.
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portion of the GC layer and apical dendrites
confined to the deep EPL region (Price and
Powell, 1970b; Orona et al., 1983). Although
apical dendrites of all GCs traverse the IPL
where they potentially form axodendritic
synapses with TC axon collaterals, a previous
study suggests only the superficial type of
GCs synapse with TC axon collaterals in the
IPL (Schoenfeld et al., 1985). Thus, TCs
potentially form both dendrodendritic and
axodendritic synapses via their lateral den-
drites and axon collaterals in the superficial
EPL and IPL with distal and proximal den-
drites of the same group of GCs, respectively.
Thus, we chose to record from superficial
GCs to test these possibilities.

In order to optogenetically activate CCKergic
TCs and selectively record from GCs, we cross-
bred CCK-Cre mice with GAD65-GFP mice to
generate a CCK-Cre x GAD65-GFP mouse line
that enabled us to selectively express ChR2 in the
CCKergic TCs and identify the GFP-tagged
GABAergic GCs that express GAD65 (Parrish-
Aungst et al., 2007), a key enzyme for biosynthe-
sis of GABA. As shown by Figure 3, at four weeks
after AAV-ChR2-mCherry injection into the
medial side of the OB of CCK-Cre x GAD65-
GFP mice, intense expression of mCherry-ChR2
was confined to the superficial EPL, GL, and
the IPL, corresponding to the locations of
somata, apical dendritic tufts, and axons
of STCs, suggesting predominant ChR2-
mCherry expression in the STCs. Mean-
while, numerous GAD65-GFP-expressing
cells were present in the GC layer thus
enabled us to selectively record from
GABAergic GCs, majority of which express
GAD65 (Parrish-Aungst et al., 2007).

With this approach, we first investigated
whether superficial GCs received synaptic
input from CCKergic TC lateral dendrites.
Whole-cell voltage-clamp recordings were per-
formed from the GAD65-GFP-expressing cells
in the superficial half of the GC layer, whereas
optical stimulation was delivered to the superfi-
cial EPL to target CCKergic STC soma and lat-
eral dendrites (Fig. 4A). The stimulation site of
the superficial EPL had a typical distance of
150mm from the IPL and the laser-delivering
fiber optic was oriented to facing toward the
GL such that light spread to the deep lamina was minimized to
avoid confounding responses. Biocytin (0.2%) was included in
the recording pipette solution for post hoc reconstruction, which
verified the cellular identity of the recorded GCs (Fig. 4B,C).
Under these conditions, we found that two paired optic stimuli
(2-ms duration each, 100-ms interval) delivered to the superficial
EPL region with a radial angle perpendicular to the mCherry-
expressing STC axon-compacted IPL right above the recorded
cells (Fig. 4B,C). To achieve maximal responses, the optical stim-
ulation was move back and forth in a directions parallel to the
IPL right above the recorded cells. Recordings were continued
only in GCs that responded to optical stimulation of the superfi-
cial EPL since the nonresponsive ones could likely be those with

apical dendrites being truncated during slice preparation. As
shown in Figure 4D, top (gray) traces, the paired stimuli evoked
paired inward currents in GCs voltage clamped at �60mV.
These inward currents were completely eliminated by bath appli-
cation of 10 mM NBQX and 50 mM D-APV (Fig. 4D, top blue
traces) in all nine recorded cells, supporting their nature of gluta-
mate-mediated EPSCs. These superficial EPL-evoked EPSCs
exhibited consistently short onset latencies (2.16 0.1ms, n=9)
with an averaged synaptic jitter (latency deviation) of 392.46 26
ms (n= 9; Fig. 4D, bottom left traces). In each of the same group
of GCs, we moved the optic fiber toward the cell body direction
for ;150mm to stimulate the mCherry-expressing IPL right
above the recorded cells whereas opening of the fiber optic was
reoriented to face away from the EPL thus precluding activation

Figure 3. ChR2-mCherry expression in TCs and GAD65-GFP expression in GABAergic interneurons in the OB. A, The
horizontal OB sections prepared from a CCK-Cre x GAD65-GFP mouse with microinjection of AAV2.5-ChR2-mCherry into
the medial side of the OB showing DAPI-staining cellular nuclei (white), expression of GAD65-GFP (green) in interneur-
ons including GCs, expression of ChR2-mCherry (red) predominantly in the superficial EPL, GL, and the IPL, which
respectively correspond to the locations of STC somata, apical dendrite tufts, and axons, and merged image. B, Blown-
up images of the areas labeled in A highlighting expression of GAD65-GFP in GCs in the GC layer (GCL) and ChR2-
mCherry expression in cross-sectioned TC axons the IPL. L: lateral; R: rostral.
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Figure 4. CCKergic TCs drive GCs via both lateral dendrites and axons. A, Schematic showing experimental design. B, Confocal images showing ChR2-mCherry expression in TC
axons in the IPL and somata and lateral dendrites in the superficial EPL, a biocytin-filled and Cy3-tagged GC (red, left), GAD65-GFP-expressing interneurons (middle), and merged
image (right). C, Blown-up images of the areas labeled in the left panel in B showing the GC apical dendritic tuft (top) and the relationship between the GC proximal dendrite
(arrowheads) and the cross-sectioned mCherry-expressing TC axon fibers. D, Top and middle, typical voltage-clamp traces showing EPSCs recorded in the same GC shown in B
evoked by paired-pulse optical stimulation (O-stim.) delivered to the superficial EPL (sEPL, top traces) radially above or the IPL (middle traces) right superficial to the recorded
cell as shown in A. Gray and cyan traces were recorded in ACSF and in the presence of NBQX and APV (N&A), respectively, whereas black and magenta traces represent the aver-
age for each condition. Bottom, left and middle, Blown-up from the top and middle traces, respectively; right traces are blown-up of the averaged first EPSCs shown in the top
and middle traces to highlight the difference in EPSC decay kinetics. E–G, Plots showing the amplitude (E) and decay time constant (F) of the first EPSC, and PPR (EPSC2/EPSC1;
G) of EPSCs evoked by the paired-pulse optical stimulation of the sEPL or IPL in seven GCs.
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of cellular components in the EPL (Fig. 4A). In these conditions,
the identical paired optical stimuli elicited two paired inward
currents in all tested cells (Fig. 4D, middle gray traces). Similarly,
these inward currents were completely blocked by bath applied
NBQX and APV (Fig. 4D, middle blue traces), verifying their
EPSC nature. Like the superficial EPL-evoked EPSCs, these IPL-
elicited EPSCs had short onset latencies (2.16 0.2ms, n=9)
with an averaged synaptic jitter of and 245.26 52.4 ms (Fig. 4D,
bottom middle traces). The relatively high jitters of these EPSCs

