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Abstract

The local circuitry within olfactory bulb (OB) glomeruli filters, transforms, and facilitates information transfer
from olfactory sensory neurons to bulb output neurons. Two key elements of this circuit are glutamatergic
tufted cells (TCs) and GABAergic periglomerular (PG) cells, both of which actively shape mitral cell activity and
bulb output. A subtype of TCs, the external TCs (eTCs), can synaptically excite PG cells, but there are unre-
solved questions about other aspects of the glomerular connections, including the extent of connectivity be-
tween eTCs and the precise nature of reciprocal interactions between TCs and PG cells. We combined patch-
clamp recordings in OB slices and optophysiological tools to investigate local functional connections within
glomeruli of mice and rats. When TCs that express cholecystokinin (CCK) were optically suppressed, excita-
tory inputs to “uniglomerular” PG cells that extend dendrites to one glomerulus were decreased, consistent
with TC activation being required for most excitation of these PG cells. However, TC suppression had no ef-
fect on EPSCs in eTCs, arguing that TCs make few, if any, direct glutamatergic synaptic connections with
eTCs. The absence of synaptic connections among eTCs was also supported by recordings in eTC pairs.
Last, we show using similar optical suppression methods that GAD65-expressing PG cells, mainly uniglomeru-
lar cells, provide strong inhibition in eTCs. Our results imply that the local network of CCK-expressing TCs
form potent reciprocal chemical synaptic connections with GAD65-expressing uniglomerular PG cells but not
eTCs. This configuration favors local inhibition over recurrent excitation within a glomerulus, limiting its output.
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The brain circuits involved with the initial processing of sensory information are composed of networks of
excitatory and inhibitory neurons. The strength of local connections can impact the weighting of excitation
versus inhibition and determine whether sensory signals are passed on to higher-order brain structures. We
investigated the connectivity between excitatory and inhibitory neurons in discrete glomerular structures of
the rodent olfactory bulb. We found that excitatory neurons make potent chemical synaptic connections
with a class of inhibitory cells with dendrites confined to one glomerulus. However, excitatory cells do not
form chemical synaptic connections with each other. This circuit configuration suggests that sensory input
is generally biased toward driving more local inhibition than recurrent excitation, thus suppressing bulbar
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Introduction

Olfactory bulb (OB) glomeruli not only serve as a relay
between the sensory periphery and the olfactory cortex
but are also the site of initial information processing in the
olfactory system. Glomeruli are innervated by multiple
cell types that facilitate the detection and discrimina-
tion of odors through interconnected networks of exci-
tatory and inhibitory neurons (Nagayama et al., 2014;
Takahashi et al., 2016; Burton, 2017). A class of exci-
tatory interneurons known as external tufted cells
(eTCs) are a central element that controls both excita-
tion and inhibition within glomeruli (Hayar et al.,
2004b; De Saint Jan et al., 2009; Gire and Schoppa,
2009; Najac et al., 2011; Gire et al.,, 2012, 2019).
For example, eTCs can directly excite a subset of
GABAergic periglomerular (PG) cells through glutama-
tergic synaptic contacts (Hayar et al., 2004b). These
PG cells, which have functionally been defined as
eTC-driven (ETd) cells (Shao et al., 2009), account for
~70% of the total number of PG cells and are likely to
predominately correspond to histologically defined
type Il PG cells (Kosaka et al., 1996). At the same time,
eTCs also excite OB output mitral cells (MCs; De Saint
Jan et al., 2009; Najac et al., 2011; Gire et al., 2012).
This eTC-to-MC excitation, which appears to result
from glutamate “spillover” at eTC-to-PG cell dendro-
dendritic synapses (Gire et al., 2019), accounts for the
majority of the excitatory charge in MCs following the
stimulation of olfactory sensory neurons (OSNs; Gire et
al., 2012; Vaaga and Westbrook, 2016). Between glo-
meruli, laterally projecting short-axon cells bidirection-
ally modulate activity at neighboring glomeruli through
neurotransmitter corelease and electrical coupling
(Aungst et al., 2003; Maher and Westbrook, 2008; Liu et
al., 2013, 2016; Banerjee et al., 2015).

Despite progress in understanding the functional
connectivity of glomerular neurons, there remain nu-
merous unanswered questions. For example, while
eTCs can clearly excite ETd-PG cells, their connectiv-
ity to other eTCs is not well resolved. Because of the
high sensitivity of eTCs to OSN input (De Saint Jan et
al., 2009; Gire et al., 2012), eTC-to-eTC excitation
could mediate an important type of recurrent excita-
tion within a glomerulus following OSN stimulation that
could impact output neuron activity. Ultrastructural
studies have provided somewhat differing perspec-
tives on whether there are dendrodendritic excitatory
synapses within glomeruli (Kosaka and Kosaka, 2005;
Bourne and Schoppa, 2017), potential eTC-to-eTC
contacts, and whether eTCs form synapses with each
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other has not been well examined using physiological
methods. The role of eTCs in exciting PG cells is also
not completely understood, especially as it relates to
how much eTCs contribute to excitation of ETd-PG
cells versus other sources. For example, PG cells can
be excited directly by MCs (Najac et al., 2015). The last
point pertains to the connections from PG cells back
onto eTCs. Prior studies have established that differ-
ent subtypes of morphologically distinct PG cells can
be defined by the isoform of glutamic acid decarboxyl-
ase (GAD) that they express (Parrish-Aungst et al.,
2007; Kiyokage et al., 2010), either GAD65 or GAD67.
It is not clear which of these subtypes provides most of
the inhibition of eTCs.

We studied the local functional connectivity within glo-
meruli, first, using an optogenetic silencing approach in
cholecystokinin (CCK)-Cre mice. CCK is highly expressed
in OB TCs of different subtypes, including eTCs (Sun et
al., 2020), and thus these mice provided a convenient tool
to examine the functional connectivity from TCs to differ-
ent cell types. Second, we used dual whole-cell record-
ings that included an eTC and either another eTC or a PG
cell. These experiments provided evidence that both
CCK-expressing TCs in general, as well as eTCs in partic-
ular, in fact, do not form direct excitatory synaptic con-
nections with other eTCs, although they potently excite
PG cells. Also, activation of CCK-expressing neurons
underlies most excitation of ETd-PG cells. As a final ele-
ment of our study, we used recordings in GAD65-Cre
mice to provide evidence that GAD65-expressing PG
cells mediate a major source of inhibition onto eTCs.
Together, our findings support a model in which the local
network of TCs form potent reciprocal connections with
GADG65-expressing GABAergic interneurons but not
eTCs.

