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Cell and circuit origins of fast network
oscillations in the mammalian main
olfactory bulb

Shawn D Burton’?*t, Nathaniel N Urban"?*t

'Department of Neurobiology, University of Pittsburgh, Pittsburgh, United States;
Center for the Neural Basis of Cognition, Pittsburgh, United States

Abstract Neural synchrony generates fast network oscillations throughout the brain, including
the main olfactory bulb (MOB), the first processing station of the olfactory system. Identifying the
mechanisms synchronizing neurons in the MOB will be key to understanding how network oscilla-
tions support the coding of a high-dimensional sensory space. Here, using paired recordings and
optogenetic activation of glomerular sensory inputs in MOB slices, we uncovered profound differ-
ences in principal mitral cell (MC) vs. tufted cell (TC) spike-time synchrony: TCs robustly synchro-
nized across fast- and slow-gamma frequencies, while MC synchrony was weaker and concentrated
in slow-gamma frequencies. Synchrony among both cell types was enhanced by shared glomerular
input but was independent of intraglomerular lateral excitation. Cell-type differences in synchrony
could also not be traced to any difference in the synchronization of synaptic inhibition. Instead,
greater TC than MC synchrony paralleled the more periodic firing among resonant TCs than MCs
and emerged in patterns consistent with densely synchronous network oscillations. Collectively, our
results thus reveal a mechanism for parallel processing of sensory information in the MOB via differ-
ential TC vs. MC synchrony, and further contrast mechanisms driving fast network oscillations in the
MOB from those driving the sparse synchronization of irregularly firing principal cells throughout
cortex.

Introduction

Fast network oscillations are widespread in neural activity throughout the mammalian brain, including
the main olfactory bulb (MOB), where gamma-frequency (~40-100 Hz) oscillations reflecting the
synchronous firing of principal cells are intimately linked with olfactory learning, memory, and behavior
(Martin and Ravel, 2014). |dentifying the mechanisms underlying gamma-frequency synchronization
of principal cells in the MOB will be key to understanding how fast network oscillations contribute to
the neural coding of a complex, high-dimensional sensory space (Uchida et al., 2014). While decades
of experimental and modeling studies have identified an important contribution of lateral inhibitory
circuits to the synchronization of principal mitral cells (MCs) (Rojas-Libano and Kay, 2008), more
complete mechanistic understanding is limited by at least three gaps in knowledge.

First, whether and how tufted cells (TCs) synchronize their firing has not been tested. Overwhelming
evidence has established that TCs, a second type of excitatory MOB principal cell, differ from MCs
in their intrinsic and synaptic properties, sensory responses, and axonal projections (Shepherd et al.,
2004; Nagayama et al., 2014; Burton et al., 2020). Not only do these findings support a model in
which TCs and MCs form parallel pathways encoding complementary information, but they further
suggest that TCs and MCs may differentially engage in fast network oscillations. In particular, weaker
lateral inhibition among TCs than MCs (Christie et al., 2001, Geramita et al., 2016) suggests that
TCs may synchronize less than MCs.
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Second, how gamma-frequency oscillations separately emerge across fast (~60-100 Hz) and slow
(~40-60 Hz) frequency bands remains unknown. Fast- and slow-gamma-frequency oscillations in the
MOB are differentially modulated by state (Kay, 2003; Frederick et al., 2016, Zhuang et al., 2019),
suggesting both behavioral relevance and at least partially distinct underlying sources. Indeed, the
temporal sequencing of fast- and slow-gamma-frequency oscillations across early and late phases
of the sniff cycle (Lepousez and Lledo, 2013, Manabe and Mori, 2013; Frederick et al., 2016),
paralleling early and late sensory-evoked TC and MC firing, has motivated the attractive but untested
hypothesis that TCs and MCs synchronize across fast- and slow-gamma frequencies, respectively
(Manabe and Mori, 2013; Mori et al., 2013).