may reflect the different level of ChR2 expression in the lateral
dendrites and axons among TCs or differences in the ChR2 acti-
vation level because these cellular components situated in various
depth from the tissue surface thus were exposed to the laser light
of variant intensities. Thus, the short onset latencies and unob-
servable failure of GC responses to paired-pulse stimulation sug-
gest a monosynaptic transmission from the CCKergic TC lateral
dendrites and axons to GCs (Miles, 1986; Yoshimura and Jessell,
1989; Gil et al., 1999; Sabatini and Regehr, 1999; Doyle and

Figure 5. CCKergic TCs excite GCs via axons in the IPL on the opposite side of the same bulb. A, Schematic showing experimental design. B, Confocal images showing ChR2-mCherry expres-
sion in TC axons in the IPL on the opposite side of the bulb and a biocytin-filled and Cy3-tagged GC (red, left), GAD65-GFP-expressing interneurons (middle), and the merged image (right). C,
Blown-up images of the areas labeled in the left panel in B highlighting the GC apical dendritic tuft (top) and the relationship between the GC proximal dendrite (arrowheads) and the cross-
sectioned mCherry-expressing TC axon fibers. D, top and bottom, Typical voltage-clamp traces showing responses recorded in the same GC shown in B evoked by paired-pulse optical stimula-
tion delivered to the superficial EPL (sEPL; top traces) radially above or the IPL (bottom traces) right above the recorded cell as shown in A. Gray and cyan traces were recorded in ACSF and in
the presence of NBQX and APV (N&A), respectively, whereas magenta traces represent the average for each conditions. E, Symbol plot showing onset latencies of the IPL-evoked individual
EPSCs in nine GCs. F, Histogram showing the distribution of the decay time constant data collected from nine GCs. G, Bar graph showing the average amplitude of EPSCs in nine GCs evoked by
paired optical stimuli delivered to the sEPL or IPL in ACSF or in the presence of NBQX and APV (IPL1N&A).
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Andresen, 2001). In contrast to latencies, amplitude of the IPL-
evoked EPSCs (71.96 5.0 pA, n=9) was larger than that of
the superficial EPL-evoked ones (43.06 2.9 pA, n=9; t(8) =
10.25 549, p= 0.000007, paired t test; Fig. 4E). Despite their indis-
tinguishable peak times (1.86 0.4ms for superficial EPL evoked
vs 1.96 0.3ms for IPL evoked, n=9, t(8) = 0.7236, p= 1, paired t
test), the IPL-evoked EPSCs exhibited much smaller decay time
constants (31.2 6 2.7ms, n=9) compared with the superficial
EPL-evoked EPSCs (50.06 3.4ms, n=9; t(8) = 7.82771,
p=0.0005, paired t test; Fig. 4D, bottom right traces, F). In addi-
tion, superficial EPL-evoked EPSCs exhibited paired-pulse

depression (PPD) with a paired-pulse ratio (PPR; EPSC2/
EPSC1) of 0.796 0.04 (n=9) while IPL-elicited EPSCs showed
paired-pulse facilitation (PPF; PPR = 1.36 0.07, n=9, t(8) =
6.11663, p=0.0003, paired t test; Fig. 4D, top and middle gray
traces, G).

Taken together, these results support a glutamate-mediated
monosynaptic transmission from CCKergic STCs to GCs. The
difference in kinetics, strength, and short-term plasticity of the
EPSCs evoked by stimulation of the superficial EPL and IPL
resemble those for the distal or proximal excitatory synapses
onto the same GCs (Balu et al., 2007), suggesting functional

Figure 6. CCKergic TCs monosynaptically excite PGCs via dendrodendritic synapses. A, Schematic showing experimental design. B, left, Confocal images showing ChR2-mCherry expression in
TCs and GAD65-GFP-tagged PGCs. Right, Blown-up from the left showing the relationship between the GFP-tagged PGCs and apical dendrites (white arrowheads) of mCherry-expressing TCs. C,
top and middle, Typical voltage-clamp traces showing EPSCs recorded in a PGC in response to paired optical stimulation delivered to the PGC-affiliated glomerulus to activate CCKergic TC apical
dendrites in ACSF (gray, middle) or in the presence of NBQX and APV (N&A, top cyan traces). Bottom, Blown-up from the middle traces showing onset latencies of the first EPSCs. D, Symbol
plot showing onset latencies of the TC-evoked EPSCs in 15 PGCs. E, Bar graph showing the average amplitude of the TC-evoked EPSCs in 15 PGCs in ACSF or in the presence of NBQX and APV
(N&A). F, G, Symbol plots showing that EPSC onset latency (F) but not its SD (synaptic jitter, G) has a negative linear correlation with the average EPSC amplitude in 14 PGCs (one outlier
excluded).
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dendrodendritic synapses formed between CCKergic TC lateral
dendrites and GC distal apical dendrites in the superficial EPL,
and axodendritic synapses established between CCKergic TC
axon collaterals and GC proximal dendrites in the IPL.

