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Abstract 37 

The local circuitry within olfactory bulb glomeruli filters, transforms, and facilitates information 38 

transfer from olfactory sensory neurons to bulb output neurons. Two key elements of this circuit are 39 

glutamatergic tufted cells (TCs) and GABAergic periglomerular (PG) cells, both of which actively shape 40 

mitral cell activity and bulb output. A subtype of TCs, the external tufted cells (eTCs), can synaptically 41 

excite PG cells, but there are unresolved questions about other aspects of the glomerular connections, 42 

including the extent of connectivity between eTCs and the precise nature of reciprocal interactions 43 

between TCs and PG cells. We combined patch-clamp recordings in OB slices and optophysiological 44 

tools to investigate local functional connections within glomeruli of mice and rats. When TCs that 45 

express cholecystokinin (CCK) were optically suppressed, excitatory post-synaptic currents (EPSCs) in 46 

“uniglomerular” PG cells that extend dendrites to one glomerulus were decreased, consistent with TC 47 

activation being required for most excitation of these PG cells. However, TC suppression had no effect 48 

on EPSCs in eTCs, arguing that TCs make few, if any, direct glutamatergic synaptic connections onto 49 

eTCs. The absence of synaptic connections between eTCs was also supported by recordings in eTC 50 

pairs. Lastly, we show using similar optical suppression methods that GAD65-expressing PG cells, 51 

mainly uniglomerular cells, provide strong inhibition onto eTCs. Our results imply that the local network 52 

of CCK-expressing TCs form potent reciprocal chemical synaptic connections with GAD65-expressing 53 

uniglomerular PG cells but not eTCs. This configuration favors local inhibition over recurrent excitation 54 

within a glomerulus, limiting its output. 55 

 56 

Significance Statement 57 

 The brain circuits involved with the initial processing of sensory information are comprised of 58 

networks of excitatory and inhibitory neurons. The strength of local connections can impact the 59 

weighting of excitation versus inhibition and determine whether sensory signals are passed on to 60 

higher-order brain structures. We investigated the connectivity between excitatory and inhibitory 61 

neurons in discrete glomerular structures of the rodent olfactory bulb. We found that excitatory neurons 62 

make potent chemical synaptic connections with a class of inhibitory cells with dendrites confined to 63 

one glomerulus. However, excitatory cells do not form chemical synaptic connections with each other. 64 

This circuit configuration suggests that sensory input is generally biased toward driving more local 65 

inhibition than recurrent excitation, thus suppressing bulbar output.  66 

 67 

 68 

  69 
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Introduction 70 

Olfactory bulb (OB) glomeruli not only serve as a relay between the sensory periphery and the 71 

olfactory cortex but are also the site of initial information processing in the olfactory system. Glomeruli 72 

are innervated by multiple cell types that facilitate the detection and discrimination of odors through 73 

interconnected networks of excitatory and inhibitory neurons (Nagayama et al., 2014; Takahashi et al., 74 

2016; Burton, 2017). A class of excitatory interneurons known as external tufted cells (eTCs) are a 75 

central element that controls both excitation and inhibition within glomeruli (Hayar et al., 2004a; De 76 

Saint Jan et al., 2009; Gire and Schoppa, 2009; Najac et al., 2011; Gire et al., 2012, 2019). For 77 

example, eTCs can directly excite a subset of GABAergic periglomerular (PG) cells through 78 

glutamatergic synaptic contacts (Hayar et al., 2004a). These PG cells, which have functionally been 79 

defined as eTC-driven (ETd) cells (Shao et al., 2009), account for ~70% of the total number of PG cells 80 

and are likely to predominately correspond to histologically-defined Type II PG cells (Kosaka et al., 81 

1996). At the same time, eTCs also excite OB output mitral cells (MCs) (De Saint Jan et al., 2009; 82 

Najac et al., 2011; Gire et al., 2012). This eTC-to-MC excitation, which appears to result from glutamate 83 

“spillover” at eTC-to-PG cell dendrodendritic synapses (Gire et al., 2019), accounts for the majority of 84 

the excitatory charge in MCs following stimulation of olfactory sensory neurons (OSNs; Gire et al., 85 

2012; Vaaga and Westbrook, 2016). Between glomeruli, laterally projecting short axon cells 86 

bidirectionally modulate activity at neighboring glomeruli through neurotransmitter co-release and 87 

electrical coupling (Aungst et al., 2003; Maher and Westbrook, 2008; Liu et al., 2013; Banerjee et al., 88 

2015; Liu et al., 2016).  89 

In spite of progress in understanding the functional connectivity of glomerular neurons, there 90 

remain numerous unanswered questions. For example, while eTCs can clearly excite ETd-PG cells, 91 

their connectivity onto other eTCs is not well-resolved. Because of the high sensitivity of eTCs to OSN 92 

input (De Saint Jan et al., 2009; Gire et al., 2012), eTC-to-eTC excitation could mediate an important 93 

type of recurrent excitation within a glomerulus following OSN stimulation that could impact output 94 

neuron activity. Ultrastructural studies have provided somewhat differing perspectives on whether there 95 

are dendrodendritic excitatory synapses within glomeruli (Kosaka and Kosaka, 2005; Bourne and 96 

Schoppa, 2017), potential eTC-to-eTC contacts, and whether eTCs form synapses with each other has 97 

not been well-examined using physiological methods. The role of eTCs in exciting PG cells is also not 98 

completely understood, especially as it relates to how much eTCs contribute to excitation of ETd-PG 99 

cells versus other sources. For example, PG cells can be excited directly by MCs (Najac et al., 2015). 100 

The last point pertains to the connections from PG cells back onto eTCs. Prior studies have established 101 

that different subtypes of morphologically distinct PG cells can be defined by the isoform of glutamate 102 

decarboxylase (GAD) that they express (Parrish-Aungst et al., 2007; Kiyokage et al., 2010), either 103 

GAD65 or GAD67. It is not clear which of these subtypes provide most of the inhibition onto eTCs.  104 
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We studied the local functional connectivity within glomeruli, first, using an optogenetic silencing 105 

approach in cholecystokinin (CCK)-Cre mice. CCK is highly expressed in OB tufted cells (TCs) of 106 

different subtypes, including eTCs (Sun et al., 2020), and thus these mice provided a convenient tool to 107 

examine the functional connectivity from TCs onto different cell types. Second, we used dual whole-cell 108 

recordings that included an eTC and either another eTC or a PG cell. These experiments provided 109 

evidence that both CCK-expressing TCs in general, as well as eTCs in particular, in fact, do not form 110 

direct excitatory synaptic connections onto other eTCs, even though they potently excite PG cells. Also, 111 

activation of CCK-expressing neurons underlies most excitation of ETd-PG cells. As a final element of 112 

our study, we used recordings in GAD65-Cre mice to provide evidence that GAD65-expressing PG 113 

cells mediate a major source of inhibition onto eTCs. Together, our findings support a model in which 114 

the local network of TCs form potent reciprocal connections with GAD65-expressing GABAergic 115 

interneurons but not eTCs.  116 

 117 

Methods and Materials 118 

Animals 119 

CCK-Cre mice (Chhatwal et al., 2007) (Jackson Laboratory stock #011086) were maintained as 120 

heterozygous breeding pairs. Heterozygous CCK-Cre offspring were then crossed with LSL-eNpHR3.0-121 