Materials and Methods

Animals. CCK-Cre mice (Chhatwal et al., 2007; stock
#011086, The Jackson Laboratory) were maintained as
heterozygous breeding pairs. Heterozygous CCK-Cre
offspring were then crossed with LSL-eNpHR3.0-EYFP
mice (Madisen et al., 2012; stock #014539, The Jackson
Laboratory). The resulting male and female offspring
were used for optogenetic experiments. CCK-Cre mice
were also crossed with LSL-tdTomato mice (Madisen et
al., 2010; stock #07909, The Jackson Laboratory) to
generate reporter animals to verify CCK expression.
GADG65-Cre mice (Taniguchi et al., 2011; stock #019022,
The Jackson Laboratory) were also maintained as heterozy-
gous breeding pairs and crossed with LSL-eNpHR3.0-EYFP
or LSL-ChR2-EYFP mice (Madisen et al., 2012). GAD65-Cre
mice were also crossed with LSL-tdTomato mice to make re-
porter animals. Male and female Sprague Dawley rats at
postnatal day 8 (P8) to P20 (Charles River Laboratories) were
used for the pair-cell recordings. Rats were used for these
studies because of the low yield of the pair-cell recordings,
which required a large number of test animals. Rats were
readily available in the Schoppa laboratory at the time that
the pair-cell recordings were performed. All animals were
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housed on a 12 h light/dark schedule and fed ad libitum. All
experiments were conducted under protocols approved by
the Animal Care and Use Committee of the University of
Colorado, Anschutz Medical Campus.

Slice preparation. Acute horizontal OB slices (300-
330 um) were prepared following isoflurane anesthesia
and decapitation. For experiments using genetic ex-
pression of light-gated ion channels, adult mice (age,
>6 weeks) were used to allow for sufficient channel ex-
pression. Both OBs were rapidly removed and placed in
oxygenated (95% 0,, 5% CO,) ice-cold solution con-
taining the following (in mm): 72 sucrose, 83 NaCl, 26
NaHCOg3;, 10 glucose, 1.25 NaH,PO,, 3.5 KCI, 3 MgCl,,
and 0.5 CaCl, adjusted to 295 mOsm. OBs were sepa-
rated into hemispheres with a razor blade and attached
to a stage using adhesive glue (Loctite 404, Henkel) ap-
plied to the ventral surface of the tissue. Slices were cut
using a vibrating microtome (model VT1000S, Leica)
and were incubated in a holding chamber for 30 min at
32°C. Subsequently, the slices were stored at room
temperature.

Electrophysiology. All electrophysiology experiments
were conducted under an upright Zeiss Axioskop2 FS
Plus microscope (Carl Zeiss Microlmaging) fitted with dif-
ferential interference contrast optics, video microscopy
under control of Slidebook software (3i), and a CCD cam-
era (Hamamatsu). Cells were visualized and identified
with 10x or 40x Zeiss water-immersion objectives. All re-
cordings were performed at 32-35°C.

The base extracellular recording solution contained the
following (in mm): 125 NaCl, 25 NaHCO3, 1.25 NaHP0,0,
25 glucose, three KCI, 1 MgCl,, and 2 CaCl,, at pH 7.3
and adjusted to 295 mOsm, and was oxygenated (95%
05, 5% CO,). The base intracellular pipette solution for
whole-cell current-clamp recordings contained the fol-
lowing (in mm): 125 K-gluconate, 2 MgCl,, 0.025 CaCly, 1
EGTA, 2 NazATP, 0.5 NagGTP, and 10 HEPES, at pH 7.3
with KOH, and osmolarity adjusted to 215 mOsm (Zak et
al.,, 2015). For some current recordings, K-gluconate in
the pipette solution was replaced with an equimolar
amount of cesium methanosulfonate, as well as the so-
dium channel blocker QX-314 (10 mwm) to block action
potentials. In all whole-cell current-clamp recordings
from eTCs, 30 mm glutamic acid was added to the pip-
ette to prevent the rundown of evoked neurotransmitter
release (Ma and Lowe, 2007). Loose cell-attached (LCA)
recordings from eTCs were made with a pipette that con-
tained 150 mm NaCl. All whole-cell recordings included
100 um Alexa Fluor 488 or Alexa Fluor 594 (Thermo
Fisher Scientific) in the pipette solution to allow for the
visualization of cell processes. Fluorescence measure-
ments were performed under whole-field epi-illumination
using a DG-4 light source (Sutter Instrument). Signals
were detected by a Cool-Snap Il HQ CCD camera
(Photometrics) under the control of Slidebook software.

Borosilicate glass patch pipettes (World Precision
Instruments) were pulled to a resistance of 4-6 M( for
eTCs, 6-8 M for PG cells, and 3-4 MQ) for MCs using
an upright puller (Narishige). Current and voltage sig-
nals in the single-cell and pair-cell experiments were
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recorded with a Multiclamp 700B amplifier (Molecular
Devices), low-pass filtered at 1.8 kHz using an eight-
pole Bessel filter and digitized at 10 kHz using a Digidata
1322A (Molecular Devices) digital interface. Data were ac-
quired using AxographX software on an Apple MacPro
computer.

Cell identity was determined in part by visualizing Alexa
Fluor 488-mediated or Alexa Fluor 594-mediated fluores-
cence signals. eTCs were distinguished from PG cells by
their position in the inner half of the glomerular layer,
their relatively large, spindle-shaped somata (diameter,
~10um), a single highly branched apical dendrite, lack
of lateral dendrites, and relatively low input resistance
(~0.2 GQ; Hayar et al., 2004a). PG cells were identified
by their small soma (diameter, <10 pm) and high input
resistance (>0.8 G(; Hayar et al., 2004a; Murphy et
al., 2005; Shao et al., 2009). Test PG cells were all un-
iglomerular, with an apical dendrite that extended to
just one glomerulus (Kiyokage et al., 2010). We only
considered PG cells that displayed bursts of EPSCs
either spontaneously or in response to OSN stimula-
tion, consistent with ETd cells (Kosaka et al., 1998;
Shao et al., 2009). MCs were easily identified by their
position in the mitral cell layer and distinctive dendri-
tic arborizations.

In the pair-cell recordings, cell-fill images were used
to confirm that the primary dendrite of both neurons oc-
cupied the same glomerular neuropil. Visual inspections
were further confirmed by measurements of excitatory
charge transfer on stimulation of one of the cells. In 5 of
5 eTC-PG cell pairs and 22 of 25 eTC-eTC pairs, stimu-
lation resulted in excitation from one cell to the other,
substantiating their joint association with the same glo-
merulus. In the case of the eTC-eTC pairs, the observed
charge transfer was kinetically slow.

Stimulation of OSN axons was performed using a bro-
ken-tip patch pipette (diameter, 5-10 um) placed in the
olfactory nerve layer, ~50-100 pm superficial to the glo-
merular layer. Current injections were delivered by a
stimulus isolator (World Precision Instruments) under
control of a transistor-transistor logic (TTL) output from
AxographX software. Weak intensities of electrical stim-
ulation were used (5-50 pA). eTCs or PG cells that were
chosen were associated with glomeruli at the surface of
the slice. Stimulus artifacts in many of the illustrated traces
have been blanked or truncated. Optogenetic stimulation of
NpHR3.0 was performed using a 140 mW, 590 nm collimated
LED (ThorLabs) with epifield illumination through a 40x ob-
jective under control of a TTL output from AxographX soft-
ware. Channelrhodopsin-2 (ChR2) stimulation was performed
using a 760 mW, 470 nm LED (ThorLabs). For displayed volt-
age-clamp traces of eTCs where NpHR3.0 is activated (see
Fig. 2D), current artifacts were removed by subtracting a me-
dian filtered signal from each trial individually.