The CCKergic IAS neurons terminate their axons in the IPL
on the opposite side of the same bulb and form synaptic connec-
tions with local GCs (Liu and Shipley, 1994). To examine the
function of these synapses, we injected AAV-ChR2-mCherry in
the medial side of each bulb in CCK-Cre x GAD65-GFP mice

with a volume to express ChR2 only in TCs on the medial side
and sufficient level of ChR2 in the axons projected to the IPL on
the lateral side of the same bulb (Fig. 5A–C). In these conditions,
we selectively recorded from the GFP-expressing GCs on the lat-
eral side and observed inward currents evoked by optical stimu-
lation of IPL right above the recorded cells (Fig. 5D, bottom gray
traces) but not of superficial EPL (Fig. 5D, top traces). These cur-
rents were abolished by NBQX and APV (Fig. 5D, middle blue
traces, G), supporting their EPSC nature. The average onset

Figure 7. CCKergic TCs monosynaptically activate SACs via apical dendrites. A, Schematic showing experimental design. B, left, Confocal images of a coronal OB section showing ChR2-
mCherry expression in TCs and TH-GFP-tagged SACs. Right, Blown-up from the left showing the relationship of GFP-tagged SACs and mCherry-expressing TC apical dendrites (white arrow-
heads). C, top and middle, Typical voltage-clamp traces showing EPSCs recorded in a SAC in response to paired optical stimulation delivered to the SAC-affiliated glomerulus to activate
CCKergic TC apical dendrites in ACSF (gray, middle) or in the presence of NBQX and APV (N&A, top cyan traces). Bottom, Blown-up from the middle traces showing onset latencies of the first
EPSCs. D, Symbol plot showing the TC apical dendrite-evoked EPSC onset latencies in 12 SACs. E, Bar graph showing the average amplitude of the TC-evoked EPSCs in 12 SACs in ACSF, with
addition of NBQX and APV (N&A), and further addition of CI988 (N&A&CI), a selective CCK-B receptor antagonist. F, G, Symbol plots showing that EPSC onset latency (F) but not its SD (synaptic
jitter, G) has a negative linear correlation with the average EPSC amplitude in 11 SACs (one outlier excluded).
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latency of these EPSCs in nine cells was 2.06 0.13ms (n=9)
with a synaptic jitter of 373.86 29 ms (n=9; Fig. 5E), indicating
monosynaptic transmission from CCKergic TC axon to GCs in
the IPL on the opposite side. The EPSC decay time constant
(t ; 9.36 0.1ms, n=336 traces in 9 cells; Fig. 5F) was comparable
to that of the IPL-evoked EPSCs in GCs on the same side. These
EPSCs exhibited PPF (PPR= 1.76 0.1, n= 9; Fig. 5D, bottom
gray traces, G). The consistent kinetics and short-term plasticity
of EPSCs recorded in GCs on both the same and opposite sides
of the CCKergic TCs suggest that CCKergic TCs form axoden-
dritic synapses with GCs in the IPL on both sides of the same
bulb.

In sum, our results revealed that CCKergic TCs released glu-
tamate to drive GABAergic GCs via monosynaptic connections.
These monosynaptic connections are established between the lat-
eral dendrites of CCKergic TCs and GC distal apical dendrites in
the superficial EPL, CCKergic TC axon collaterals or terminals
in the IPL and GC proximal apical dendrites on both sides of
each bulb. The dendrodendritic synapses and axodendritic syn-
apses between CCKergic TCs and GCs exhibit differences in
decay kinetics and short-term plasticity.

CCKergic TCs drive inhibitory glomerular interneurons
The ramification of STC apical dendrites in single glomeruli sug-
gests potential dendrodendritic synapses between CCKergic
STCs and the GABAergic PGCs or SACs, two major populations
of local inhibitory interneurons with somas and dendrites or
processes confined to the GL (Pinching and Powell, 1971;
Aungst et al., 2003; Hayar et al., 2004b; Kiyokage et al., 2010). To
test the possibility of synaptic transmission from CCKergic STCs
to PGCs that exclusively express GAD65 (Kiyokage et al., 2010),
a key enzyme for GABA biosynthesis, we applied the same opto-
genetic approach in CCK-Cre x GAD65-GFP mice for selective

activation of the CCKergic TCs and recording
from PGCs (Fig. 6A,B). As illustrated in Figure
6A, optical stimulation of the glomeruli affiliated
by the recorded cells evoked inward currents in
PGCs voltage clamped at�60mV (Fig. 6C, mid-
dle gray traces). These inward currents were
abolished by bath-applied NBQX and APV
(N&A; Fig. 6C, top cyan traces, 6E), supporting
that they are glutamate-mediated EPSCs. These
EPSCs had short onset latencies ranging from
1.1 to 3.03ms (2.26 0.1ms, n = 16 cells) and a
synaptic jitter of 239.26 21.8 ms (n=15 cells;
Fig. 6C, bottom blown-up trace, 6D). Based on
the same criteria applied to GCs, these results
corroborate a glutamate-mediated monosynaptic
transmission from CCKergic TC apical dendrites
to PGC dendrites. However, in contrast to the
PPF of GC responses to paired optical stimuli of
IPL, the EPSCs evoked by the identical paired-
pulse stimuli of CCKergic TCs exhibited robust
PPD in PGCs (Fig. 6C, middle traces) with a
PPR of 0.426 0.1 (n= 15; Fig. 6E). Further anal-
ysis revealed a negative linear regression of
the average onset latency (F(1,12) = 42.54817,
p=2.83967� 10�5; Fig. 6F) but not the average
latency SD (synaptic jitter; F(1,12) = 0.17697,
p=0.68142; Fig. 6G) with amplitude of EPSCs.