Finally, how lateral inhibitory circuits support gamma-frequency oscillations in the MOB remains
unclear. A large population of granule cell (GC) interneurons mediate lateral inhibition among MOB
principal cells, and several studies have proposed that periodic GC-mediated inhibition opens
windows of opportunity for a subset of MCs to synchronously fire across a sparse fraction of gamma-
frequency cycles (i.e., a sparsely synchronous oscillation or ‘sparse synchrony’) (Rall and Shepherd,
1968; Eeckman and Freeman, 1990; Neville and Haberly, 2003; Bathellier et al., 2006; Schoppa,
2006), paralleling pyramidal-interneuron gamma (PING) theories elsewhere in the brain (Wang,
2010; Buzsaki and Wang, 2012). Alternative theories, however, instead point toward the capacity of
correlated synaptic currents, independent of periodicity, to reset the phase of resonant neural oscil-
lators, synchronizing periodic firing across several consecutive gamma-frequency cycles (i.e., ‘dense
synchrony’) (Desmaisons et al., 1999; Galan et al., 2006; Rubin and Cleland, 2006; David et al.,
2015).

Here, we used paired cell-type-specific recordings in acute MOB slices together with optogenetic
stimulation of sensory inputs to investigate the cell and circuit origins of fast network oscillations in the
MOB. Under conditions mimicking the odor-evoked firing patterns of TCs and MCs observed in vivo,
TCs exhibited robust, widespread, and enduring spike-time synchrony across fast- and slow-gamma
frequencies, while MC synchrony was weaker and largely concentrated in slow-gamma frequencies.
Greater synchronization further emerged between cells with convergent rather than divergent glomer-
ular inputs, but occurred independent of lateral excitation, which was absent among TCs. Within both
MCs and TCs, spike-time synchronization correlated with firing periodicity, while surprisingly neither
excitatory nor inhibitory synaptic currents exhibited detectable gamma-frequency patterning. These
results, together with the observation of greater intrinsic resonance among TCs than MCs, argue that
gamma-frequency oscillations in the MOB emerge in large part from the dense synchronization of
periodic firing among resonant TCs - findings with critical implications for the encoding and propaga-
tion of olfactory information.

Results
Multiglomerular activation evokes greater gamma-frequency spike-time
synchrony among TCs than MCs
To investigate the cell and circuit origins of fast network oscillations in the MOB, we recorded TC pairs
and MC pairs in acute slices prepared from OMP-ChR2:EYFP mice while photostimulating olfactory
sensory neuron (OSN) terminals in glomeruli at 5 Hz to mimic the physiological dynamics of sniff-
paced sensory input (Wachowiak, 2011). As odorants frequently activate clusters of glomeruli in a
concentration-dependent manner (Mori et al., 2006), we used full-field photostimulation to activate
OSN terminals within multiple neighboring glomeruli. Such multiglomerular activation evoked ~20 Hz
firing in MCs on average (Figure 1—figure supplement 1A-D), with MCs of a pair occasionally
firing synchronously (|Atu.| < 5 ms) (Figure 1A and D), similar to previous investigation of spike-time
synchrony in MC pairs using electrical OSN stimulation (Schoppa, 2006). Under identical conditions,
multiglomerular activation evoked more rapid TC firing (Figure 1—figure supplement 1E-H) and a
remarkable degree of TC spike-time synchrony (Figure 1G and J). Consistent with visual inspection
of cell-attached traces, spike-time cross-correlograms among TCs exhibited prominent central peaks
(|Atyine] < 5 ms) compared to minimal peaks among MCs (Figure 1B, E, H and K).

TC spike-time cross-correlograms also exhibited slow-timescale modulation (Figure 1H and K),
reflecting the more phasic firing of TCs than MCs (Figure 1—figure supplement 1). Cell-type differ-
ences in cross-correlogram central peaks may thus emerge from this difference in phasic vs. tonic
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Figure 1. Multiglomerular activation evokes widespread synchronization of tufted cell (TC) firing across fast- and slow-gamma frequencies and
limited synchronization of mitral cell (MC) firing across slow-gamma frequencies. (A) Example cell-attached recording of a heterotypic MC pair during
photostimulation. Morphology (upper) and representative trial (lower; blue rectangles: 10 ms light pulses of the 5 Hz photostimulation protocol;
arrowheads: synchronous spikes, [Atye| < 5 ms). GL: glomerular layer; EPL: external plexiform layer; MCL: mitral cell layer; GCL: granule cell layer; m:

Figure 1 continued on next page
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Figure 1 continued

medial; a/ant.: anterior; post.: posterior. (B) Trial-averaged cross-correlogram of spike times recorded throughout the photostimulation protocol in the
MC pair in (A) (‘'expt.’), compared to the cross-correlogram of spike times simulated from rate-matched independent Poisson processes ('sim.”). (C) Trial-
averaged spike-time cross-power spectral density (CPSD) spectrogram from the MC pair in (A) following photostimulation onset at 0.0 s. Continuous
epochs (AHz/ms < 150) of high CPSD reflecting robust periodic synchrony are defined as ‘ridges’ and demarcated with white circles. Color is scaled

by multiples of the ridge threshold ( &). (D-L) Same as (A-C) for a homotypic MC pair (D-F), a homotypic middle TC (mTC) and deep TC (dTC) pair
(G-), and a homotypic superficial TC (sTC) and mTC pair (J-L). Scaling in (F, I, L) is the same as in (C). (M) Mean spike-time cross-correlograms (with
slow-timescale firing rate correlations removed via subtraction of the simulated spike-time cross-correlograms) of TC pairs and MC pairs. Inset: cross-
correlogram peaks within [Aty.| < 5 ms were higher among TCs than MCs (Wilcoxon rank-sum test: p=3.0 x 10). (N) Spike-time CPSD spectrograms
averaged across all TC pairs (upper) and MC pairs (lower). (O) More TC than MC pairs exhibited spike-time CPSD ridges (chi-squared test: p=3.2 x 107,

%2 =17.3). (P) Spike-time CPSD spectrograms averaged across all TC pairs (upper) and MC pairs (lower) exhibiting CPSD ridges. (Q, R) Cumulative
distributions of frequencies (Q) and CPSD (R) across all spike-time CPSD ridges. TCs exhibited faster (Q) (two-sample Kolmogorov-Smirnov test:
p=1.7 x 10™) and more precise (R) (two-sample Kolmogorov-Smirnov test: p=3.2 x 10™"") gamma-frequency synchrony than MCs. Shading denotes
95% confidence intervals. y.: slow-gamma frequencies, 40-60 Hz; yy: fast-gamma frequencies, 60-100 Hz.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Multiglomerular activation evokes higher firing rates and more phasic firing patterns among tufted cells (TCs) than mitral cells

(MCs).

Figure supplement 2. Mitral cell (MC) pairs and tufted cell (TC) pairs exhibit greater gamma-frequency spike-time synchrony than spike times simulated
from rate-matched independent Poisson processes.

Figure supplement 3. Tufted cells (TCs) exhibit greater gamma-frequency spike-time synchrony than mitral cells (MCs) on both a per-pair basis and
independent of ridge-based analyses.

Figure supplement 4. Fast-gamma-frequency spike-time synchrony emerges early in each 5 Hz photostimulation cycle and decelerates toward slow-

gamma frequencies.

firing alone, rather than a difference in network-driven spike-time synchrony. Excluding this possibility,
however, simulated spike trains generated from independent Poisson processes with rates matching
experimental firing rate patterns (Figure 1—figure supplement 1) replicated the slow-timescale
correlations observed in TC spike times but failed to replicate the prominent cross-correlogram
central peaks (Figure 1B, E, H and K). Indeed, isolating fast-timescale synchrony exceeding chance
levels (by subtracting simulated from experimental spike-time cross-correlograms) revealed mark-
edly higher central peaks among TCs than MCs (Figure 1M). Multiglomerular activation thus evokes
greater spike-time synchrony among TCs than MCs independent of firing rate differences.