EYFP mice (Madisen et al., 2012) (Jackson Laboratory stock #014539). The resulting male and female 122 

offspring were used for optogenetic experiments. CCK-Cre mice were also crossed with LSL-tdTomato 123 

mice (Madisen et al., 2010) (Jackson Laboratory stock #07909) to generate reporter animals to verify 124 

CCK expression. GAD65-Cre mice (Taniguchi et al., 2011) (Jackson Laboratory stock #019022) were 125 

also maintained as heterozygous breeding pairs and crossed with LSL-eNpHR3.0-EYFP or LSL-ChR2-126 

EYFP mice (Madisen et al., 2012). GAD65-Cre mice were also crossed with LSL-tdTomato mice to 127 

make reporter animals. Male and female Sprague Dawley rats at P8 to P20 (Charles River 128 

Laboratories) were used for the pair-cell recordings. Rats were used for these studies due to the low 129 

yield of the pair-cell recordings, which required a large number of test animals. Rats were readily 130 

available in the Schoppa lab at the time that the pair-cell recordings were performed. All animals were 131 

housed on a 12 hr light-dark schedule and fed ad libitum. All experiments were conducted under 132 

protocols approved by the Animal Care and Use Committee of the University of Colorado, Anschutz 133 

Medical Campus.  134 

Slice preparation  135 

Acute horizontal OB slices (300–330 m) were prepared following isoflurane anesthesia and 136 

decapitation. For experiments using genetic expression of light-gated ion channels, adult mice (> 6 137 

weeks) were used to allow for sufficient channel expression. Both OBs were rapidly removed and 138 
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placed in oxygenated (95% O2, 5% CO2) ice-cold solution containing the following (in mM): 72 sucrose, 139 

83 NaCl, 26 NaHCO3, 10 glucose, 1.25 NaH2PO2, 3.5 KCl, 3 MgCl2, and 0.5 CaCl2 adjusted to 295 140 

mOsm. OBs were separated into hemispheres with a razor blade and attached to a stage using 141 

adhesive glue (Loctite 404) applied to the ventral surface of the tissue. Slices were cut using a vibrating 142 

microtome (Leica VT1000S) and were incubated in a holding chamber for 30 min at 32°C. 143 

Subsequently, the slices were stored at room temperature.  144 

Electrophysiology 145 

All electrophysiology experiments were conducted under an upright Zeiss Axioskop2 FS Plus 146 

microscope (Carl Zeiss MicroImaging) fitted with differential interference contrast (DIC) optics, video 147 

microscopy under control of Slidebook software (3i), and a CCD camera (Hamamatsu). Cells were 148 

visualized and identified with 10x or 40x Zeiss water-immersion objectives. All recordings were 149 

performed at 32– 35°C.  150 

The base extracellular recording solution contained the following in mM: 125 NaCl, 25 NaHCO3, 151 

1.25 NaHP04O, 25 glucose, 3 KCl, 1 MgCl2, and 2 CaCl2 (pH 7.3 and adjusted to 295 mOsm), and was 152 

oxygenated (95% O2, 5% CO2). The base intracellular pipette solution for whole-cell current-clamp 153 

recordings contained the following in mM: 125 K-gluconate, 2 MgCl2, 0.025 CaCl2, 1 EGTA, 2 Na3ATP, 154 

0.5 Na3GTP, and 10 HEPES (pH 7.3 with KOH, osmolarity adjusted to 215 mOsm) (Zak et al., 2015). 155 

For some current recordings, K-gluconate in the pipette solution was replaced with an equimolar 156 

amount of cesium methanosulfonate, as well as the sodium channel blocker QX-314 (10 mM) to block 157 

action potentials. All whole-cell current-clamp recordings from eTCs, 30 mM glutamic acid was added 158 

to the pipette to prevent the run-down of evoked neurotransmitter release (Ma and Lowe, 2007). Loose 159 

cell-attached (LCA) recordings from eTCs were made with a pipette that contained 150 mM NaCl. All 160 

whole-cell recordings included 100 M Alexa Fluor 488 or Alexa Fluor 594 (Invitrogen) in the pipette 161 

solution to allow for visualization of cell processes. Fluorescence measurements were performed under 162 

whole-field epi-illumination using a DG-4 light source (Sutter Instruments). Signals were detected by a 163 

Cool-Snap II HQ CCD camera (Photometrics) under the control of Slidebook software.  164 

Borosilicate glass patch pipettes (World Precision Instruments) were pulled to a resistance of 4–165 

6 M for eTCs, 6–8 M for PG cells, and 3–4 M for MCs using an upright puller (Narishige). Current 166 

and voltage signals in the single- and pair-cell experiments were recorded with a Multiclamp 700B 167 

amplifier (Molecular Devices), low-pass filtered at 1.8 kHz using an eight-pole Bessel filter and digitized 168 

at 10 kHz using a Digidata 1322A (Axon Instruments) digital interface. Data were acquired using 169 

AxographX software on an Apple MacPro computer.  170 

Cell identity was determined in part by visualizing Alexa Fluor 488-mediated or Alexa Fluor 594-171 

mediated fluorescence signals. eTCs were distinguished from PG cells by their position in the inner half 172 
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of the glomerular layer, their relatively large, spindle-shaped somata (~10 m in diameter), a single 173 

highly branched apical dendrite, lack of lateral dendrites, and relatively low input resistance (~0.2 G; 174 

Hayar et al., 2004b). PG cells were identified by their small soma (<10 m in diameter) and high input 175 

resistance (>0.8 G; Hayar et al., 2004b; Murphy et al., 2005; Shao et al., 2009). Test PG cells were all 176 

uniglomerular, with an apical dendrite that extended to just one glomerulus (Kiyokage et al., 2010). We 177 

only considered PG cells that displayed bursts of EPSCs either spontaneously or in response to OSN 178 

stimulation, consistent with ETd cells (Kosaka et al., 1998; Shao et al., 2009). MCs were easily 179 

identified by their position in the mitral cell layer and distinctive dendritic arborizations.  180 

In the pair-cell recordings, cell-fill images were used to confirm that the primary dendrite of both 181 

neurons occupied the same glomerular neuropil. Visual inspections were further confirmed by 182 

measurements of excitatory charge transfer upon stimulation of one of the cells. In 5/5 eTC-PG cell 183 

pairs and 22/25 eTC-eTC pairs, stimulation resulted in excitation from one cell to the other, 184 

substantiating their joint association with the same glomerulus. In the case of the eTC-eTC pairs, the 185 

observed charge transfer was kinetically slow. 186 

Stimulation of OSN axons was performed using a broken-tip patch pipette (5–10 m in 187 

diameter) placed in the olfactory nerve layer, ~50–100 m superficial to the glomerular layer. Current 188 

injections were delivered by a stimulus isolator (World Precision Instruments) under control of a TTL 189 

output from AxographX software. Weak intensities of electrical stimulation were used (5–50 A). eTCs 190 

or PG cells that were chosen were associated with glomeruli at the surface of the slice. Stimulus 191 

artifacts in many of the illustrated traces have been blanked or truncated. Optogenetic stimulation of 192 