The second population of inhibitory inter-
neurons in the GL are SACs, which exclusively
express the molecular marker, tyrosine hydroxy-

lase (TH), a key enzyme for biosynthesis of dopamine. To exam-
ine potential synaptic transmission from CCKergic TCs to SACs,
mCherry-ChR2 was expressed in OB CCKergic TCs of CCK-Cre
x TH-GFP mice so that we were able to selectively identify SACs
and record their responses to optical stimulation of CCKergic
TCs in OB slices (Fig. 7A,B). Injection of AAV2.5-ChR2-
mCherry into the GL of each OB in CCK-Cre x TH-GFP mice
produced consistent expression of ChR2-mCherry predomi-
nantly in OB STCs (Fig. 7B). With this powerful approach, we
found that optical stimulation of the glomeruli affiliated by the
recorded cells elicited inward currents in all recorded SACs volt-
age clamped at �70mV (Fig. 7C, middle gray traces). These
inward currents were almost completely blocked by bath-applied
NBQX and APV (Fig. 7C, top cyan traces, 7E), substantiating that
they areCCKergicTC-evokedandglutamate-mediatedEPSCs.

Since SACs are selectively activated by exogenously applied
CCK via CCK-B receptors (Liu and Liu, 2018), we tested whether
the residual NBQX/APV-resistant inward currents were medi-
ated by activation of CCK-B receptors. However, addition of
CI988 (10 mM), a selective CCK-B receptor antagonist (Hughes
et al., 1990), did not change the residual small inward currents
(Fig. 7E), indicating that they are not due to endogenous CCK
activation of CCK-B receptors.

Like those recorded in PGCs, the CCKergic TC-evoked
EPSCs in SACs had short onset latencies ranging from 1.0 to
3.8ms (2.16 0.2ms, n= 12 cells) and a synaptic jitter of
445.36 48.9 ms (n=120 traces from 12 cells; Fig. 7C, bottom
blown-up traces, 7D), suggesting monosynaptic transmission
from CCKergic TCs to SACs. Additionally, the CCKergic TC-
evoked EPSCs in SAC exhibited PPD (Fig. 7C, middle gray
traces) with a PPR of 0.586 0.1 (n= 12; Fig. 7E). Further analysis
revealed a negative correlation of the average EPSC onset latency
(F(1,9) = 17.50628, p= 0.00236, ANOVA test; Fig. 7F) but not the

Figure 8. STC responses to sniff-like patterned ON train stimulation. A–C, top, Typical voltage-clamp traces show-
ing EPSCs in a STC evoked by a train of five electrical stimuli delivered to the ON at 2 Hz (A), 5 Hz (B), or 8 Hz (C).
Bottom, Typical current clamp traces showing STC burst spike responses evoked by the same patterned train stimuli.
D, E, Average data plot showing the amplitude of EPSCs (D; n= 8 cells) or number of action potentials (APs) per
response (E; n= 6 cells) evoked by trains of patterned ON stimuli at three frequencies.
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synaptic jitter (F(1,9) = 2.92 333, p= 0.12148; Fig.
7G) with amplitude of EPSCs in 11 cells (one out-
lier excluded).

Collectively, our results demonstrate that both
PGCs and SACs receive monosynaptic input
from CCKergic TC apical dendrites. This direct
synaptic input results in postsynaptic excitatory
responses which exhibit the short-term plasticity
PPD in both interneuron types.

STC responses to repetitive on stimulation
Sniffing actively brings odorants to repetitively
activate OSNs (Welker, 1964; Verhagen et al.,
2007; Wachowiak, 2011). Rodents increase sniff
frequency during active investigation of novel odor
stimuli (Welker, 1964; Macrides, 1975; Freeman et
al., 1983; Youngentob et al., 1987; Verhagen et al.,
2007). The functional significance of this behavioral
alteration to olfaction is not fully understood. One
possibility is to shape signal processing in down-
stream brain centers including the OB (Verhagen
et al., 2007; Carey and Wachowiak, 2011). To test
how CCKergic STCs respond to sniff-like patterned
activation of OSNs, STCs in OB slices were voltage
clamped at �60mV, while the ON received a train
of five electrical stimuli every 15 s at three different
intratrain frequencies, 2, 5, or 8Hz, which resemble
resting breathing rate and low or high frequencies
of exploratory sniffing, respectively. Consistent
with the high glutamate release probability of
ON terminals (Murphy et al., 2004; Vaaga and
Westbrook, 2017), a train of five ON stimuli at any
of these three frequencies elicited five progressively
decreased EPSCs in all recorded STCs (Fig. 8A–C,
top traces, D). For 2-Hz stimulation, the average
amplitude of the first, third, and fifth EPSC in eight
cells was 113.06 11.4 pA, 91.06 10.6 pA (t(28) =
12.60077, p=4.66487� 10�12 compared with the
first, ANOVAOneWayRM with Bonferroni com-
parison), and 85.46 10.5 pA (t(28) = 15.75812,
p = .89033� 10�14 compared with the first;
t(28) = 3.15735, p=0.03792 compared with third,
ANOVAOne WayRM with Bonferroni compari-
son). Interestingly, this synaptic depression did not
show significant frequency dependence as in ETCs
and MCs (Vassar et al., 1994), indicating that STCs
convey OSN signals to postsynaptic targets with
higher fidelity (Short andWachowiak, 2019).

To assess the repetitive ON stimulation-evoked
STC spike response, a more physiologically rele-
vant measure of potential impact on postsynaptic
targets, we repeated the above experiment in cur-
rent clamp in a separate set of STCs. As shown in
Figure 8A–C, bottom traces, STCs responded to repetitive ON
stimulation with bursts of action potentials. Because of the long
duration of each spike burst, responses were only distinguishable
for stimuli at 2Hz but not for 5 or 8Hz (Fig. 8A–C, bottom
traces). Since the interstimulus interval of the 5- and 8-Hz train
stimuli was shorter than the duration of individual spike burst
response in STCs, the repetitive spike responses merged together
and appeared as a continuous spiking pattern (Fig. 8B,C, bottom
traces) at these two stimulation frequencies. Consequently, the
number of action potentials in each burst response decreased as

stimulation frequencies increased from 2 to 8Hz (n=6 cells; Fig.
8E). Consistent with voltage-clamp responses, the number of action
potentials evoked by each train stimulation progressively decreases
from the first to the fifth across three frequencies (Fig. 8, compared
E with, D), suggesting that sniff-like patterned stimulation of STCs
triggers progressively depressed responses in their postsynaptic
targets.