Imaging. Confocal images of CCK-tdTomato and
GADG65-tdTomato expression were acquired by scan-
ning laser confocal microscope (Fluoview FV1000,
Olympus). Maximum projection images were generated
from z-stacks at 1 um intervals in a single field of view
using Fiji (Schindelin et al., 2012).
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Figure 1. CCK-Cre mice provide a tool to suppress activity specifically in bulbar TCs. A, CCK expression in a tdTomato reporter
mouse line. CCK is densely expressed in cells in the inner portion of the glomerular layer and outer portion of the external plexiform
layer. Scale bar, 100 um. B, Example membrane voltage responses from a PG cell (top) and an eTC (bottom) in a CCK-NpHR3.0
mouse in response to a 1 s pulse of 590 nm LED light. C, Summary data of NpHR3.0-induced membrane voltage changes in eTCs
(n = 14) and PG cells (n = 6). D, Example spike recordings from an eTC in LCA configuration. Yellow bar denotes a 590 nm light
pulse. E, Top, Raster plot of 20 trials recorded from the same cell as in D. The mean PSTH of all trials (black curve) is superimposed.
Shaded area denotes SE. Bin width=30ms. Bottom, A histogram of all trials. F, G, Example spike recordings from an eTC in cur-
rent-clamp configuration. Plots are the same as in D and E. H, Summary data from combined LCA (n =4; dashed lines) and current-
clamp (n = 8; solid lines) experiments. Firing rate calculated as the mean in each epoch. Error bars indicate the SEM. I, Mean PSTH

across all recordings (n = 12). *** denotes p < 0.001.

Experimental design and statistical methods. Evoked
and spontaneous EPSCs (sEPSCs) were detected using a
variable amplitude template with a 0.5ms rise and 2ms
decay, consistent with typical AMPA receptor kinetics
(Schoppa, 2006; Tyler et al., 2007; Grubb et al., 2008).
EPSCs with amplitudes <2.5 SDs of baseline noise were
rejected. Data were analyzed using AxographX and cus-
tom MATLAB scripts (MathWorks). Data throughout are
expressed as the mean = SEM.

Peristimulus time histograms (PSTHs) of EPSC fre-
quency and spike rates were computed by calculating the
mean frequency in 20-50 ms time bins from >10 sweeps.
Significance was determined using two-tailed nonpara-
metric tests, a Wilcoxon signed-rank test for matched
pairs, or a Wilcoxon rank-sum test for nonmatched
samples. Paired t tests were used in some matched-
pair comparisons because of a smaller sample size
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when n <6. Throughout, a value of p <0.05 was con-
sidered significant.

Results

Optical suppression of CCK-expressing cells

In the OB, the peptide hormone CCK is selectively ex-
pressed in TCs (including eTCs), but not in MCs (Seroogy
et al., 1985; Economo et al., 2016; Sun et al., 2020). We
first confirmed CCK expression and spatial distributions
by generating CCK-tdTomato mice (see Materials and
Methods; Chhatwal et al., 2007; Madisen et al., 2012). In
OB slices from reporter mice, tdTomato expression was
largely confined to the inner half of the glomerular layer
and outer portion of the external plexiform layer (EPL; Fig.
1A), consistent with prior descriptions of the spatial distri-
bution of CCK expression (Sun et al., 2020). These TCs
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included eTCs, which reside in the glomerular layer and
lack lateral dendrites, and superficial TCs (sTCs) that
have lateral dendrites that extend just below the glo-
merular layer through the external plexiform layer. We
also observed sparse labeling of cells deeper in the
bulb, which are likely middle and deep TCs. We then
took advantage of this selective expression by cross-
ing CCK-Cre mice with a conditional line for the light-
activated chloride pump halorhodopsin (NpHR3.0) to
generate CCK-NpHRS3.0 animals. These mice allowed
us to test how optical suppression of TCs influences
excitatory signaling within OB glomeruli. Because we
could not differentiate between subtypes of TCs based
on CCK expression alone, we refer to the impacted
cells on optogenetic suppression collectively as TCs.

To test the efficacy of NpHR3.0 expression, we re-
corded from visually identified eTCs or PG cells in the glo-
merular layer of the OB (see Materials and Methods). In
current-clamp configuration, after a 1 s baseline period,
we delivered a 1 s pulse of 590 nm light to the slice to acti-
vate NpHRS3.0 (Fig. 1B,D,F). eTCs were strongly hyperpo-
larized by illumination (—11.39 = 1.87 mV; n=14), while
there was no effect on PG cell membrane potential (0.10
+ 0.15mV change; n=6; p < 0.001 comparison to eTCs,
Wilcoxon rank-sum test; Fig. 1B,C). Also, in three MCs
tested, we did not observe significant light-evoked hy-
perpolarizations (—1.24 = 0.64 mV; n=3). In one of the
MCs, there was a small hyperpolarization (—2.1 mV),
but this may have reflected weak electrical coupling
between CCK-expressing eTCs and MCs (De Saint Jan
et al., 2009; Gire et al., 2012). Thus, NpHR3.0 expres-
sion appears to be high in TCs but not in other OB
cells. In terms of preventing action potential firing in
eTCs, the light pulses were highly efficacious. Across
12 eTC recordings, conducted in either whole-cell cur-
rent-clamp (n=8) or loose cell-attached patch config-
urations (n=4), light nearly eliminated spontaneous
spiking (baseline epoch, 15.47 + 3.80 Hz; vs LED epoch,
1.39 = 0.75Hz; p=0.0005, Wilcoxon signed-rank test;
Fig. 1H,/). In some cells, and shown in the summary data
in Figure 1/, a small recovery in spiking was observed
over the course of the light pulse. This recovery likely
stems from a hyperpolarization-activated current that is
a hallmark of eTCs (Liu and Shipley, 2008; De Saint Jan
et al., 2009), and can be observed in the recordings in
Figure1,Band F.

Under baseline conditions, CCK-expressing neurons
provide most of the direct excitatory input onto ETd-
PG cells while providing no direct input onto eTCs
With the ability to strongly and selectively suppress TC
output, we next examined the contribution of TCs to the
excitation of different neurons in the glomerular layer. In
this analysis, we focused on both uniglomerular PG cells
that extend their dendrites to one glomerulus (Kiyokage et
al., 2010), as well as eTCs. Among PG cells, there is a
subpopulation of functionally defined ETd-PG cells that
receive direct glutamatergic synaptic input from eTCs
(Hayar et al., 2004b; Shao et al., 2009), but the contribu-
tion of other glutamatergic cells to their excitation is not
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well resolved. For example, at least some PG cells can be
directly excited by MCs (Najac et al., 2015). The CCK-
NpHR3.0 mice provided a tool to estimate the relative
contribution of CCK-expressing neurons (including eTCs
and sTCs) onto excitation of ETd-PG cells versus other
sources, based on how much of the excitatory current re-
corded in ETd-PG cells was eliminated by light. ETd-PG
cells were identified in our recordings based on the pres-
ence of a prolonged barrage of EPSCs in response to
electrical stimulation of OSNs (Fig. 2A).