Spike-time cross-correlograms further exhibited pronounced periodicity manifest in regular side
peaks across TC (Figure TH and K) and some MC pairs (Figure 1B) but absent from simulated spike-
time cross-correlograms. To directly investigate such periodic synchrony, we examined spike-time
cross-power spectral density (CPSD) (i.e., the power spectrum of the cross-correlogram), which like-
wise revealed striking cell-type differences (Figure 1C, F, I and L). Specifically, TC pairs exhibited
consistently higher CPSD levels overall, indicative of more precise spike-time synchrony. Moreover,
TC firing synchronized across both fast- and slow-gamma frequencies, often with a sweeping decel-
eration across each photostimulation cycle, while MC synchrony was less dynamic and largely limited
to slow-gamma frequencies. As with the cross-correlogram analysis of synchrony irrespective of peri-
odicity, these differences in gamma-frequency spike-time synchrony were independent of differences
in phasic vs. tonic firing patterns, as chance levels of periodic synchrony in simulated spike trains
were concentrated in sub-gamma frequencies (Figure 1—figure supplement 2). Across all pairs,
cell-type differences in the precision and frequency of periodic spike-time synchrony were profound
(Figure 1N).

To quantify these differences, continuous epochs of periodic spike-time synchrony were isolated
by detecting maximal ridges within CPSD spectrograms (Figure 1C), similar to previous investigations
of fast network oscillations in the MOB and elsewhere (Roux et al., 2007; Cenier et al., 2009; David
et al., 2009; Fourcaud-Trocmé et al., 2011; David et al., 2013; David et al., 2015). Analysis was
restricted to 40-200 Hz to specifically investigate fast-timescale synchrony, and the threshold for ridge
detection (&) was set to the 95th percentile of 40-200 Hz CPSD values observed throughout the
photostimulation protocol in all pairs, ensuring that ridges reflect epochs of robust periodic synchrony.
With this approach, 92% of recorded TC pairs exhibited =1 CPSD ridge compared to only 31% of
MC pairs (Figure 10). The cell-type differences in CPSD spectrograms thus emerge at least partially
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Figure 2. Greater synchronization of tufted cell (TC) than mitral cell (MC) firing persists throughout the average 5 Hz photostimulation cycle. (A)
Experimental spike times recorded across MC pairs (‘expt.’) within consecutive 50 ms windows of the 5 Hz photostimulation cycle exhibited consistently
higher cross-correlogram peaks (within |Aty.| < 5 ms) than spike times simulated from rate-matched independent Poisson processes ('sim.’) (two-way
ANOVA on ranks, expt./sim. x 50 ms window: significant main effect of expt./sim., p=1.2 x 107, F, 15, = 43.6; no significant main effect of 50 ms window,
p=0.34, F315 = 1.1; no significant interaction, p=0.99, F31, = 0.03). (B) Experimental spike times recorded across TC pairs (‘expt.’) likewise exhibited
consistently higher cross-correlogram peaks than spike times simulated from rate-matched independent Poisson processes ('sim.’) (two-way ANOVA on
ranks, expt./sim. x 50 ms window: significant main effect of expt./sim., p=1.2 x 107, F, ;o0 = 102.1; no significant main effect of 50 ms window, p=0.34,
Fi200 = 1.1; no significant interaction, p=0.62, F3 0 = 0.6). (C) Spike-time cross-correlograms (with slow-timescale firing rate correlations removed via
subtraction of simulated spike-time cross-correlograms) within consecutive 50 ms windows of the 5 Hz photostimulation cycle exhibited consistently
higher peaks (within [At,e| < 5 ms) among TC than MC pairs (two-way ANOVA on ranks, cell type x 50 ms window: significant main effect of cell

type, p=4.6 x 107, F; 1450 = 12.8; no significant main effect of 50 ms window, p=0.23, F34 = 1.5; no significant interaction, p=0.90, F34 = 0.2). (D) The
probability of robust periodic spike-time synchrony reflected in spike-time cross-power spectral density (CPSD) ridges was consistently higher among TC
than MC pairs throughout the average photostimulation cycle.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Full-field photostimulation evokes comparable excitatory currents in tufted cells (TCs) and mitral cells (MCs).

from more widespread periodic synchrony among TCs than MCs. Even when restricting our analysis
to only those pairs exhibiting CPSD ridges, however, fundamental differences remained (Figure 1P),
with TCs exhibiting both more precise and higher frequency periodic synchrony than MCs (Figure 1Q
and R, Figure 1—figure supplement 3A). Examination of spike-time CPSD averaged throughout
the photostimulation protocol and independent of ridge detection likewise supported these findings
(Figure 1—figure supplement 3B and C).