Repetitive optogenetic excitation of CCKergic STCs
Given the high transmitter release probability of ON terminals
(Murphy et al., 2004; Vaaga and Westbrook, 2017), the adaptation

Figure 9. Rhythmic activation of ChR2 produces high-fidelity excitatory responses in CCKergic STCs. A, Typical
voltage-clamp trace showing ChR2 current in a CCKergic STC evoked by five optical stimuli at 10 Hz in the presence
of TTX to block action potential-dependent circuit influence. B, The first and the fifth ChR2 current (IChR2) traces
superimposed to show the kinetic fidelity. C, Symbol plot showing consistency of the amplitude and decay time
constant (t ) of ChR2 currents evoked by a train of five optical stimuli at 10 Hz in eight cells. D–F, Typical cell-
attached recording traces showing spike responses of a CCKerigc STC to the patterned train stimulation at 2 Hz
(D), 5 Hz (E), or 8 Hz (F). G, H, Average data plots showing the number of action potentials evoked by each of the
five optical stimuli at three different frequencies in six STCs in ACSF (G) or in the presence of NBQX, APV, and
gabazine (D&A&G, H).
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of CCKergic STC responses to repetitive ON stimulation can be
interpreted as a reflection of gradual decrease in presynaptic
neurotransmitter release. Alternatively, STC intrinsic proper-
ties and/or circuit influence may also contribute to this since
ON stimulation can directly and indirectly engage inhibitory
glomerular interneurons to release GABA or dopamine (Wellis
and Scott, 1990; Aungst et al., 2003; Murphy et al., 2004; Maher
and Westbrook, 2008; Gire and Schoppa, 2009; Shao et al.,
2009; Kiyokage et al., 2010; Borisovska et al., 2013; Liu et al.,
2013; Najac et al., 2015), which activates GABAB receptors or
dopamine D2 receptors on ON terminals and inhibits gluta-
mate release (Nickell et al., 1994; Wachowiak and Cohen, 1999;
Aroniadou-Anderjaska et al., 2000; Ennis et al., 2001; Pírez and
Wachowiak, 2008; McGann, 2013). To test these possibilities,
we characterized CCKergic STC responses to sniff-like pat-
terned optogenetic activation. This approach combined with
pharmacological tools to minimize circuit influence allowed us

to examine CCKergic STC intrinsic responses
to repetitive stimulation.

We first assessed the fidelity of repetitive op-
tical stimulation-evoked ChR2 currents in STCs
in OB slices in the presence of TTX to eliminate
the action potential-dependent circuit influence.
Under these conditions, ChR2 currents were
recorded from STCs in voltage clamp (Vh =
�60mV) in response to five brief (2-ms) repeti-
tive optical stimuli at 10Hz (Fig. 9A). Neither
amplitude nor kinetic profile of the repetitively
evoked ChR2 currents varied from one to
another (n=8 cells; Fig. 9A–C). These findings
demonstrated high fidelity of ChR2 currents in
CCKergic STCs in response to repetitive stimu-
lation in the absence of circuit influence. Thus,
this optogenetic approach enabled us to test
STC intrinsic spike responses to repetitive stim-
ulation. To this end, repetitive optic stimula-
tion-evoked spike responses were recorded in
the ChR2-EYFP-expressing STCs in OB slices in
the cell-attached mode, which preserves the in-
tracellular environment and intrinsic properties
of the recorded cells. As shown in Figure 9D–F, a
train of five laser light pulses (2-ms duration) at
2, 5, or 8 Hz elicited bursts of spikes in STCs
in ACSF. Similar to the repetitive ON stimu-
lation-evoked STC responses (Fig. 8), the
number of spikes (n = 6 cells; Fig. 9G) per
response exhibited a trending adaptation,
i.e., the number of spikes elicited by the first
optical stimulus was higher than those by
the subsequent stimuli. For 2-Hz stimula-
tion, the average spike number of the first,
second, and fifth response in six cells was
34.86 4.3, 31.06 1.7 (t(20) = 1.12287, p = 1
compared with first, ANOVAOneWayRM with
Bonferroni comparison), and 26.86 1.7 (t(20) =
2.34339, p=0.29556 compared with first; t(20) =
1.22051, p=1 compared with second; ANOVA
OneWayRM with Bonferroni comparison),
respectively. For 5-Hz stimulation, the average
spike number of the first, second, and fifth
response in six cells was 32.06 5.1, 20.26 2.2
(t(20) = 3.69391, p=0.01437 compared with first,
ANOVAOneWayRM with Bonferroni com-
parison), and 20.36 1.6 (t(20) = 3.64188, p =

0.01622 compared with first; t(20) = 0.05203, p=1 compared
with second; ANOVAOneWayRM with Bonferroni comparison),
respectively.