In the initial analysis, we evaluated sEPSCs that were
isolated in voltage-clamped PG cells and eTCs (Viog =
—77mV) in CCK-NpHR3.0 mice in the absence of stimula-
tion (Fig. 2B). In the PG cell recordings, the spontaneous
EPSCs often occurred as bursts of events, characteristic
of inputs from eTCs that engage in spike bursts (Hayar et
al., 2004a; Shao et al., 2009; Fig. 1D, example). We found
that light application resulted in a large, reversible reduc-
tion in the frequency of sEPSCs in PG cells (reduction,
69.65 = 9.41%; n=6; p=0.031; Fig. 2B,C,F,G). In con-
trast, SEPSCs in eTCs were unaffected (increase in fre-
quency, 2.22 = 3.81%; n=7; p=0.689; Fig. 2D,E,H).
These data support the idea that CCK-expressing TCs
are a primary source of input to ETd-PG cells under base-
line conditions but provide little, if any, direct input to
eTCs. Interestingly, in the PG cell recordings, the sEPSC
rate during the recovery epoch after light application was
somewhat higher than the control in the prestimulus pe-
riod (baseline, 27.07 + 6.25Hz; vs recovery, 44.89 = 4.05
Hz; p=0.031, Wilcoxon signed-rank test; Fig. 2F,G). This
likely reflected eTC spike bursts that were activated by
NpHR3.0-induced hyperpolarization-activated currents
(Liu and Shipley, 2008; De Saint Jan et al., 2009).

We also measured the amplitudes of the sEPSCs for
both PG cells and eTCs (Fig. 3A-C). During light applica-
tion, the amplitudes of the sEPSCs in ETd-PG cells were
drastically reduced (reduction, 61.84 = 9.87%; p =0.031,
Wilcoxon signed-rank test; Fig. 3D). In these recordings,
some smaller-amplitude sEPSCs persisted (Fig. 3A,C,D),
which may reflect miniature EPSCs (MEPSCs). mEPSCs
are thought to arise from action potential-independent
release at a single synapse and therefore should be in-
sensitive to light-driven membrane hyperpolarizations in
TCs. In contrast to the potent effects of light on sEPSC
amplitude in PG cells, light had no effect on the sEPSC
amplitudes in eTCs (reduction, 5.18 = 4.22%; p =0.688,
Wilcoxon signed-rank test; Fig. 3B-D). Finally, to demon-
strate that NpHRS3.0 activation had no effect on release
from OSN axon terminals, we measured evoked mono-
synaptic EPSCs from OSNs to eTCs (Fig. 3E). We found
no difference in the peak evoked EPSC amplitudes for
the same stimulus intensity under control conditions and
during slice illumination (control trials, 372.31 = 91.51 pA; vs
NpHR3.0 trials, 381.39 + 88.64 pA; n=5; p=0.945,
Wilcoxon signed-rank test; Fig. 3F). Overall, our anal-
ysis of EPSC amplitudes was consistent with the con-
clusions from analyzing sEPSC frequency that TCs
are a major source of excitatory input onto ET-PG
cells under baseline conditions, but they provide little
excitatory input onto eTCs (see Discussion).
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Figure 2. Light application in CCK-NpHR3.0 mice reduces the frequency of spontaneous excitatory synaptic inputs onto PG cells
but not eTCs. A, The subtype of PG cell (external tufted driven vs olfactory nerve driven) for this analysis was determined by apply-
ing electrical stimulus pulses to OSN axons (downward arrows). Note the barrage of evoked EPSCs in the voltage-clamped cell
(Vhoia = =77 mV), characteristic of ETd-PG cells. B, Example recordings of sEPSCs (no stimulation) in an ETd-PG cell across three
consecutive sweeps. The yellow bar denotes a 590 nm light pulse for 1 s to suppress TC output. The traces to the right depict ex-
panded sections of the second sweep, highlighting examples of SEPSC bursts that reflect spike bursts in connected eTCs (Shao et
al., 2009). C, Top, Raster plot of 20 trials recorded from the same cell as in A. The mean PSTH of all trials is superimposed in red,
the shaded area denotes SEM. Bottom, A histogram of all trials from the raster plot above. D, Example sEPSC recordings from an
eTC and expanded traces to the right noting the absence of sEPSC bursts. E, Plots are same as B, but for the eTC shown in D. F,
Mean sEPSC PSTHSs across all PG cells (n=6) and eTCs (n=7). G, Summary data from all PG cells. H, Summary data from all eTCs.
* denotes p < 0.05, n.s. not significant.
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Figure 3. Light application in CCK-NpHR3.0 mice eliminates large-amplitude sEPSCs in PG cells. A, Aligned sEPSCs captured from
an example PG cell in each epoch. B, Aligned sEPSCs captured from an example eTC. C, PSTH of mean sEPSC amplitude across
all PG cells and eTCs (n=6 PG cells, n=7 eTCs). D, Summary data from all cells in each recording epoch eTCs [reduction in PG
cells, 61.84 = 9.87% (p=0.031); reduction in eTCs cells, 5.18 = 4.22% (p =0.688; Wilcoxon signed-rank test)]. E, Example EPSCs
evoked by OSN stimulation recorded from an eTC and during TC inactivation with NpHR3.0. Downward arrow denotes stimulus to
OSNs. F, Summary of evoked EPSC amplitudes from five eTCs (control trials, 372.31 = 91.51 pA; vs NpHR3.0 trials, 381.39 =
88.64 pA; p =0.945; Wilcoxon signed-rank test). * denotes p < 0.05, n.s. not significant.

Excitation of PG cells driven by OSN stimulation stimulation. The role of eTCs in particular in exciting PG
requires activation of TCs cells may be unusually high under baseline conditions