NpHR3.0 was performed using a 140 mW 590 nm collimated LED (ThorLabs) with epi-field illumination 193 

through a 40x objective under control of a TTL output from AxographX software. ChR2 stimulation was 194 

performed using a 760 mW 470 nm LED (ThorLabs). For displayed voltage-clamp traces of eTCs 195 

where NpHR3.0 is activated (Figure 2D), current artifacts were removed by subtracting a median 196 

filtered signal from each trial individually.  197 

Imaging 198 

Confocal images of CCK-tdTomato and GAD65-tdTomato expression were acquired by 199 

scanning laser confocal microscope (Olympus Fluoview FV1000). Maximum projection images were 200 

generated from z-stacks at 1 µm intervals in a single field of view using Fiji (Schindelin et al., 2012).  201 

Experimental design and statistical methods. 202 

Evoked and spontaneous EPSCs were detected using a variable amplitude template with a 0.5 203 

ms rise and 2 ms decay, consistent with typical AMPA receptor kinetics (Schoppa, 2006; Tyler et al., 204 

2007; Grubb et al., 2008). EPSCs with amplitudes < 2.5 standard deviations of baseline noise were 205 
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rejected. Data were analyzed using AxographX and custom MATLAB scripts (Mathworks). Data 206 

throughout are expressed as mean  s.e.m.  207 

Peristimulus time histograms (PSTH) of EPSC frequency and spike rates were computed by 208 

calculating the mean frequency in 20-50 ms time bins from  10 sweeps. Significance was determined 209 

using two-tailed non-parametric tests, a Wilcoxon signed rank test for matched pairs, or a Wilcoxon 210 

rank sum test for non-matched samples. Paired T-tests were used in some matched pair comparisons 211 

due to a smaller sample size when n < 6. Throughout, a value of P < 0.05 was considered significant. 212 

 213 

Results 214 

Optical suppression of CCK-expressing cells 215 

In the OB, the peptide hormone cholecystokinin (CCK) is selectively expressed in TCs 216 

(including eTCs), but not MCs (Seroogy et al., 1985; Economo et al., 2016; Sun et al., 2020). We first 217 

confirmed CCK expression and spatial distributions by generating CCK-tdTomato mice (see Methods) 218 

(Chhatwal et al., 2007; Madisen et al., 2012). In OB slices from reporter mice, tdTomato expression 219 

was largely confined to the inner half of the glomerular layer and outer portion of the external plexiform 220 

layer (Figure 1A), consistent with prior descriptions of the spatial distribution of CCK expression (Sun 221 

et al., 2020). These TCs included eTCs, which reside in the glomerular layer and lack lateral dendrites, 222 

and superficial TCs (sTCs) that have lateral dendrites that extend just below the glomerular layer 223 

through the external plexiform layer. We also observed sparse labeling of cells deeper in the bulb, 224 

which are likely middle and deep TCs. We then took advantage of this selective expression by crossing 225 

CCK-Cre mice with a conditional line for the light-activated chloride pump halorhodopsin (NpHR3.0) to 226 

generate CCK-NpHR3.0 animals. These mice allowed us to test how optical suppression of TCs 227 

influences excitatory signaling within OB glomeruli. Because we could not differentiate between 228 

subtypes of TCs based on CCK expression alone, we refer to the impacted cells upon optogenetic 229 

suppression collectively as TCs. 230 

To test the efficacy of NpHR3.0 expression, we recorded from visually identified eTCs or PG 231 

cells in the glomerular layer of the OB (see Methods). In current-clamp configuration, after a one-232 

second baseline period, we delivered a one-second pulse of 590 nm light to the slice to activate 233 

NpHR3.0 (Figure 1B,D,F). eTCs were strongly hyperpolarized by illumination (-11.39  1.87 mV, n = 234 

14), while there was no effect on PG cell membrane potential (0.10  0.15 mV change, n = 6, P < 0.001 235 

comparison to eTCs, Wilcoxon rank sum test; Figure 1B-C). Also, in three MCs tested, we did not 236 

observe significant light-evoked hyperpolarizations (-1.24  0.64 mV, n = 3). In one of the MCs, there 237 

was a small hyperpolarization (-2.1 mV), but this may have reflected weak electrical coupling between 238 

CCK-expressing eTCs and MCs (De Saint Jan et al., 2009; Gire et al., 2012). Thus, NpHR3.0 239 
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expression appears to be high in TCs but not other OB cells. In terms of preventing action potential 240 

firing in eTCs, the light pulses were highly efficacious. Across 12 eTC recordings, conducted in either 241 

whole-cell current-clamp (n = 8) or loose cell-attached patch configurations (n = 4), light nearly 242 

eliminated spontaneous spiking (15.47  3.80 Hz baseline epoch vs. 1.39  0.75 Hz LED epoch, P = 243 

0.0005, Wilcoxon signed rank test; Figure 1H-I). In some cells, and shown in the summary data in 244 

Figure 1I, a small recovery in spiking was observed over the course of the light pulse. This recovery 245 

likely stems from a hyperpolarization-activated current that is a hallmark of eTCs (Liu and Shipley, 246 

2008; De Saint Jan et al., 2009), and can be observed in the recordings in Figure 1B,F.  247 

 248 

Under baseline conditions, CCK-expressing neurons provide most of the direct excitatory input onto 249 

ETd-PG cells while providing no direct input onto eTCs 250 

With the ability to strongly and selectively suppress TC output, we next examined the 251 

contribution of TCs to the excitation of different neurons in the glomerular layer. In this analysis, we 252 

focused on both uniglomerular PG cells that extend their dendrites to one glomerulus (Kiyokage et al., 253 

2010), as well as eTCs. Among PG cells, there is a subpopulation of functionally-defined ETd-PG cells 254 

that receive direct glutamatergic synaptic input from eTCs (Hayar et al., 2004a; Shao et al., 2009), but 255 

the contribution of other glutamatergic cells to their excitation is not well-resolved. For example, at least 256 

some PG cells can be directly excited by MCs (Najac et al., 2015). The CCK-NpHR3.0 mice provided a 257 

tool to estimate the relative contribution of CCK-expressing neurons (including eTCs and sTCs) onto 258 

excitation of ETd-PG cells versus other sources, based on how much of the excitatory current recorded 259 

in ETd-PG cells was eliminated by light. ETd-PG cells were identified in our recordings based on the 260 

presence of a prolonged barrage of EPSCs in response to electrical stimulation of OSNs (Figure 2A).  261 

In the initial analysis, we evaluated spontaneous EPSCs (sEPSCs) that were isolated in 262 

voltage-clamped PG cells and eTCs (Vhold = -77 mV) in CCK-NpHR3.0 mice in the absence of 263 

stimulation (Figure 2B). In the PG cell recordings, the spontaneous EPSCs often occurred as bursts of 264 

events, characteristic of inputs from eTCs that engage in spike bursts (Hayar et al., 2004b; Shao et al., 265 

2009; see example in Figure 1D). We found that light application resulted in a large, reversible 266 

reduction in the frequency of sEPSCs in PG cells (69.65  9.41% reduction, n = 6; P = 0.031 Figure 267 

2B,C,F,G). In contrast, sEPSCs in eTCs were unaffected (2.22  3.81% increase in frequency, n = 7; P 268 

= 0.689; Figure 2D,E,H). These data support the idea that CCK-expressing TCs are a primary source 269 

of input to ETd-PG cells under baseline conditions but provide little, if any, direct input to eTCs. 270 