Given that GABAergic GCs, PGCs, and SACs receive direct
synaptic input from CCKergic STCs, another possibility is that
inhibitory feedback from these inhibitory interneurons via
potential reciprocal synapses weakens the second to the fifth
spike responses in STCs. To test this, we repeated the above
experiments in the presence of the fast synaptic transmission
blockers NBQX, APV and GBZ to block the potential recip-
rocal synaptic interactions between STCs and GABAergic in-
hibitory interneurons. In these conditions, five repetitive
optical stimuli at 2, 5, or 8 Hz elicited essentially identical
number of action potentials in all recorded ChR2-expressing
STCs (n = 6 cells; Fig. 9H), suggesting that inhibitory feed-
back from local inhibitory interneurons rather than intrinsic

Figure 10. Rhythmic activation of CCKergic TCs excite inhibitory glomerular interneurons with frequency-dependent
synaptic depression. A–C, Typical voltage-clamp traces showing EPSCs in a PGC evoked by a train of five optical stimuli
at 2 Hz (A), 5 Hz (B), or 8 Hz (C) delivered to the glomerulus affiliated by the recorded cell. D, E, Plots showing the av-
erage amplitude of EPSCs in 19 PGCs (D) and 15 SACs (E) evoked by the same train of optical stimulation as shown in
A–C. F, G, Average data plotting the percentage of depression of the second to the fifth EPSC relative to the first one
for three frequencies in 19 PGCs (F) and 15 SACs (G).
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properties contributes to the repetitive
stimulation-evoked STC spike response
depression.

Taken together, our results demonstrate
that repetitive optogenetic activation resem-
bles sniff-like patterned ON stimulation in
triggering CCKergic STC spike responses,
which exhibit a trending adaptation at least
partially due to inhibitory synaptic feedback
from local GABAergic interneurons.

Repetitive STC activation produces
dynamically different synaptic responses
in GCs and inhibitory glomerular
interneurons
The axodendritic synapses between TC
axon collaterals and proximal dendrites of
GCs in the IPL exhibited PPF, while the
dendrodendritic synapses between TC lat-
eral dendrites and distal dendrites of GCs in
the superficial EPL or between STC apical
dendrites and PGCs or SACs in the GL
showed PPD, indicating that the CCKergic
STC-driven inhibitory strength shifts from
superficial to deep levels in the OB in
response to repetitive ON input. To test
this, we recorded from PGs, SACs, or GCs
in voltage clamp in response to repetitive activation of CCKergic
STCs by a train of five optic stimuli at 2, 5, or 8Hz as described
above. In these conditions, both PGs and SACs similarly
responded to the train stimulation across all three different fre-
quencies with synaptic depression. Specifically, the second to the
fifth EPSCs were dramatically smaller than the first EPSC across
all three frequencies (Fig. 10A–E). The depression level depended
on stimulation frequencies. The second EPSC evoked by the 2-,
5-, and 8-Hz train stimulation in 19 PGCs was depressed by
31.56 4.4%, 49.66 4.6% (t(36) = 5.06715, p=3.67042� 10�5

compared with 2Hz, ANOVAOneWayRM with Bonferroni
comparison), and 58.66 5.3% (t(36) = 7.60105, p=1.62927 �
10�8 compared with 2Hz; t(36) = 2.5339, p=0.04732 compared
with 5Hz, ANOVAOneWayRM with Bonferroni comparison),
respectively, whereas the fifth EPSC in the same groups of cells
was depressed by 36.66 4.1%, 55.06 4.0% (t(36) = 4.8395,
p=7.35327� 10�5 compared with 2Hz, ANOVAOneWayRM
with Bonferroni comparison), and 63.76 4.7% (t(36) = 7.10365,
p=7.20448� 10�8 compared with 2Hz; t(36) = 2.26415, p =
0.08906 compared with 5Hz, ANOVAOneWayRM with Bonferroni
comparison), respectively (Fig. 10F).

Similarly, the second EPSC evoked by the 2-, 5-, and 8-Hz train
stimulation in 15 SACs was depressed by 34.46 3.8%, 55.4 6
4.8% (t(28) = 6.11809, p=3.9981� 10�6 compared with 2Hz,
ANOVAOneWayRM with Bonferroni comparison), and 64.5 6
4.3% (t(28) = 8.75217, p=5.02164� 10�9 compared with 2Hz;
t(28) = 2.63408, p=0.04076 compared with 5Hz, ANOVAOne
WayRM with Bonferroni comparison), respectively. The fifth EPSC
in the same groups of cells was depressed by 36.66 4.1%,
58.46 4.1% (t(28) = 7.86742, p=4.30664� 10�8 compared with
2Hz, ANOVAOneWayRM with Bonferroni comparison), and
66.96 4.0% (t(28) = 10.96717, p=3.62115� 10�11 compared with
2Hz; t(28) = 3.09905, p=0.01315 compared with 5Hz, ANOVAOne
WayRM with Bonferroni comparison), respectively (Fig. 10G). But
there was no significant difference from the second to the fifth
EPSCs within each frequency.

For GCs, we tested only the axodendritic synapses formed
between CCKergic TC axons and GC on the opposite side of the
same bulb as illustrated by Figure 11A. In contrast to PGCs and
SACs, GCs responded with facilitated EPSCs across all three fre-
quencies (Fig. 11B–D). Interestingly, the third EPSC reached the
maximal amplitude then maintained at a steady level across three
train stimulation frequencies (Fig. 11E). The facilitation level
depends on intratrain stimulation frequencies. The amplitude of
the second EPSC evoked by the 2-, 5-, or 8-Hz train stimulation
in 15 GCs increased by 13.56 5.1%, 39.36 8.3% (t(28) = 2.72161,
p= 0.03314 compared with 2Hz, ANOVAOneWayRM with
Bonferroni comparison), or 48.26 7.6% (t(28) = 3.6534, p =
0.00317 compared with 2Hz; t(28) = 0.93179, p=1 compared
with 5Hz, ANOVAOneWayRM with Bonferroni comparison)
compared with the first EPSC, respectively (Fig. 11E); mean-
while, the amplitude of the fifth EPSC evoked by the same train
stimulations increased by 13.66 5.3%, 46.36 10.3% (t(28) =
2.82003, p= 0.02617 compared with 2Hz, ANOVAOneWayRM
with Bonferroni comparison), or 59.56 10.0% (t(28) = 3.96492,
p= 0.00138 compared with 2Hz; t(28) = 1.14489, p= 0.78584
compared with 5Hz, ANOVAOneWayRM with Bonferroni
comparison) for 2, 5, or 8Hz, respectively (Fig. 11F).