In addition to baseline conditions, we also wanted to  because of the high level of spontaneous spiking in
know the contribution of different mechanisms of excit- €TCs (Hayar et al., 2004a). In these studies, we re-
ing PG cells when the OB network is excited by OSN  corded from ETd-PG cells and delivered electrical
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Figure 4. Evoked EPSCs in ETd-PG cells require activation of CCK-expressing TCs. A, Example EPSCs evoked by OSN stimulation
in a PG cell. Each panel contains five overlaid trials. Downward arrows correspond to OSN stimulation. B, Raster plot of EPSCs
from the PG cell in A. The yellow bar indicates the presence of 590 nm light to suppress CCK-expressing cells with NpHR3.0. C,
EPSC count of each trial in B in the 300 ms immediately following OSN stimulation. D, Summary PSTH of EPSC frequency across
all PG cells (n=6). Red trace, control trials; yellow trace, trials with the LED on. Note: the drop in EPSC frequency right at OSN stim-
ulation reflects obscuring of the EPSCs by the stimulus artifact; the jump in EPSC frequency that follows is consistent with the ki-
netics of a monosynaptic OSN-driven EPSCs in PG cells that has been reported by Shao et al. (2009). E, Summary data of evoked
EPSC frequency in the 10-300 ms window following ON stimulation (control trials, 36.21 = 3.47 Hz; vs NpHR3.0 trials, 8.46 =
1.52Hz; n=6; p=0.031, Wilcoxon signed-rank test). F, Summary of baseline EPSC frequency during control and NpHR3.0 trials
(control trials, 12.93 = 4.57 Hz; vs NpHRS3.0 trials, 17.31 = 5.08 Hz; p = 0.094, Wilcoxon signed-rank test). G, Top, Evoked spikes re-
corded in an MC under control conditions and during TC inactivation. Bottom, Example excitatory currents recorded from the same
MC. TC inactivation reduced the size of the current. H, Excitatory current area measurements from three MCs on interleaved trials
of TC inactivation with NpHR3.0. The dashed line represents the MC in G. I, Summary data of effects on TC inactivation on OSN-
evoked excitatory currents measured in MCs. * denotes p < 0.05, n.s. not significant.

stimulation to OSNs (100 ps; variable intensity) that was
sufficient to generate EPSC barrages on every trial (Fig.
4A). We then suppressed activity of CCK-expressing
neurons using light-evoked activation of NpHR3.0 on
alternating blocks of 25 trials (Fig. 4A-C); in trials with
light pulses, OSN stimulation was applied 20 ms after
the start of the light pulses. We found that light caused
a large ~75% reduction in the number of evoked
EPSCs in PG cells (control trials, 36.21 = 3.47 Hz; vs
NpHR3.0 ftrials, 8.46 = 1.52Hz; n=6; p=0.031,
Wilcoxon signed-rank test; Fig. 4D,E). In three of six PG
cells, we observed an early EPSC that was consistent

November/December 2021, 8(6) ENEURO.0311-21.2021

with the kinetics of a monosynaptic OSN-driven EPSC
(Shao et al., 2009). We excluded these events from our
analysis by using a 10-300 ms window following OSN
stimulation. The decrease in evoked EPSCs in PG cells
was not the result of changes in the underlying baseline
sEPSC rate on control versus NpHR3.0 trials, since
these baseline rates were not different (control trials,
12.93 = 4.57Hz; vs NpHR3.0 trials, 17.31 = 5.08 Hz;
p =0.094, Wilcoxon signed-rank test; Fig. 4F). Thus, our
results provide good evidence that the activation of
CCK-expressing TCs was required for most synaptic
excitation of ETd-PG cells.
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Figure 5. Pair-cell recordings show that eTCs provide direct input to PG cells, but not other eTCs. Ai, Example eTC-eTC pair re-
cording in rat olfactory bulb slices. eTC1 is recorded in current clamp and depolarized to generate spikes. Excitatory currents are re-
corded from eTC2 in voltage-clamp configuration. Three consecutive sweeps are shown in both cells as well as the average
response in eTC2 (bottom). Note that the evoked responses are dominated by a small-amplitude prolonged current. A cell-fill image
of the eTC—eTC pair is shown in the inset. Scale bar, 20 um. Aii, Top, Raster plot of rapid EPSCs detected in eTC2 from Ai across
20 trials. EPSCs were detected as in previous figures. The black curve is the mean PSTH, and the shaded area is the SEM. Bottom,
Pooled bin counts for 20 trials. B, Same as A, but for an eTC-PG cell pair. The eTC was depolarized in current-clamp configuration
to generate spikes, and EPSCs were measured from the PG cell in voltage-clamp mode. C. Mean rapid EPSC PSTHs from 25 eTC-
eTC pairs and 6 eTC-PG cell pairs. D, Summary data of the mean EPSC frequency in the baseline period and the 80 ms following
eTC stimulation. E, Summary data comparing the integrated charge in postsynaptic eTCs and PG cells [eTC-eTC pairs (n=25),
141.65 + 30.04 pA e ms; vs eTC-PG cell pairs (n = 6), 432.49 = 126.60 pA e ms; p=0.010, Wilcoxon rank-sum test]. F, Comparison
of the normalized change in fast EPSC rate with the magnitude of charge transfer in eTC-eTC pairs (R = —0.16; p =0.44). * denotes

p < 0.05, ™ p < 0.01.

One potential issue with our results showing that TC
suppression reduces evoked excitation of PG cells is the
possibility that the effect was an indirect result of TC
suppression on MC excitation. Because eTCs are in-
volved in a multistep OSN-to-eTC-to-MC pathway for
activating MCs (De Saint Jan et al., 2009; Najac et al.,
2011; Gire et al., 2012), suppressing activation of CCK-
expressing TCs could reduce MC excitation, which in
turn reduces MC-to-PG cell signaling (Najac et al.,
2015). We found in a limited number of recordings in
MCs that TC inactivation did indeed result in trial-de-
pendent and reversible reduction in MC excitatory cur-
rent (reduction in integrated charge, 56.52 = 16.23%;
n=3; p=0.021, Student’s t test; Fig. 4G-/), consistent
with TC inactivation suppressing MC activation. Thus,
the reduced frequency of evoked EPSCs in PG cells dur-
ing optogenetic suppression of TCs could be explained
either because TCs account for the majority of direct ex-
citatory synaptic inputs on PG cells and/or because TC
activation is required for MC excitation. Despite this un-
certainty, it should be pointed out that, with either sce-
nario, TC activation was a necessary first step in driving
most of the excitation of PG cells. Our results explicitly
exclude a pathway involving direct inputs from OSNs to
MCs (Najac et al., 2011) as a major mechanism of excit-
ing PG cells (i.e., an OSN-to-MC-to-PG cell pathway).