Interestingly, in the PG cell recordings, the sEPSC rate during the recovery epoch after light application 271 

was somewhat higher than the control, pre-stimulus period (27.07  6.25 Hz baseline vs. 44.89  4.05 272 

recovery; P = 0.031; Wilcoxon signed rank test; Figure 2F,G). This likely reflected eTC spike bursts 273 
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that were activated by NpHR3.0-induced hyperpolarization-activated currents (Liu and Shipley, 2008; 274 

De Saint Jan et al., 2009).  275 

We also measured the amplitudes of the sEPSCs for both PG cells and eTCs (Figure 3A-C). 276 

During light application, the amplitudes of the sEPSCs in ETd-PG cells were drastically reduced (61.84 277 

 9.87% reduction, P = 0.031; Wilcoxon signed rank test; Figure 3D). In these recordings, some 278 

smaller amplitude sEPSCs persisted (Figure 3A,C,D), which may reflect miniature EPSCs (mEPSCs). 279 

mEPSCs are thought to arise from action-potential independent release at a single synapse and 280 

therefore should be insensitive to light-driven membrane hyperpolarizations in TCs. In contrast to the 281 

potent effects of light on sEPSC amplitude in PG cells, light had no effect on the sEPSC amplitudes in 282 

eTCs (5.18  4.22% reduction, P = 0.688; Wilcoxon signed rank test; Figure 3B,C,D). Finally, to 283 

demonstrate that NpHR3.0 activation had no effect on release from OSN axon terminals, we measured 284 

evoked monosynaptic EPSCs from OSNs to eTCs (Figure 3E). We found no difference in the peak 285 

evoked EPSC amplitudes for the same stimulus intensity under control conditions and during slice 286 

illumination (372.31  91.51 pA control trials vs. 381.39   88.64 pA NpHR3.0 trials, n = 5; P = 0.945; 287 

Wilcoxon signed rank test; Figure 3F). Overall, our analysis of EPSC amplitudes was consistent with 288 

the conclusions from analyzing sEPSC frequency, that TCs are a major source of excitatory input onto 289 

ET-PG cells under baseline conditions but they provide little excitatory input onto eTCs (see 290 

Discussion).  291 

 292 

Excitation of PG cells driven by OSN stimulation requires activation of TCs  293 

In addition to baseline conditions, we also wanted to know the contribution of different 294 

mechanisms of exciting PG cells when the OB network is excited by OSN stimulation. The role of eTCs 295 

in particular in exciting PG cells may be unusually high under baseline conditions due to the high level 296 

of spontaneous spiking in eTCs (Hayar et al., 2004b). In these studies, we recorded from ETd-PG cells 297 

and delivered electrical stimulation to OSNs (100 µsec; variable intensity) that was sufficient to 298 

generate EPSC barrages on every trial (Figure 4A). We then suppressed activity of CCK-expressing 299 

neurons using light-evoked activation of NpHR3.0 on alternating blocks of 25 trials (Figure 4A-C); in 300 

trials with light pulses, OSN stimulation was applied 20 ms after the start of the light pulses. We found 301 

that light caused a large ~75% reduction in the number of evoked EPSCs in PG cells (36.21  3.47 Hz 302 

control trials vs. 8.46  1.52 Hz NpHR3.0 trials; n = 6; P = 0.031; Wilcoxon signed rank test; Figure 303 

4D,E). In three out of six PG cells, we observed an early EPSC that was consistent with the kinetics of 304 

a monosynaptic OSN-driven EPSC (Shao et al., 2009). We excluded these events from our analysis by 305 

using a 10-300 ms window following OSN stimulation. The decrease in evoked EPSCs in PG cells was 306 

not the result of changes in the underlying baseline sEPSC rate on control versus NpHR3.0 trials, since 307 
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these baseline rates were not different (12.93  4.57 Hz control trials vs 17.31  5.08 Hz NpHR3.0 308 

trials; P = 0.094; Wilcoxon signed rank test; Figure 4F). Thus, our results provide good evidence that 309 

activation of CCK-expressing TCs was required for most synaptic excitation of ETd-PG cells.  310 

One potential issue with our results showing that TC suppression reduces evoked excitation of 311 

PG cells is the possibility that the effect was an indirect result of TC suppression on MC excitation. 312 

Because eTCs are involved in a multi-step OSN-to-eTC-to-MC pathway for activating MCs (De Saint 313 

Jan et al., 2009; Najac et al., 2011; Gire et al., 2012), suppressing activation of CCK-expressing TCs 314 

could reduce MC excitation, which in turn reduces MC-to-PG cell signaling (Najac et al., 2015). We 315 

found in a limited number of recordings in MCs that TC inactivation did indeed result in trial-dependent 316 

and reversible reduction in MC excitatory current (56.52  16.23% reduction in integrated charge; n = 3, 317 

p = 0.021; Student’s T-test; Figure 4G-I), consistent with TC inactivation suppressing MC activation. 318 

Thus, the reduced frequency of evoked EPSCs in PG cells during optogenetic suppression of TCs 319 

could be explained either because TCs account for the majority of direct excitatory synaptic inputs onto 320 

PG cells and/or because TC activation is required for MC excitation. In spite of this uncertainty, it 321 

should be pointed that, with either scenario, TC activation was a necessary first step in driving most of 322 

the excitation of PG cells. Our results explicitly exclude a pathway involving direct inputs from OSNs 323 

onto MCs (Najac et al., 2011) as a major mechanism of exciting PG cells (i.e., an OSN-to-MC-to-PG 324 

cell pathway).  325 

 326 

eTCs provide direct input to PG cells but not eTCs  327 

 Thus far, our optophysiological experiments indicate that CCK-expressing TCs mediate strong 328 

excitation of PG cells across a variety of conditions while providing little direct excitatory synaptic input 329 

onto eTCs. We next tested, using dual-cell recordings in rat OB slices, whether similar conclusions 330 

applied to the presynaptic function of eTCs, which are a subset of CCK-expressing cells. Here, we 331 

recorded from one eTC in current-clamp configuration and either another eTC or a PG cell in voltage-332 

clamp mode. We delivered depolarizing current injections to the eTC in current-clamp configuration to 333 

generate trains of action potentials (Figure 5A). Occasionally, stimulation of an eTC was sufficient to 334 

evoke a glomerulus-wide long-lasting depolarization (LLD; Carlson et al., 2000); for our analysis, we did 335 

not consider these trials because we could not be certain of the origin of any excitatory signal that we 336 

measured during an LLD. In dual-cell recordings in which both cells were eTCs, we found that 337 

depolarization of one eTC resulted in small-amplitude but prolonged inward currents (Figure 5Ai). 338 

These slow eTC-to-eTC excitatory currents may reflect an extrasynaptic signaling mechanism, as has 339 

been described for eTC-to-MC transmission (Gire et al., 2012, 2019), or perhaps weak electrical 340 

coupling between eTCs (Hayar et al., 2005; Gire et al., 2012). Importantly, we found no evidence that 341 
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eTC stimulation evoked fast EPSCs in the eTC-eTC pairs that is consistent with typical synaptic 342 

connections (15.28  2.46 Hz baseline vs. 13.79  2.30 Hz following eTC stimulation; n = 25 pairs; P = 343 