Of note, while we searched for CPSD ridges across a wide frequency range, epochs of peri-
odic spike-time synchrony were nevertheless identified almost exclusively within gamma frequen-
cies (Figure 1Q), highlighting the marked tuning of MOB circuitry to gamma-frequency oscillations.
Additionally, while individual pairs exhibited variable ridge dynamics, periodic synchronization at
fast-gamma frequencies consistently emerged early in each photostimulation cycle, and decelerated
toward slower gamma frequencies at mean rates up to 0.1-0.2 Hz/ms (Figure 1—figure supplement
4).

As a caveat, it is possible that the differences observed in TC vs. MC spike-time synchrony reflect
the artificial conditions of our experimental preparation rather than cell-type differences in network-
driven synchronization poised to shape sensory processing in vivo. Specifically, it is possible that the
strong optogenetic stimulus combines with the more effective sensory input and greater excitability
of TCs than MCs (Gire et al., 2012; Burton and Urban, 2014; Jones et al., 2020) to instantaneously
synchronize TC firing (i.e., stimulus-driven synchronization). Indeed, TC firing frequently exhibited
rapid synchronization following photostimulation. However, even under a barrage of predominantly
asynchronous inhibitory synaptic input (see below) and following pauses in firing in one or both cells
of a pair (e.g., Figure 1G and J), both TC and MC spike-time synchrony persisted at levels higher
than expected by chance throughout the average photostimulation cycle (i.e., up to 200 ms following
photostimulation) (Figure 2A and B). Cross-correlogram and CPSD ridge analyses further demon-
strated that greater TC than MC spike-time synchrony likewise persisted throughout the entire photo-
stimulation cycle (Figure 2C and D). Collectively, these results are inconsistent with stimulus-driven
synchronization, which in the absence of network-driven synchronization should decay rapidly under
ongoing network activity (see also discussion in Schoppa, 2006). Of further note, both the rates and
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temporal patterning of firing recorded closely match the odor-evoked firing observed in morpholog-
ically confirmed MCs and TCs in vivo (Nagayama et al., 2004; Igarashi et al., 2012; Phillips et al.,
2012) (and see Discussion), confirming that our optogenetic approach recapitulates key aspects of
MOB sensory processing.

Consistent with the cell-type differences in spike-time synchrony reflecting real features of MOB
sensory processing rather than an artificially strong activation of TC sensory input, voltage-clamp
recordings obtained from a large subset of pairs following cell-attached recordings additionally
revealed no cell-type difference in excitatory current amplitude and even modestly greater excitatory
charge transferred to MCs than TCs throughout the photostimulation protocol (Figure 2—figure
supplement 1A-C). Moreover, latencies from photostimulation onset to excitatory input were similar
across cells of each pair among both MCs and TCs but across all pairs were fairly broadly distributed
across ~10-25 ms (Figure 2—figure supplement 1D and E), consistent with our optogenetic approach
triggering more gradual and physiological glomerular activation than single or short bursts of elec-
trical stimuli (Carey et al., 2009; Burton and Urban, 2015). Attenuation of our optogenetic stimulus
by limited light penetrance into the tissue contributed to such gradual glomerular activation, with
photostimulation routinely failing to activate glomeruli deep in the slice (data not shown). Excitatory
input was also completely devoid of any gamma-frequency patterning (Figure 2—figure supplement
1F), further arguing that the periodic spike-time synchrony observed was not directly driven by the
stimulus. Of additional note, the overall comparable excitatory currents observed between cell types
indicate that our optogenetic stimulus exceeded minimal effective OSN stimulation levels, whereupon
glomeruli transition from all-or-none activation — with greater TC than MC input (Gire et al., 2012,
Burton and Urban, 2014) - to graded activation and excitatory input (Geramita and Urban, 2017,
Jones et al., 2020), consistent with our modeled scenario of a suprathreshold-concentration odorant
activating a cluster of glomeruli.