November/December 2021, 8(6) ENEURO.0311-21.2021

eTCs provide direct input to PG cells but not eTCs
Thus far, our optophysiological experiments indicate
that CCK-expressing TCs mediate strong excitation of PG
cells across a variety of conditions while providing little di-
rect excitatory synaptic input onto eTCs. We next tested,
using dual-cell recordings in rat OB slices, whether similar
conclusions applied to the presynaptic function of eTCs,
which are a subset of CCK-expressing cells. Here, we re-
corded from one eTC in current-clamp configuration and
either another eTC or a PG cell in voltage-clamp mode.
We delivered depolarizing current injections to the eTC in
current-clamp configuration to generate trains of action
potentials (Fig. 5Ai,Aii). Occasionally, stimulation of an
eTC was sufficient to evoke a glomerulus-wide long-last-
ing depolarization (LLD; Carlson et al., 2000); for our anal-
ysis, we did not consider these trials because we could
not be certain of the origin of any excitatory signal that we
measured during an LLD. In dual-cell recordings in which
both cells were eTCs, we found that depolarization of one
eTC resulted in small-amplitude but prolonged inward
currents (Fig. 5Ai). These slow eTC-to-eTC excitatory cur-
rents may reflect an extrasynaptic signaling mechanism,
as has been described for eTC-to-MC transmission (Gire
et al., 2012, 2019), or perhaps weak electrical coupling
between eTCs (Hayar et al., 2005; Gire et al., 2012).
Importantly, we found no evidence that eTC stimulation
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evoked fast EPSCs in the eTC-eTC pairs that is consist-
ent with typical synaptic connections (baseline, 15.28 =
2.46 Hz; vs following eTC stimulation, 13.79 = 2.30Hz;
n=25 pairs; p=0.023, Wilcoxon signed-rank test; Fig.
5Ai,Aii,C,D). In contrast, direct stimulation of an eTC in
eTC-PG cell pairs caused a large increase in the fre-
quency of fast EPSCs in the PG cell (baseline, 11.40 =
3.61 Hz; vs stimulation, 24.09 + 2.40Hz eTC; n=6 pairs;
p=0.031, Wilcoxon signed-rank test; Fig. 5C,D), as ex-
pected for direct eTC-to-PG cell contacts (Hayar et al.,
2004b; Najac et al., 2015; Tavakoli et al., 2018). Notably,
in our analysis of fast EPSCs in the eTC-eTC pairs, we
found that direct stimulation of an eTC not only failed to
induce fast EPSCs, but in fact, induced a small but signifi-
cant reduction in the frequency of fast EPSCs (Fig. 5D).
The cause of the reduced EPSC frequency could be mod-
ulation of glutamate release from OSNs (e.g., via GABAg
receptors following activation of PG cells; Nickell et al.,
1994; Aroniadou-Anderjaska et al., 2000; Wachowiak et
al., 2005). Alternatively, it could potentially be an artifact
of the higher current noise associated with the evoked
slow currents (Fig. 5Ai), which impacted the EPSC event
detection. We did not further investigate this effect.

The pair-cell recordings provided excellent evidence
that eTCs fail to synaptically excite other eTCs,
although they can drive a prolonged excitatory current
in eTCs. To determine the potential impact of the slow
eTC-to-eTC currents, we compared the integrated
charge associated with the slow currents with that as-
sociated with the more typical barrages of evoked
EPSCs in PG cells (Fig. 5Bi). To capture the entirety of
the slow EPSC, we used a 100 ms integration window
that was aligned to the onset of the depolarizing cur-
rent injection in the presynaptic cell. For both cell
types, charge measurements were obtained from com-
posite traces that contained at least 15 trials. We
found that for a similar number of presynaptic spikes
(eTC-eTC pairs, 4.56 = 0.33 spikes/trial; eTC-PG cell
pairs, 4.43 = 0.52 spikes/trial; p=0.940, Wilcoxon
rank-sum test) excitation between eTCs is weaker than
between eTCs and PG cells [eTC-eTC pairs, 141.65 =
30.04 pA e ms (n=25); vs eTC-PG cell pairs, 432.49 +
126.60pA e ms (n=6); p=0.010, Wilcoxon rank-sum
test; Fig. 5E]. We did, however, observe a few eTC
pairs where the integrated charge was similar to that
measured in eTC-PG cell pairs. These instances indi-
cate that under certain conditions, perhaps related to
spatial proximity or glutamate clearance properties,
eTCs might signal to other eTCs with increased effi-
cacy. We also wondered whether some eTC pairs,
those with the largest slow current, displayed evidence
for fast synaptic connections (Fig. 5F). However, we
found no relationship between change in fast EPSC
frequency and the magnitude of the slow current (R =
—0.16, p=0.44).

Optical manipulation of intraglomerular inhibition at
eTCs

Our studies in CCK-NpHR3.0 mice, together with the
pair-cell recordings, provided information about the role
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of TCs in driving excitation of different cell types in the
glomerular layer including PG cells. In the last part of this
study, we considered the reverse step: the inhibition of
TCs by PG cells. The glomerular layer includes PG cells
that differ in expression of GAD isoforms, either GAD65 or
GADG67, and also in the number of glomeruli to which they
send apical dendrites (Parrish-Aungst et al., 2007;
Kiyokage et al., 2010). eTCs can also receive GABAergic
input from short-axon cells located in the glomerular layer
(Liu et al., 2013; Banerjee et al., 2015). We wondered what
contribution GAD65-expressing PG cells have on the inhi-
bition of eTCs. GAD65-expressing PG cells are the most
numerous class of PG cells and generally have dendritic
arbors that are confined to one glomerulus (Parrish-
Aungst et al., 2007; Kiyokage et al., 2010). Hence, they
mediate a unique form of local inhibition.

We generated GAD65-tdTomato mice, in which we con-
firmed somatic reporter expression interspersed through-
out the glomerular layer (Fig. 6A), which was consistent with
previous reports of GAD65 expression (Parrish-Aungst et
al., 2007; Kiyokage et al., 2010; Whitesell et al., 2013; Sun
et al., 2020). We also observed dense reporter expression
in the EPL that likely arose from the apical dendrites of gran-
ule cells that also express GAD65; however, granule cells
do not contact eTCs, which lack lateral dendrites. We then
generated GAD65-NpHR3.0 mice to selectively manipulate
GADG65-expressing cells. NpHR3.0 activation resulted in
strong membrane hyperpolarizations in PG cells (Fig. 6B)
and completely blocked spikes driven by OSN stimulation
(Fig. 6C,D). We next measured the effect of inactivating
GADB5-expressing cells while recording OSN-evoked IPSCs
in eTCs (Vioig > OmV; Fig. 6E). For the current recordings,
blocks containing 10 trials with or without light pulses were al-
ternated. When slices were illuminated, the evoked IPSCs in
eTCs were reduced by about half (43.48 = 4.76% reduction
in integrated charge; n=5; p <0.001, paired t test; Fig. 6F).
However, some IPSCs remained and might reflect either in-
complete suppression of activity in GAD65-expressing PG
cells or evoked inhibitory input from other GABAergic cell
types in the glomerular layer. In four of five recordings, the ini-
tial IPSC amplitude was recovered during the second block of
control trials (88.76 = 7.71% of initial control; n = 4), indicating
that the reduced IPSC amplitude during the light pulses was
not a result of rundown.