0.023; Wilcoxon signed rank test; Figure 5A,C,D). In contrast, direct stimulation of an eTC in eTC-PG 344 

cell pairs caused a large increase in the frequency of fast EPSCs in the PG cell (11.40  3.61 Hz 345 

baseline vs. 24.09  2.40 Hz eTC stimulation; n = 6 pairs; P = 0.031; Wilcoxon signed rank test; Figure 346 

5C,D), as expected for direct eTC-to-PG cell contacts (Hayar et al., 2004a; Najac et al., 2015; Tavakoli 347 

et al., 2018). Notably, in our analysis of fast EPSCs in the eTC-eTC pairs, we found that direct 348 

stimulation of an eTC not only failed to induce fast EPSCs, but in fact, induced a small but significant 349 

reduction in the frequency of fast EPSCs (Figure 5D). The cause of the reduced EPSC frequency could 350 

be modulation of glutamate release from OSNs (e.g., via GABAB receptors following activation of PG 351 

cells)  (Nickell et al., 1994; Aroniadou-Anderjaska et al., 2000; Wachowiak et al., 2005). Alternatively, it 352 

could potentially be an artifact of the higher current noise associated with the evoked slow currents 353 

(Figure 5Ai), which impacted the EPSC event detection. We did not further investigate this effect.  354 

The pair-cell recordings provided excellent evidence that eTCs fail to synaptically excite other 355 

eTCs, although they can drive a prolonged excitatory current in eTCs. To determine the potential 356 

impact of the slow eTC-to-eTC currents, we compared the integrated charge associated with the slow 357 

currents with that associated with the more typical barrages of evoked EPSCs in PG cells (Figure 5Bi). 358 

To capture the entirety of the slow EPSC, we used a 100 ms integration window that was aligned to the 359 

onset of the depolarizing current injection in the presynaptic cell. For both cell types, charge 360 

measurements were obtained from composite traces that contained at least 15 trials. We found that for 361 

a similar number of presynaptic spikes (4.56  0.33 spikes/trial in eTC-eTC pairs and 4.43  0.52 362 

spikes/trial in eTC-PG cell pairs; P = 0.940; Wilcoxon rank sum test) excitation between eTCs is weaker 363 

than between eTCs and PG cells (141.65  30.04 pA•ms in eTC-eTC pairs, n = 25,  vs. 432.49  364 

126.60 pA•ms in eTC-PG cell pairs, n = 6; P = 0.010; Wilcoxon rank sum test; Figure 5E). We did 365 

however observe a few eTC pairs where the integrated charge was similar to that measured in eTC-PG 366 

cell pairs. These instances indicate that under certain conditions, perhaps related to spatial proximity or 367 

glutamate clearance properties, eTCs might signal to other eTCs with increased efficacy. We also 368 

wondered whether some eTC pairs, those with the largest slow current, displayed evidence for fast 369 

synaptic connections (Figure 5F). However, we found no relationship between change in fast EPSC 370 

frequency and the magnitude of the slow current (R = -0.16 P = 0.44). 371 

 372 

Optical manipulation of intraglomerular inhibition at eTCs. 373 

Our studies in CCK-NpHR3.0 mice, together with the pair-cell recordings, provided information 374 

about the role of TCs in driving excitation of different cell-types in the glomerular layer including PG 375 
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cells. In the last part of this study, we considered the reverse step – the inhibition of TCs by PG cells. 376 

The glomerular layer includes PG cells that differ in expression of GAD isoforms, either GAD65 or 377 

GAD67, and also in the number of glomeruli to which they send apical dendrites (Parrish-Aungst et al., 378 

2007; Kiyokage et al., 2010). eTCs can also receive GABAergic input from short-axon cells located in 379 

the glomerular layer (Liu et al., 2013; Banerjee et al., 2015). We wondered what contribution GAD65-380 

expressing PG cells have on inhibition of eTCs. GAD65-expressing PG cells are the most numerous 381 

class of PG cells and generally have dendritic arbors that are confined to one glomerulus (Parrish-382 

Aungst et al., 2007; Kiyokage et al., 2010). Hence they mediate a unique form of local inhibition. 383 

We generated GAD65-tdTomato mice, in which we confirmed somatic reporter expression interspersed 384 

throughout the glomerular layer (Figure 6A), which was consistent with previous reports of GAD65 385 

expression (Parrish-Aungst et al., 2007; Kiyokage et al., 2010; Whitesell et al., 2013; Sun et al., 2020). 386 

We also observed dense reporter expression in the EPL that likely arose from the apical dendrites of 387 

granule cells that also express GAD65; however, granule cells do not contact eTCs, which lack lateral 388 

dendrites. We then generated GAD65-NpHR3.0 mice to selectively manipulate GAD65-expressing 389 

cells. NpHR3.0 activation resulted in strong membrane hyperpolarizations in PG cells (Figure 6B) and 390 

completely blocked spikes driven by OSN stimulation (Figure 6C-D). We next measured the effect of 391 

inactivating GAD65-expressing cells while recording OSN-evoked inhibitory postsynaptic currents 392 

(IPSCs) in eTCs (Vhold ≥ 0 mV; Figure 6E). For the current recordings, blocks containing 10 trials with 393 

or without light pulses were alternated. When slices were illuminated, the evoked IPSCs in eTCs were 394 

reduced by about half (43.48  4.76% reduction in integrated charge; n = 5; P < 0.001; Paired T-test; 395 

Figure 6F). However, some IPSC remained and might reflect either incomplete suppression of activity 396 

in GAD65-expressing PG cells or evoked inhibitory input from other GABAergic cell-types in the 397 

glomerular layer. In four of five recordings, the initial IPSC amplitude was recovered during the second 398 

block of control trials (88.76  7.71% of initial control, n = 4), indicating that the reduced IPSC during 399 

the light pulses was not a result of run-down. 400 

As a further confirmation that GAD65-expressing PG cells provide inhibitory input to eTCs, we 401 

also measured evoked currents in eTCs from bulb slices prepared from GAD65-Channelrhodopsin2 402 

(ChR2) mice. Recordings were conducted in the presence of the glutamate receptor antagonists NBQX 403 

(20 µM) and DL-APV (50 µM) to eliminate the possibility that simultaneously depolarizing a large 404 

population of GAD65-expressing cells may have off-target network effects. In each test eTC (n = 6), 405 

brief light pulses (5 ms at 470 nm) evoked large IPSCs (Figure 6G). We confirmed that these currents 406 

were GABAA receptor-mediated by their sensitivity to the antagonist gabazine (20 µM; Figure 6H,I; n = 407 

4). Taken together, our findings in GAD65-NpHR3.0 and GAD65-ChR2 mice provide novel optogenetic 408 

evidence that local GAD65-expressing PG cells strongly inhibit eTCs. 409 

 410 
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Discussion 411 

Prior studies have established that a subset of TCs, the eTCs, play a central role in mediating 412 

both inhibition and excitation within OB glomeruli. The inhibition is driven by reciprocal dendrodendritic 413 

contacts between eTCs and GABAergic PG cells (Hayar et al., 2004a; Hayar et al., 2005; Murphy et al., 414 