Glomerular organization can significantly influence the synchronization of MC firing: irregular
0-10 Hz firing evoked by step-current injection or bath NMDA application occurs synchronously
among MCs with apical dendrites converging in the same glomerulus (i.e., homotypic MCs) but asyn-
chronously among MCs linked to different glomeruli (i.e., heterotypic MCs). This aperiodic spike-
time synchrony is driven by electrical coupling of dendritic AMPAR-mediated autoreceptor potentials
within the glomerulus (Schoppa and Westbrook, 2002; Christie et al., 2005), producing reliable
lateral excitation between homotypic MCs (Schoppa and Westbrook, 2002; Urban and Sakmann,
2002; Christie et al., 2005; Pimentel and Margrie, 2008; Maher et al., 2009). Whether lateral exci-
tation likewise promotes gamma-frequency spike-time synchrony among homotypic MCs — or even
exists among homotypic TCs — is unknown, though connexin36 knockout (which abolishes both elec-
trical coupling and glutamatergic excitation among homotypic MCs) attenuates fast network oscilla-
tions in the MOB (Pouille et al., 2017). Any differences in glomerular organization or lateral excitation
among the MCs and TCs in our dataset may thus contribute to the observed cell-type differences in
gamma-frequency spike-time synchrony.

While our dataset indeed included more homotypic TC than MC pairs, the proportion of homo-
typic to heterotypic pairs did not significantly differ between cell types (Figure 3A). Moreover, clear
cell-type differences in periodic spike-time synchrony remained even when restricting our analysis
to homotypic or heterotypic pairs alone (Figure 3B). Gamma-frequency spike-time synchrony thus
fundamentally differs between MCs and TCs independent of glomerular organization.