In sum, our results showed that repetitive activation of the
CCKergic TCs engaged both populations of inhibitory glomeru-
lar interneurons via their apical dendrites and GCs via their
axons in the IPL on the opposite side of the same bulb but the in-
hibitory strength progresses in opposite directions at these two
distinct locations during repetitive stimulation, i.e., waning in
the glomerular circuits but waxing in the IPL.

Discussion
We characterized the dynamic functions of synaptic pathways
from CCKergic TCs to three distinct populations of inhibitory
interneurons in the OB with the optogenetic approach leading to
four major findings (Fig. 12). First, the vast majority of CCK-
expressing neurons in the OB are STCs, which receive direct

Figure 11. Rhythmic activation of CCKergic TCs drive GCs with frequency-dependent synaptic facilitation. A, Schematic
showing experimental design. B–D, Typical voltage-clamp traces showing EPSCs in a GC on the lateral side of the OB
evoked by a train of five optical stimuli at 2 Hz (B), 5 Hz (C), or 8 Hz (D) delivered to the IPL right above the recorded cell
to activate the ChR2-expressing axons projected from CCKergic TCs on the medial side of the same bulb. E, F, Plots show-
ing the amplitude of five EPSCs evoked by the train stimulation at three frequencies (E) and amplitude ratio of each of the
second to the fifth EPSCs to the first one for three different frequencies (F).
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synaptic input from OSNs. This glutamate-mediated monosy-
naptic transmission exhibits slight depression in response to re-
petitive sniff-like patterned stimulation of OSNs. Second,
CCKergic TCs form two functionally distinct types of monosy-
naptic connections with GCs: (1) dendrodendritic synapses onto
GC distal dendrites via lateral dendrites in the superficial EPL;
(2) axodendritic synapses onto GC proximal dendrites via axons
collaterals or terminals in the IPL on both sides of each bulb. The
dendrodendritic synapses show slow functional kinetics and
PPD, while the axodendritic transmission exhibits fast kinetics
and PPF. Third, CCKergic TCs monosynaptically excite both
PGCs and SACs, two major populations of inhibitory glomerular
interneurons. These glutamatergic synapses exhibit robust PPD.
Finally, repetitive activation of CCKergic TCs frequency depend-
ently shifts OB inhibitory strength from the superficial glomeru-
lar to deep IPL levels.

Optogenetic labeling CCKergic TCs in the OB
Our predominant expression of ChR2-EYFP in the CCKergic
STCs is consistent with previous immunostaining findings that
somata of CCK immunoreactive neurons mainly reside in the su-
perficial EPL but sparsely in the deep EPL (Seroogy et al., 1985;
Liu and Shipley, 1994). However, slightly different patterns of
CCKergic TC distribution were observed in other studies, in
which relatively more deep TCs (DTCs) were labeled by Cre-de-
pendent expression of fluorescent proteins (FPs) in the same
transgenic CCK-Cre mouse line as we used (Marks et al., 2006;
Cheetham et al., 2015; Economo et al., 2016; Short and
Wachowiak, 2019). While the exact reasons for this discrepancy
are unknown, there are a few of potential contributing variables.
(1) Cre gene copies: our experiments were performed in CCK-
Cre heterozygotes, while the same line but homozygotes were
used in other studies (Marks et al., 2006; Cheetham et al., 2015;
Economo et al., 2016; Short and Wachowiak, 2019). It is plausi-
ble that DTCs in CCK-Cre heterozygotes contain too low level of
Cre to express detectable FPs. (2) FP expression approaches: we

employed viral transfection, while others cross-bred CCK-Cre
homozygotes with the Ai95 GCaMP6f reporter line (Economo et
al., 2016; Short and Wachowiak, 2019). In that context, neurons
expressing transient levels of CCK mRNA during embryonic or
postnatal developing stages are potentially labeled. (3) Animal
age: we injected virus in adult mice, while others injected virus in
mice at their postnatal days 0–3 (Marks et al., 2006; Cheetham et
al., 2015) when developing neurons with transient expression of
CCK could be labeled. (4) Viral serotypes: we used AAV2.5,
while studies of Marks et al. (2006) and Cheetham et al. (2015)
employed AAV2.1, which transfects neurons with higher level of
FP expression than AAV2.5 and shows anterograde transsynap-
tic tagging (Watakabe et al., 2015; Zingg et al., 2017).

CCKergic TCs drive inhibitory glomerular interneurons
Previous electrophysiological studies demonstrate that majority
of PGCs are driven by ETCs (ETC-driven; De Saint Jan et al.,
2009; Gire and Schoppa, 2009; Shao et al., 2009; Najac et al.,
2015). The present study presented evidence that GAD65-
expressing PGCs received monosynaptic input from the gluta-
matergic CCKergic TCs other than ETCs. This is consistent with
a recent study showing that a small population of PGCs labeled
by GFP expression under the control of the Kv3.1 potassium
channel promoter are monosynaptic excited by TCs, suggesting
that PGCs are driven not only by ETCs but also by other TCs
(Najac et al., 2015). More importantly, our study provided new
evidence that the CCKergic TC-PGC synapse exhibited robust
frequency-dependent depression in response to repetitive sniff-
like patterned stimulation, indicating that sniff-driven sensory
input dynamically modulates glomerular inhibition from PGCs.