2005), while excitation arises from a feedforward pathway wherein OSNs first excite eTCs which, in 415 

turn, excite MCs (OSN-to-eTC-to-MC; De Saint Jan et al., 2009; Najac et al., 2011; Gire et al., 2012). In 416 

this study, we used optophysiological tools and pair-cell recordings to delineate several novel aspects 417 

of the connectivity between TCs and PG that are important for understanding sensory processing in 418 

glomerular networks.   419 

 420 

Neural connectivity within olfactory bulb glomeruli  421 

Our first new finding about glomerular connections was that eTCs specifically, and TCs more 422 

generally, fail to make chemical synaptic connections onto eTCs. In recordings from eTCs in CCK-423 

NpHR3.0 mice, we found that optogenetically suppressing TCs had no effect on the frequency or 424 

amplitude of fast EPSCs that are mediated by typical AMPA receptor glutamatergic connections, both 425 

under spontaneous conditions and also following stimulation of OSN axons. If TC-to-eTC connections 426 

were prevalent, suppression of TCs should have reduced the EPSCs in some capacity. The absence of 427 

an effect was not because our optogenetic methods were ineffective in suppressing TCs, since our 428 

control experiments indicated strong light-evoked suppression of TC output (Figure 1). The lack of 429 

effect was also not because TCs were not active during the conditions of these experiments, since TC 430 

suppression was highly effective in reducing EPSCs in PG cells reflecting direct eTC-to-PG cell 431 

contacts (Hayar et al., 2004a). Further arguing that eTCs do not make strong connections onto eTCs 432 

was that, in pair-cell recordings, eTC stimulation did not drive rapid EPSCs in eTCs, even though such 433 

stimulation was effective in doing so in eTC-PG cell pairs. Interestingly, we did find in the eTC-eTC 434 

pairs that eTC stimulation resulted in a low-amplitude slow excitatory current that lasted ~100 ms, 435 

suggesting that TCs may at a minimum weakly excite eTCs through other modes of signaling. The slow 436 

eTC currents resembled slow currents that have been reported in eTC-to-MC pairs that result from the 437 

spill-over of glutamate at eTC-to-PG cell synapses (Gire et al., 2019), suggesting the possibility of a 438 

similar underlying mechanism.  439 

The question of whether there are glutamatergic synaptic connections between TCs/eTCs has 440 

been addressed previously using ultrastructural methods. Kosaka and Kosaka (2005) reported the 441 

presence of dendrodendritic synaptic connections between excitatory dendrites within glomeruli of 442 

mouse OB, potential TC-to-TC contacts, although they did not quantify their number nor determine cell 443 

types. Prior studies from our lab (Bourne and Schoppa, 2017) also provided evidence for such 444 

connections in glomeruli of rat OB, although their frequency of occurrence was very low. The evidence 445 

from our physiological studies here for negligible TC-to-eTC connections fits well with the latter, more 446 
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quantitative ultrastructural results, and it is gratifying that the two analysis methods, which rely on 447 

different assumptions, led to similar conclusions. An additional point that should be made about the 448 

physiological analysis is that it, unlike the ultrastructural work, was agnostic about the location and 449 

specific type of glutamatergic connections between eTCs being tested. There is now clear evidence 450 

that at least some subtypes of TCs can form local axon collaterals within OB (Ojima et al., 1984; Orona 451 

et al., 1984; Igarashi et al., 2012; Sun et al., 2020), which in principle could form axodendritic contacts 452 

onto eTCs either within or outside of glomeruli. Our results showing that TCs do not mediate fast 453 

EPSCs in eTCs argues against both axodendritic and dendrodendritic contacts between TCs/eTCs. 454 

Despite a lack of direct synaptic transmission between eTC pairs, in several instances, we found 455 

evidence for prolonged excitatory signaling between eTCs. This finding is supported by another recent 456 

physiological study of bulb connectivity (Tavakoli et al., 2018) that also observed evidence for slow 457 

prolonged signaling between eTCs (in two pairs). 458 

The second new result from our study regards the previously-described dendrodendritic 459 

connections that eTCs make onto ETd-PG cells (Hayar et al., 2004a). While it has been unambiguous 460 

that these connections exist, it has been uncertain how much these inputs contribute to excitation of PG 461 

cells versus other sources such as MCs (Najac et al., 2015). The CCK-NpHR3.0 mice provided a tool to 462 

estimate the contribution of CCK-expressing neurons, which, while not restricted to eTCs, are inclusive 463 

of eTCs (Figure 1; Sun et al., 2020). The fact that optogenetic suppression in CCK-NpHR3.0 mice 464 

resulted in 70-75% decrease in the spontaneous and evoked EPSCs in PG cells is consistent with the 465 

majority of excitatory inputs into ETd-PG cells reflecting inputs from CCK-expressing TCs under these 466 

conditions.  467 

There are some limitations with our results around signaling from TCs onto ETd-PG cells. 468 

Perhaps most notable is the fact that CCK is also expressed in the anterior olfactory nucleus (AON; 469 

Rothermel et al., 2013), raising the possibility that some of the light-induced reduction in spontaneous 470 

EPSCs in CCK-NpHR3.0 mice could have been due to silencing of AON-to-PG cell projections. 471 

However, supporting the conclusion that a large fraction of the silenced sEPSCs reflected inputs from 472 

eTCs was the fact that the events often occurred as bursts (Figure 2B). Bursting sEPSCs would be 473 

expected if they were derived from eTCs that engage in spontaneous spike bursts (Hayar et al., 2004b; 474 

Shao et al., 2009). We cannot exclude the possibility that inputs from AON would also have been 475 

bursting in our experiments, but this seems quite unlikely given that any bursting behavior in AON 476 

neurons, if it exists, would likely have originated in somatic or dendritic compartments (e.g., Raus 477 

Balind et al., 2019) that were likely to be largely absent in our slices. Additional support for the 478 

conclusion that most of the silenced sEPSCs were derived from eTCs was the fact that silencing 479 

NpHR3.0-expressing neurons had no effect on sEPSCs recorded in eTCs (Figure 2H). Because AON 480 

cells synapse onto eTCs as well as PG cells (Markopoulos et al., 2012), a mechanism in which the 481 

silenced sEPSCs in PG cells reflected AON inputs would require that CCK-expressing projections from 482 
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AON selectively target PG cells, different from the general population of AON projections. While 483 

possible, such a scenario would require an additional level of complexity for which evidence is lacking. 484 

A final point, worth emphasizing, is that any uncertainty pertaining to the source of silenced 485 

spontaneous EPSCs in PG cells does not extend to our results showing that evoked EPSCs were also 486 

reduced by light. It is highly unlikely that, in our slices, stimulation of olfactory nerve could have resulted 487 

in significant activation of feedback fibers onto our test PG cells. Thus, whereas the conclusion that 488 

TCs provide the majority of excitatory input into ETd-PG cells requires some qualification when 489 

considering the spontaneous condition (due to potential AON input), this is less true for evoked 490 

excitation of ETd-PG cells.  491 

A third and final new mechanism pointed to by our optophysiological studies regards the 492 

inhibitory synaptic input that eTCs receive from GABAergic interneurons. Prior studies (Parrish-Aungst 493 

et al., 2007; Kiyokage et al., 2010) have established that the glomerular layer includes GABAergic PG 494 

cells that can be biochemically segregated by expression of different isoforms of GAD (65 or 67). These 495 

biochemically-defined PG cells also differ in their anatomy. Most GAD65-expressing PG cells are 496 