Spike-time CPSD ridges were detected in both homotypic and heterotypic pairs at comparable
rates and across largely overlapping frequencies (Figure 3C and D), further arguing that the cell-type
differences in gamma-frequency spike-time synchrony were not driven by differences in glomerular
organization. Synchrony was, however, markedly stronger across homotypic than heterotypic pairs
(Figure 3B and E). Surprisingly, this enhancement of spike-time synchrony occurred independent
of intraglomerular lateral excitation, as homotypic TCs — which displayed robust periodic spike-time
synchrony (Figure 1G and J, Figure 3B) — exhibited no lateral excitation, while 100% of the homo-
typic MC pairs tested exhibited typically asymmetric lateral excitation matching previous accounts
(Figure 3F-H). Lack of lateral excitation among TCs was not due to cell-type differences in elec-
trical coupling, however, as homotypic MCs and homotypic TCs exhibited comparable electrical
coupling coefficients (Figure 3lI), as previously reported (Ma and Lowe, 2010). Our data thus support
the hypothesis that some aspect of intraglomerular signaling — likely including electrical coupling
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Figure 3. Greater synchronization of tufted cell (TC) than mitral cell (MC) firing extends across distinct patterns of glomerular organization and is not
driven by intraglomerular lateral excitation. (A) MCs and TCs included comparable proportions of homotypic and heterotypic pairs (chi-squared test:
p=0.26, x?=1.3). (B) Spike-time cross-power spectral density (CPSD) spectrograms averaged across all homotypic (left) and heterotypic (right) TC pairs
(upper) and MC pairs (lower) following photostimulation onset at 0.0 s. (C) Pairs with spike-time CPSD ridges were detected among both homotypic
pairs (hom.’) and heterotypic pairs (‘het.’) at comparable rates (chi-squared test: p=0.25, x? = 1.3). (D, E) Cumulative distributions of frequencies (D)
and CPSD (E) across all spike-time CPSD ridges for homotypic and heterotypic pairs. Epochs of periodic synchrony were distributed across significantly
different, though largely overlapping, frequencies among homotypic and heterotypic pairs (D) (two-sample Kolmogorov-Smirnov test: p=3.8 x 107),
while periodic synchrony was substantially more precise among homotypic than heterotypic pairs (E) (two-sample Kolmogorov-Smirnov test: p=1.6 x
10™"). Shading denotes 95% confidence intervals. Inset: consistent with more precise synchrony, spike-time cross-correlogram peaks within |At.,.| < 5 ms
(as in Figure 1M) were higher among homotypic than heterotypic pairs (Wilcoxon rank-sum test: p=0.033). (F) Unitary postsynaptic responses to single
presynaptic spikes in the MC pair (left) and TC pair (right) in Figure 1D and G, revealing reliable asymmetric lateral excitation selectively between the
homotypic MCs. Arrows: direction of transmission tested. Light traces: individual trials; dark traces: average. (G) Mean unitary postsynaptic response to
single presynaptic spikes across homotypic MC pairs and homotypic TC pairs, revealing consistent intraglomerular lateral excitation among MCs and no
visible excitation among TCs. (H) Lateral excitation (typically asymmetric within pairs) was exclusively detected among homotypic MCs, as revealed by
stronger unitary postsynaptic response amplitudes across homotypic MC pairs than across either TC pairs or heterotypic MC pairs (two-way ANOVA, cell
type x glomerular organization: significant main effect of cell type, p=1.4 x 107, F, ,, = 35.6; significant main effect of glomerular organization, p=2.4 x
107, Fy 4 = 33.9; significant interaction, p=7.4 x 107, F, 4, = 24.1; post-hoc Tukey—Kramer test: homotypic MC-MC vs. heterotypic MC-MC, p=1.7 x 107;
homotypic MC-MC vs. homotypic TC-TC, p=6.2 x 107, homotypic MC-MC vs. heterotypic TC-TC, p=8.5 x 107, heterotypic MC-MC vs. homotypic TC-
TC, p=1.0; heterotypic MC-MC vs. heterotypic TC-TC, p=0.80; homotypic TC-TC vs. heterotypic TC-TC, p=0.83). (I) Homotypic MC pairs and homotypic
TC pairs exhibited comparable electrical coupling coefficients (two-sample t-test: p=0.22, tg = 1.3).

The online version of this article includes the following figure supplement(s) for figure 3:
Figure supplement 1. Profound cell-type differences in spike-time synchrony cannot be explained by differences in within-pair intersomatic distance.

Figure supplement 2. Tufted cell (TC) spike-time synchrony does not correlate with within-pair intersomatic differences in external plexiform layer (EPL)
depth.
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Figure 4. Mitral cells (MCs) and tufted cells (TCs) exhibit distinct patterns of gamma-frequency spike-time synchrony across the 5 Hz photostimulation
cycle. (A) Spike-time cross-power spectral density (CPSD) spectrograms averaged across all TC pairs (upper) and MC pairs (lower) expanded in time
across consecutive photostimulation cycles (dashed lines). Scaling is identical to Figure TN. (B) Same as (A), averaged across all photostimulation cycles.

— enhances fast network oscillations in the MOB (Pouille et al., 2017), and further suggest that lateral
excitation between homotypic MCs does not enhance (and may even hinder) periodic spike-time
synchrony (see Discussion).

Differences in intersomatic distance across TC pairs and MC pairs may also contribute to cell-type
differences in spike-time synchrony, given distance-dependent declines in MC and TC lateral inhibi-
tory signaling (Christie et al., 2001; Egger and Urban, 2006) and coincidence (Schmidt and Strow-
bridge, 2014; Arnson and Strowbridge, 2017). TC pairs in our dataset indeed exhibited significantly
shorter lateral intersomatic distances (i.e., distances parallel to the MCL) than MC pairs, despite equal
total intersomatic distances (Figure 3—figure supplement 1A and B). Total and lateral intersomatic
distance failed to correlate with cross-correlogram or CPSD measures of spike-time synchrony among
TCs, however, while MCs exhibited only a modest reduction in spike-time CPSD levels with increasing
lateral intersomatic distance (Figure 3—figure supplement 1C-F). While thus highlighting the strong
lateral organization of circuitry contributing to fast network oscillations in the MOB, these results
more broadly argue against a pivotal contribution of differences in intersomatic distances to the
pronounced cell-type differences observed in spike-time synchrony. Similarly, while we recorded from
TCs spanning the full depth of the external plexiform layer (EPL), differences in somatic depth also
failed to correlate with spike-time synchrony among TCs (Figure 3—figure supplement 2).