Like PGCs, vast majority of SACs are ETC-driven (Hayar et
al., 2004b; Kiyokage et al., 2010). Our study provides the first evi-
dence showing that the CCKergic TCs also monosynaptically
drive SACs, adding another level of complexity to the SAC-
formed circuitry in the OB. Furthermore, the CCKergic TC-SAC
transmission is subject to robust short-term depression in

Figure 12. Summary of CCKergic TC actions on two spatially segregated inhibitory circuits in the OB. STCs receive direct excitatory input from OSNs (1) and intermediate the excitatory input
to the GABAergic PGCs (2) and the GABAergic/dopaminergic SACs (3) via dendrodendritic synapses onto their apical dendrites in the GL. One the other hand, STCs activate the distal dendrites
of GCs via dendrodendritic synapses onto their lateral dendrites in the superficial EPL (4) and excite proximal dendrites of GC on the same (5) and opposite sides (6) of the same bulb via axo-
dendritic synapses onto their axon collaterals and terminals in the IPL, respectively. In response to sniff-like patterned stimulation, the dendrodendritic synapses exhibit frequency-dependent
depression, while the axodendritic synapses are subject to frequency-dependent facilitation.
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response to paired-pulse or a train of repetitive presynaptic stim-
ulation across frequencies resembling active sniffing (Welker,
1964; Youngentob et al., 1987; Verhagen et al., 2007). Despite the
slight difference in depression level, the similar temporal profile
across stimuli and frequency dependence of synaptic depression
between the TC-PGC and TC-SAC pathways imply high proba-
bility of neurotransmitter release from these TC apical dendritic
terminals.

Our previous study demonstrates that exogenous CCK selec-
tively activates SACs (Liu and Liu, 2018), indicating that activa-
tion of CCKergic TCs produces CCK receptor-mediated
excitatory postsynaptic responses in SACs. However, this was
not observed in the present study. One interpretation is that
CCK like other neuropeptides is released from STC apical den-
dritic terminals by an extremely small quantity (van den Pol,
2012) to produce a small and slow depolarization in SAC dendri-
tic terminals that might not be detectable at SAC somata. Future
work may be needed to directly measure CCK release in response
to optogenetic activation of CCKergic TCs with the sensitive
enzyme immunoassay (Dao et al., 2019).

Dendrodendritic and axodendritic transmission from TCs to
GCs
We made two major findings in characterizing synaptic
transmission from CCKergic STCs to GCs. First, CCKergic
TCs drive GCs on the opposite side of the same bulb via axo-
dendritic synapses in the IPL. This is consistent with previ-
ous anatomic and ultrastructural studies (Price and Powell,
1970b; Orona et al., 1984; Liu and Shipley, 1994), in which it
was unclear whether the observed synaptic connections were
established between TC axon collaterals and GCs in the IPL
on the same side or on the opposite side of the bulb. The fast
functional kinetics and short-term facilitation of this gluta-
matergic monosynaptic transmission from CCKergic STCs
to GCs are in line with those of the excitatory axodendritic
synapses onto GC proximal dendrites (Balu et al., 2007). Our
GC reconstruction further supports this conclusion. Second,
CCKergic STCs formed both dendrodendritic and axoden-
dritic synapses respectively in the superficial EPL and IPL
with the same population of superficial GCs on the same side
of the bulb. These findings corroborate previous anatomic or
ultrastructural studies (Price and Powell, 1970a,b; Jackowski
et al., 1978; Orona et al., 1983; Liu and Shipley, 1994).
Although the spatially segregated positioning of optical stim-
ulation cannot absolutely dissociate GC responses mediated
by the dendrodendritic synapses in the superficial EPL from
those by axodendritic synapses in the IPL due to potential
orthodromic and antidromic propagation of excitation
between STC lateral dendrites and axons as revealed in MCs
(Charpak et al., 2001; Margrie et al., 2001), at least three
pieces of evidence support these responses were mediated by
two distinct types of synapses in the same GCs: (1) the fast
kinetics and short-term facilitation of the IPL-evoked
responses in GCs on the same side is consistent with those of
the IPL-evoked responses in GCs on the opposite side that is
no doubt mediated by axodendritic synapses due to the lack
of lateral dendritic activation; (2) the different kinetics and
short-term plasticity of the superficial EPL- and IPL-evoked
GC responses correspondingly resemble those of the excita-
tory dendrodendritic and axodendritic synapses onto the dis-
tal and proximal dendrites of GCs revealed by two-photon
guided minimal stimulation (Balu et al., 2007); (3) consis-
tently, our neuron reconstruction reveals the recorded GCs

as the superficial type, which have proximal dendrites cross-
ing the IPL and distal dendrites reaching the superficial EPL
(Orona et al., 1983).

Functional implications
The robust frequency-dependent depression at the synapses
between CCKergic TCs and inhibitory glomerular interneurons
suggests that CCKergic TCs function to relieve (disinhibit) intra-
glomerular and lateral inhibition of MCs thus increasing the sys-
tem’s sensitivity when animals raise sniffing frequency to
investigate novel odors as PGCs and SACs powerfully suppress
MC output through intraglomerular and interglomerular inhibi-
tion, respectively (Murphy et al., 2005; Gire and Schoppa, 2009;
Shao et al., 2012; Banerjee et al., 2015; Najac et al., 2015; Liu et
al., 2016; Short and Wachowiak, 2019). Furthermore, CCKergic
TCs may regulate theta oscillations in the OB by driving inhibi-
tory glomerular neurons, key contributors to this sniff-entrained
population level of synchronized interactive activities between
excitatory and inhibitory neurons (Macrides and Chorover,
1972; Margrie and Schaefer, 2003; Wachowiak, 2011; Fukunaga
et al., 2014).

Via dendrodendritic and axodendritic synapses with GCs,
CCKergic TCs could impact lateral inhibition of MCs, which is
generally attributed to the reciprocal synapses between MC lat-
eral dendrites and GC apical dendrites in the EPL (Rall et al.,
1966; Burton, 2017). Additionally, the frequency-dependent
facilitation of the TC-GC axodendritic synapses in the IPL sug-
gests roles of CCKergic TCs in regulating the odor-evoked g
oscillations in the OB, a physiological behavior that depends on
superficial GC-involved networks (Fourcaud-Trocmé et al.,
2014) and is enhanced by high-frequency sniffing (Rosero and
Aylwin, 2011) and critical for olfactory discrimination (Kay,
2014).
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