“uniglomerular”, having an apical dendrite confined to one glomerulus, while most GAD67-expressing 497 

PG cells have apical dendrites that extend into multiple glomeruli (Kiyokage et al., 2010) and axons that 498 

can extend across the glomerular layer. Based on the fact that suppressing GAD65-positive cells in 499 

GAD65-NpHR3.0 mice resulted in a large reduction in evoked IPSCs in eTCs, we conclude that a 500 

significant part of the inhibition under this condition was provided by GAD65-positive, uniglomerular PG 501 

cells. A broader conclusion can also be made If we consider the type of PG cells that we were studying 502 

in the analysis of TC-to-PG cell connectivity (see above). Because the post-synaptic PG cells in those 503 

studies were uniglomerular, our results taken together argue that there are strong reciprocal 504 

connections between TCs and GAD65-positive, uniglomerular PG cells.  505 

Amongst the caveats in the analysis of inhibition onto eTCs is the fact that the biochemical 506 

segregation of PG cells is not precise, with some GAD67-expressing cells co-expressing or transiently 507 

expressing GAD65 (Homma et al., 2019). However, the prevalence of these cells is low. There is also 508 

evidence that a subpopulation of GABAergic deep short axon cells (dSACs) make projections to the 509 

glomerular layer and form synapses with eTCs (Burton et al. 2017). While these dSACs have not yet 510 

been biochemically defined with respect to GAD expression, we cannot exclude the possibility that 511 

these cells could have mediated a portion of the IPSC recorded in eTCs. 512 

 513 

Functional implications 514 

What are the functional implications of our new findings about the microcircuitry of glomeruli in 515 

OB? If we assume a model in which the output of a glomerulus is determined by the balance between 516 

excitation and inhibition, our combined results point toward a scenario in which odors should generally 517 

fail to produce a glomerular output due to an unfavorable E/I balance. We failed to observe synaptic 518 
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connections amongst TCs/eTCs, which could underlie recurrent excitation, while, at the same time, 519 

eTCs make strong reciprocal connections with a specific class of inhibitory PG cells. Our conclusion, 520 

that the glomerular E/I balance should generally be weighted toward inhibition, is also supported by the 521 

available literature characterizing odor-evoked responses in MCs. For example, MCs are much more 522 

narrowly tuned to odors than are OSNs (Tan et al., 2010; Kikuta et al., 2013), which at least in part 523 

reflects odor-evoked inhibition (Yokoi et al., 1995). It should be pointed out that, in tying our results 524 

about the E/I balance at the level of TCs/eTCs to the properties of output MCs, there is an assumption 525 

that the E/I balance in TCs/eTCs should impact MC activation. This is well-supported by the available 526 

literature. Brain slice studies have shown that the majority of the excitatory current in MCs following 527 

OSN stimulation is driven by eTCs (Gire et al., 2012; Vaaga and Westbrook, 2016). Thus, the activation 528 

status of eTCs, which is dictated by their E/I balance, should be a major contributor to MC activation.  529 

If the E/I balance in a glomerulus generally favors inhibition, might there be conditions in which 530 

the E/I balance can become more favorable? Some clue to this was provided by recent studies that 531 

analyzed eTC-to-MC feedforward excitation across a range of stimulus conditions (Gire et al., 2019). 532 

These studies found that weak stimuli (few spikes in eTCs) produced very little eTC-to-MC excitation, 533 

but this excitation rose in a highly supralinear fashion with increasing spike number in the eTC. Such 534 

changes, which may in part reflect the dynamics of extrasynaptic glutamate that underlies feedforward 535 

excitation, could be critical for allowing MCs to be excited by a select set of “strongest” stimuli, 536 

contributing to the narrow tuning of MCs (see above). We suggest that similar mechanisms could be 537 

revealed if we were to examine the relationship between increasing spike number in the eTC and the 538 

slow excitatory current that we observed here in eTCs. Our preliminary analysis suggested that this 539 

slow current had a small magnitude, but a systematic analysis might reveal large eTC-to-eTC currents 540 

at high eTC spike number.  541 

Mechanisms that contribute to a more favorable E/I balance under strong stimulus conditions 542 

may also extend to those that control the level of GABAergic inhibition. For example, group II 543 

metabotropic glutamate receptors (mGluRs) on PG cells are activated by extrasynaptic glutamate from 544 

eTCs, leading to a reduction in GABA release from PG cells (Zak et al., 2015). Because an 545 

extrasynaptic localization for Group II mGluRs might require strong excitation of eTCs to generate 546 

glutamate transients sufficient to activate the receptors, reduced GABAergic inhibition – and a more 547 

favorable E/I balance – might be specific for conditions of strong OSN activity. Furthermore, pair-cell 548 

recordings have indicated thar excitatory signals from eTCs to PG cells depress with increasing number 549 

of eTC spikes (Gire et al., 2019). Clearly, more studies are needed to understand eTC-to-eTC signaling 550 

under a range of stimulus conditions, as well as how they are balanced with inhibition.   551 

 552 

 553 

 554 
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Figures & Figure Legends 694 

 695 

Figure 1. CCK-Cre mice provide a tool to suppress activity specifically in bulbar tufted cells (TCs).  696 

A. CCK expression in a tdTomato reporter mouse line. CCK is densely expressed in cells in the inner 697 

portion of the glomerular layer and outer portion of the external plexiform layer (EPL). Scale bar = 100 698 

m. B. Example membrane voltage responses from a PG cell (top) and an eTC (bottom) in a CCK-699 

NpHR3.0 mouse in response to a 1 s pulse of 590 nm LED light. C. Summary data of NpHR3.0 induced 700 

membrane voltage changes in eTCs (n = 14) and PG cells (n = 6). D. Example spike recordings from 701 

an eTC in LCA configuration. Yellow bar denotes 590 nm light pulse. E. Top, Raster plot of 20 trials 702 

recorded from the same cell as in part D. The mean PSTH of all trials (black curve) is superimposed. 703 

Shaded area denotes standard error, bin width = 30 ms. Bottom, a histogram of all trials. F-G. Example 704 

spike recordings from an eTC in current-clamp configuration. Plots are the same as D-E. H. Summary 705 

data from combined LCA (n = 4; dashed lines) and current-clamp (n = 8; solid lines) experiments. Firing 706 

rate calculated as the mean in each epoch. Error bars are s.e.m. I. Mean PSTH across all recordings (n 707 

= 12). 708 

 709 

 710 

 711 

 712 

 713 

 714 

 715 
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 716 

Figure 2. Light application in CCK-NpHR3.0 mice reduces the frequency of spontaneous excitatory 717 

synaptic inputs onto PG cells but not eTCs.  718 

A. Subtype of PG cell (ETd versus ONd) for this analysis was determined by applying electrical 719 

stimulus pulses to OSN axons (downward arrows). Note the barrage of evoked EPSCs in the voltage-720 

clamped cell (Vhold = –77 mV), characteristic of ETd-PG cells. B. Example recordings of spontaneous 721 

EPSCs (sEPSCs; no stimulation) in an ETd-PG cell across three consecutive sweeps. The yellow bar 722 

denotes a 590 nm light pulse for 1 s to suppress TC output. The traces to the right depict expanded 723 

sections of the second sweep, highlighting examples of sEPSC bursts that reflect spike bursts in 724 

connected eTCs (Shao et al., 2009). C. Top, Raster plot of 20 trials recorded from the same cell as in 725 