As a further confirmation that GAD65-expressing PG
cells provide inhibitory input to eTCs, we also measured
evoked currents in eTCs from bulb slices prepared from
GADB65-ChR2 mice. Recordings were conducted in the
presence of the glutamate receptor antagonists NBQX
(20 um) and bL-APV (50 ww) to eliminate the possibility
that simultaneously depolarizing a large population of
GADG65-expressing cells may have off-target network ef-
fects. In each eTC (n=6) brief light pulses (5ms at
470 nm) evoked large IPSCs (Fig. 6G). We confirmed that
these currents were GABA, receptor mediated by their
sensitivity to the antagonist gabazine (20 um; Fig. 6H./;
n=4). Together, our findings in GAD65-NpHR3.0 and
GADG65-ChR2 mice provide novel optogenetic evidence
that local GAD65-expressing PG cells strongly inhibit
eTCs.
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Figure 6. GAD65-expressing PG cells inhibit eTCs. A, GAD65 expression in a tdTomato reporter mouse line. GADBS5 is expressed in
the soma of PG cells that surround glomeruli. GAD65 expression is also observed in the EPL, likely reflecting granule cell apical den-
drites. Scale bar, 100 um. B, Example membrane voltage responses from a PG cell (top) and an eTC (bottom) in a GAD65-NpHR3.0
mouse in response to a 1 s pulse of 590 nm light. C, Example OSN-evoked (8 pA stimulus) spikes from a PG recorded in LCA config-
uration. Five overlaid trails under control conditions and during NpHR3.0 activation. Downward arrow corresponds to OSN stimula-
tion. D, Left, Raster plot of evoked spikes per trial from the cell in C. Right, A plot of the number of spikes following each OSN
stimulation. E, Example IPSCs evoked by OSN stimulation recorded from an eTC (V0q = +28 mV) under control conditions, during
NpHRS3.0 activation, and following recovery. Each trace is an average of 10 consecutive trials in each condition. F, Left, Summary of
OSN-evoked IPSC areas. Right, Summary of normalized IPSC areas (reduction, 43.48 *= 4.76%; n=5; p <0.001, Student’s t test).
G, Example IPSCs recorded from six eTCs following 470 nm LED light stimulation in OB slices prepared from GAD65-ChR2 mice.
H, IPSCs were eliminated by bath application of gabazine. Light-colored traces are individual trials and dark is the mean of all trials.
I, Time course of IPSC block with gabazine from four eTCs. IPSC areas are normalized to the mean control area for each cell.

*** denotes p < 0.00.

Discussion

Prior studies have established that a subset of TCs, the
eTCs, play a central role in mediating both inhibition and
excitation within OB glomeruli. The inhibition is driven by
reciprocal dendrodendritic contacts between eTCs and
GABAergic PG cells (Hayar et al., 2004b, 2005; Murphy et
al., 2005), while excitation arises from a feedforward path-
way wherein OSNs first excite eTCs, which, in turn, excite
MCs (OSN-to-eTC-to-MC; De Saint Jan et al.,, 2009;
Najac et al., 2011; Gire et al., 2012). In this study, we used
optophysiological tools and pair-cell recordings to delin-
eate several novel aspects of the connectivity between
TCs and PG cells that are important for understanding
sensory processing in glomerular networks.

November/December 2021, 8(6) ENEURO.0311-21.2021

Neural connectivity within olfactory bulb glomeruli

Our first new finding about glomerular connections was
that eTCs specifically, and TCs more generally, fail to
make chemical synaptic connections onto eTCs. In re-
cordings from eTCs in CCK-NpHR3.0 mice, we found that
optogenetically suppressing TCs had no effect on the fre-
quency or amplitude of fast EPSCs that are mediated by
typical AMPA receptor glutamatergic connections, both
under spontaneous conditions and also following stimula-
tion of OSN axons. If TC-to-eTC connections were preva-
lent, the suppression of TCs should have reduced the
EPSCs in some capacity. The absence of an effect was
not because our optogenetic methods were ineffective in
suppressing TCs, since our control experiments indicated
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strong light-evoked suppression of TC output (Fig. 1). The
lack of effect was also not because TCs were not active
during the conditions of these experiments, since TC sup-
pression was highly effective in reducing EPSCs in PG
cells reflecting direct eTC-to-PG cell contacts (Hayar et
al., 2004b). Further arguing that eTCs do not make strong
connections onto eTCs was that, in pair-cell recordings,
eTC stimulation did not drive rapid EPSCs in eTCs,
although such stimulation was effective in doing so in
eTC-PG cell pairs. Interestingly, we did find in the eTC-
eTC pairs that eTC stimulation resulted in a low-amplitude
slow excitatory current that lasted ~100 ms, suggesting
that TCs may at a minimum weakly excite eTCs through
other modes of signaling. The slow eTC currents re-
sembled slow currents that have been reported in eTC-to-
MC pairs that result from the spillover of glutamate at
eTC-to-PG cell synapses (Gire et al., 2019), suggesting
the possibility of a similar underlying mechanism.

The question of whether there are glutamatergic synap-
tic connections between TCs/eTCs has been addressed
previously using ultrastructural methods. Kosaka and
Kosaka (2005) reported the presence of dendrodendritic
synaptic connections between excitatory dendrites within
glomeruli of mouse OB, potential TC-to-TC contacts,
although they did not quantify their number or determine
cell types. Prior studies from our laboratory (Bourne and
Schoppa, 2017) also provided evidence for such connec-
tions in glomeruli of rat OB, although their frequency of
occurrence was very low. The evidence from our physio-
logical studies here for negligible TC-to-eTC connections
fits well with the latter, more quantitative ultrastructural re-
sults, and it is gratifying that the two analysis methods,
which rely on different assumptions, led to similar conclu-
sions. An additional point that should be made about the
physiological analysis is that it, unlike the ultrastructural
work, was agnostic about the location and specific type
of glutamatergic connections between eTCs being tested.
There is now clear evidence that at least some subtypes
of TCs can form local axon collaterals within OB (Ojima et
al., 1984; Orona et al., 1984; Igarashi et al., 2012; Sun et
al., 2020), which in principle could form axodendritic con-
tacts onto eTCs either within or outside of glomeruli. Our
results showing that TCs do not mediate fast EPSCs in
eTCs argues against both axodendritic and dendroden-
dritic contacts between TCs/eTCs. Despite a lack of di-
rect synaptic transmission between eTC pairs, in several
instances, we found evidence for prolonged excitatory
signaling between eTCs. This finding is supported by an-
other recent physiological study of bulb connectivity
(Tavakoli et al., 2018) that also observed evidence for
slow prolonged signaling between eTCs (in two pairs).

The second new result from our study regards the previ-
ously described dendrodendritic connections that eTCs
make onto ETd-PG cells (Hayar et al., 2004b). While it has
been unambiguous that these connections exist, it has
been uncertain how much these inputs contribute to exci-
tation of PG cells versus other sources such as MCs
(Najac et al., 2015). The CCK-NpHR3.0 mice provided a
tool to estimate the contribution of CCK-expressing neu-
rons, which, while not restricted to eTCs, are inclusive of
eTCs (Fig. 1; Sun et al., 2020). The fact that optogenetic
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suppression in CCK-NpHR3.0 mice resulted in a 70-75%
decrease in the spontaneous and evoked EPSCs in PG
cells is consistent with the majority of excitatory inputs
into ETd-PG cells reflecting inputs from CCK-expressing
TCs under these conditions.

There are some limitations with our results around sig-
naling from TCs onto ETd-PG cells. Perhaps most notable
is the fact that CCK is also expressed in the anterior olfac-
tory nucleus (AON; Rothermel et al., 2013), raising the
possibility that some of the light-induced reduction in
spontaneous EPSCs in CCK-NpHR3.0 mice could have
been because of the silencing of AON-to-PG cell projec-
tions. However, supporting the conclusion that a large
fraction of the silenced sEPSCs reflected inputs from
eTCs was the fact that the events often occurred as
bursts (Fig. 2B). Bursting sEPSCs would be expected if
they were derived from eTCs that engage in spontaneous
spike bursts (Hayar et al., 2004a; Shao et al., 2009). We
cannot exclude the possibility that inputs from AON
would also have been bursting in our experiments, but
this seems quite unlikely given that any bursting behavior
in AON neurons, if it exists, would likely have originated in
somatic or dendritic compartments (Raus Balind et al.,
2019) that were likely to be largely absent in our slices.
Additional support for the conclusion that most of the si-
lenced sEPSCs were derived from eTCs was the fact that
silencing NpHR3.0-expressing neurons had no effect on
sEPSCs recorded in eTCs (Fig. 2H). Because AON cells
synapse onto eTCs as well as PG cells (Markopoulos et
al., 2012), a mechanism in which the silenced sEPSCs in
PG cells reflected AON inputs would require that CCK-ex-
pressing projections from AON selectively target PG cells,
different from the general population of AON projections.
While possible, such a scenario would require an addi-
tional level of complexity for which evidence is lacking. A
final point, worth emphasizing, is that any uncertainty per-
taining to the source of silenced spontaneous EPSCs in
PG cells does not extend to our results showing that
evoked EPSCs were also reduced by light. It is highly un-
likely that, in our slices, the stimulation of olfactory nerve
could have resulted in significant activation of feedback fi-
bers onto our test PG cells. Thus, whereas the conclusion
that TCs provide the majority of excitatory input into ETd-
PG cells requires some qualification when considering the
spontaneous condition (because of potential AON input),
this is less true for evoked excitation of ETd-PG cells.

A third and final new mechanism pointed to by our op-
tophysiological studies regards the inhibitory synaptic
input that eTCs receive from GABAergic interneurons.
Prior studies (Parrish-Aungst et al., 2007; Kiyokage et
al., 2010) have established that the glomerular layer in-
cludes GABAergic PG cells that can be biochemically
segregated by the expression of different isoforms of
GAD (65 or 67). These biochemically defined PG cells
also differ in their anatomy. Most GAD65-expressing PG
cells are “uniglomerular,” having an apical dendrite con-
fined to one glomerulus, while most GAD67-expressing
PG cells have apical dendrites that extend into multiple
glomeruli (Kiyokage et al., 2010) and axons that can ex-
tend across the glomerular layer. Based on the fact that
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suppressing GAD65-positive cells in GAD65-NpHR3.0
mice resulted in a large reduction in evoked IPSCs in
eTCs, we conclude that a significant part of the inhibition
under this condition was provided by GAD65-positive,
uniglomerular PG cells. A broader conclusion can also
be made. If we consider the type of PG cells that we
were studying in the analysis of TC-to-PG cell connectiv-
ity (see above). Because the postsynaptic PG cells in
those studies were uniglomerular, our results together
argue that there are strong reciprocal connections be-
tween TCs and GADG65-positive, uniglomerular PG
cells.

Among the caveats in the analysis of inhibition onto
eTCs is the fact that the biochemical segregation of PG
cells is not precise, with some GADG67-expressing cells
coexpressing or transiently expressing GAD65 (Homma
et al., 2019). However, the prevalence of these cells is
low. There is also evidence that a subpopulation of
GABAergic deep short-axon cells (dSACs) make projec-
tions to the glomerular layer and form synapses with eTCs
(Burton et al., 2017). While these dSACs have not yet
been biochemically defined with respect to GAD expres-
sion, we cannot exclude the possibility that these cells
could have mediated a portion of the IPSC recorded in
eTCs.

Functional implications

What are the functional implications of our new findings
about the microcircuitry of glomeruli in OB? If we assume
a model in which the output of a glomerulus is determined
by the balance between excitation and inhibition, our
combined results point toward a scenario in which odors
should generally fail to produce a glomerular output be-
cause of an unfavorable excitation and inhibition (E/I) bal-
ance. We failed to observe synaptic connections among
TCs/eTCs, which could underlie recurrent excitation,
while, at the same time, eTCs make strong reciprocal con-
nections with a specific class of inhibitory PG cells. Our
conclusion that the glomerular E/I balance should gener-
ally be weighted toward inhibition is also supported by the
available literature characterizing odor-evoked responses
in MCs. For example, MCs are much more narrowly tuned
to odors than are OSNs (Tan et al., 2010; Kikuta et al.,
2013), which at least in part reflects odor-evoked inhibi-
tion (Yokoi et al., 1995). It should be pointed out that, in
tying our results about the E/I balance at the level of TCs/
eTCs to the properties of output MCs, there is an assump-
tion that the E/I balance in TCs/eTCs should impact MC
activation. This is well supported by the available litera-
ture. Brain slice studies have shown that the majority of
the excitatory current in MCs following OSN stimulation is
driven by eTCs (Gire et al., 2012; Vaaga and Westbrook,
2016). Thus, the activation status of eTCs, which is dic-
tated by their E/I balance, should be a major contributor
to MC activation.

If the E/I balance in a glomerulus generally favors inhibi-
tion, might there be conditions in which the E/I balance
can become more favorable? Some clue to this was pro-
vided by recent studies that analyzed eTC-to-MC feedfor-
ward excitation across a range of stimulus conditions

November/December 2021, 8(6) ENEURO.0311-21.2021

Research Article: New Research 12 of 14
(Gire et al., 2019). These studies found that weak stimuli
(few spikes in eTCs) produced very little eTC-to-MC exci-
tation, but this excitation rose in a highly supralinear fash-
ion with increasing spike number in the eTC. Such
changes, which may in part reflect the dynamics of extra-
synaptic glutamate that underlies feedforward excitation,
could be critical for allowing MCs to be excited by a select
set of “strongest” stimuli, contributing to the narrow tun-
ing of MCs (see above). We suggest that similar mecha-
nisms could be revealed if we were to examine the
relationship between increasing spike number in the eTC
and the slow excitatory current that we observed here in
eTCs. Our preliminary analysis suggested that this slow
current had a small magnitude, but a systematic analysis
might reveal large eTC-to-eTC currents at high eTC spike
number.

Mechanisms that contribute to a more favorable E/I bal-
ance under strong stimulus conditions may also extend to
those that control the level of GABAergic inhibition. For
example, group Il metabotropic glutamate receptors
(mGluRs) on PG cells are activated by extrasynaptic glu-
tamate from eTCs, leading to a reduction in GABA release
from PG cells (Zak et al., 2015). Because an extrasynaptic
localization for group Il mGluRs might require strong exci-
tation of eTCs to generate glutamate transients sufficient
to activate the receptors, reduced GABAergic inhibition—
and a more favorable E/I balance—might be specific for
conditions of strong OSN activity. Furthermore, pair-cell
recordings have indicated thar excitatory signals from
eTCs to PG cells depress with increasing number of eTC
spikes (Gire et al., 2019). Clearly, more studies are needed
to understand eTC-to-eTC signaling under a range of
stimulus conditions, as well as how they are balanced
with inhibition.
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