A. The mean PSTH of all trials is superimposed in red, the shaded area denotes s.e.m. Bottom, a 726 

histogram of all trials from the raster plot above. D. Example sEPSC recordings from an eTC and 727 

expanded traces to the right noting the absence of sEPSC bursts. E. Plots are same as B, but for the 728 

eTC shown in part D. F. Mean sEPSC PSTH across all PG cells (n = 6) and eTCs (n = 7). G. Summary 729 

data from all PG cells. H. Summary data from all eTCs.  730 

 731 
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 736 

 737 

 738 
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 740 

 741 

 742 
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 743 

Figure 3. Light application in CCK-NpHR3.0 mice eliminates large-amplitude sEPSCs in PG cells. 744 

A. Aligned sEPSCs captured from an example PG cell in each epoch. B. Aligned sEPSCs captured 745 

from an example eTC. C. PSTH of mean sEPSC amplitude across all PG cells and eTCs (n = 6 PG 746 

cells, n = 7 eTCs). D. Summary data from all cells in each recording epoch eTCs (61.84  9.87 % 747 

reduction PG cells, P = 0.031; 5.18  4.22 % reduction eTCs cells, P = 0.688; Wilcoxon signed rank 748 

test). E. Example EPSCs evoked by OSN stimulation recorded from an eTC and during TC inactivation 749 

with NpHR3.0. Downward arrow denotes stimulus to OSNs. F. Summary of evoked EPSC amplitudes 750 

from five eTCs (372.31  91.51 pA control trials vs. 381.39   88.64 pA NpHR3.0 trials; P = 0.945; 751 

Wilcoxon signed rank test).  752 
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 770 

Figure 4. Evoked EPSCs in ETd-PG cells require activation of CCK-expressing TCs.  771 

A. Example EPSCs evoked by OSN stimulation in a PG cell. Each panel contains five overlaid trials. 772 

Downward arrows correspond to OSN stimulation. B. Raster plot of EPSCs from the PG cell in part A. 773 

The yellow bar indicates the presence of 590 nm light to suppress CCK-expressing cells with NpHR3.0. 774 

C. EPSC count of each trial in B in the 300 ms immediately following OSN stimulation. D. Summary 775 

PSTH of EPSC frequency across all PG cells (n = 6). The red trace is control trials; the yellow trace is 776 

trials with the LED on. Note: the drop in EPSC frequency right at OSN stimulation reflects obscuring of 777 

the EPSCs by the stimulus artifact; the jump in EPSC frequency that follows is consistent with the 778 

kinetics of a monosynaptic OSN-driven EPSC in PG cells that has been reported by Shao and co-779 

workers (2009). E. Summary data of evoked EPSC frequency in the 10-300 ms window following ON 780 

stimulation (36.21  3.47 Hz control trials vs. 8.46  1.52 Hz NpHR3.0 trials; n = 6; P = 0.031; Wilcoxon 781 

signed rank test). F. Summary of baseline EPSC frequency during control and NpHR3.0 trials (12.93  782 

4.57 Hz control trials vs. 17.31  5.08 Hz NpHR3.0 trials; P = 0.094; Wilcoxon signed rank test). G. 783 

Top, evoked spikes recorded in an MC under control conditions and during TC inactivation. Bottom, 784 

example excitatory currents recorded from the same MC. TC inactivation reduced the size of the 785 

current. H. Excitatory current area measurements from three MCs on interleaved trials of TC 786 

inactivation with NpHR3.0. The dashed line represents the MC in part G. I. Summary data of effects on 787 

TC inactivation on OSN-evoked excitatory currents measured in MCs.  788 

 789 
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 790 

Figure 5. Pair-cell recordings show that eTCs provide direct input to PG cells, but not other eTCs. 791 

A. (i) Example eTC-eTC pair recording in rat olfactory bulb slices. eTC1 is recorded in current-clamp 792 

and depolarized to generate spikes. Excitatory currents are recorded from eTC2 in voltage-clamp 793 

configuration. Three consecutive sweeps are shown in both cells as well as (bottom) the average 794 

response in eTC2. Note that the evoked responses are dominated by a small-amplitude prolonged 795 

current. A cell-fill image of the eTC-eTC pair is shown in the inset. Scale bar = 20 m. (ii) Top, raster 796 

plot of rapid EPSCs detected in eTC2 from part i across 20 trials. EPSCs were detected as in previous 797 

figures. The black curve is the mean PSTH and the shaded area is s.e.m. Bottom, pooled bin counts for 798 

20 trials. B. Same as part A, but for an eTC-PG cell pair. The eTC was depolarized in current-clamp 799 

configuration to generate spikes and EPSCs were measured from the PG cell in voltage-clamp mode. 800 

C. Mean rapid EPSC PSTH from 25 eTC-eTC pairs and 6 eTC-PG cell pairs. D. Summary data of the 801 

mean EPSC frequency in the baseline period and the 80 ms following eTC stimulation. E. Summary 802 

data comparing the integrated charge in postsynaptic eTCs and PG cells (141.65  30.04 pA•ms in 803 

eTC-eTC pairs vs. 432.49  126.60 pA•ms in eTC-PG cell pairs; n = 25 eTC-eTC pairs and 6 eTC-PG 804 

cell pairs; P = 0.010; Wilcoxon rank sum test). F. Comparison the normalized change in fast EPSC rate 805 

with the magnitude of charge transfer in eTC-eTC pairs (R = -0.16 P = 0.44). 806 
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 814 

Figure 6. GAD65-expressing PG cells inhibit eTCs. 815 

A. GAD65 expression in a tdTomato reporter mouse line. GAD65 is expressed in the soma of PG cells 816 

that surround glomeruli. GAD65 expression is also observed in the EPL, likely reflecting granule cell 817 

apical dendrites. Scale bar = 100 m. B. Example membrane voltage responses from a PG cell (top) 818 

and an eTC (bottom) in a GAD65-NpHR3.0 mouse in response to a 1 s pulse of 590 nm light. C. 819 

Example OSN-evoked (8 µA stimulus) spikes from a PG recorded in LCA configuration. Five overlaid 820 

trails under control conditions and during NpHR3.0 activation. Downward arrow corresponds to OSN 821 

stimulation. D. Left, raster plot of evoked spikes per trial from the cell in part C. Right, a plot of the 822 

number of spikes following each OSN stimulation. E. Example IPSCs evoked by OSN stimulation 823 

recorded from an eTC (Vhold = +28 mV) under control conditions, during NpHR3.0 activation, and 824 

following recovery. Each trace is an average of 10 consecutive trials in each condition. F. Left, 825 

summary of OSN evoked IPSC areas. Right, summary of normalized IPSC areas (43.48  4.76% 826 

reduction; n = 5; P < 0.001; Student’s T-test). G. Example IPSCs recorded from six eTCs following 470 827 

nm LED light stimulation in OB slices prepared from GAD65-ChR2 mice. H. IPSCs were eliminated by 828 

bath application of gabazine. Light-colored traces are individual trials and dark is the mean of all trials. 829 

I. Time course of IPSC block with gabazine from four eTCs. IPSC areas are normalized to the mean 830 

control area for each cell.  831 

 832 