In summary, our results thus demonstrate that multiglomerular activation evokes robust, wide-
spread, and enduring synchronization of TC firing across fast- and slow-gamma frequencies and
limited synchronization of MC firing primarily across slow-gamma frequencies, revealing fundamental
cell-type differences that emerge across multiple analyses and cannot be explained by experimental or
anatomical factors. As a caveat, the limited spike-time synchrony detected among MCs in our dataset
constrains extensive characterization of the frequency of periodic MC synchronization. Our results
thus do not exclude a contribution of MC spike-time synchrony to fast-gamma-frequency oscillations
in the MOB. However, our results do definitively identify robust periodic spike-time synchrony among
TCs as a major contributor to fast- and slow-gamma-frequency oscillations in the MOB, as reflected by
the marked resemblance of TC spike-time CPSD spectrograms to LFP spectrograms recorded in the
MOB of freely behaving rodents (compare Figure 4 to Figure 2 of Manabe and Mori, 2013).

In addition to pronounced gamma-frequency synchrony, TC firing also exhibited substantially
greater synchronization across theta frequencies than MC firing (Figure 5). Our results thus addition-
ally suggest that sensory information specifically encoded in the cross-frequency coupling of MOB
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Figure 5. Tufted cells (TCs) exhibit greater spike-time synchrony across theta frequencies than mitral cells (MCs). (A) Expanded-timescale cross-
correlogram of spike times recorded in the MC pair in Figure 1A, with 50-ms-long sliding window average applied to highlight temporal patterning at
frequencies < 20 Hz. (B) Spike-time cross-power spectral density (CPSD) spectrogram of spike times recorded in the MC pair in Figure 1A, rescaled to
theta frequencies. (C-H) Same as (A, B) for the MC pair and TC pairs in Figure 1D, G and J. (I) Mean expanded-timescale cross-correlograms of TC
pairs and MC pairs. (J) Spike-time CPSD spectrograms averaged across all MC pairs (left) and TC pairs (right), rescaled to theta frequencies. (K) TC pairs
exhibited greater spike-time CPSD averaged throughout the photostimulation protocol and across 2-12 Hz than MC pairs (Wilcoxon rank-sum test:
p=1.1x107).

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Multiglomerular activation at different theta frequencies evokes qualitatively similar patterns of periodic spike-time synchrony.

gamma- and theta-frequency oscillations (Buonviso et al., 2006; Schaefer and Margrie, 2007, Mori
et al., 2013, Zhong et al., 2017, Tort et al., 2018; Heck et al., 2019; Losacco et al., 2020) is
conveyed to downstream olfactory cortical areas by synchronous TC firing. Moreover, while we did
not systematically examine photostimulation across other theta frequencies associated with rodent
olfaction, in a subset of TC pairs we confirmed that 2 Hz and 8 Hz photostimulation evoked qualita-
tively similar patterns of periodic spike-time synchrony as 5 Hz photostimulation (Figure 5—figure
supplement 1), suggesting that the observed cell-type differences in spike-time synchrony generalize
across different olfactory sampling strategies.

Greater synchronization of TC than MC firing is not driven by more
synchronous synaptic inhibition among TCs than MCs

Identifying the mechanisms supporting differential synchronization of TC and MC firing will be crit-
ical to understanding how fast network oscillations in the MOB contribute to sensory processing.
A leading theory of gamma-frequency synchrony in the MOB, supported by extensive biophysical
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modeling (Rall and Shepherd, 1968; Bathellier et al., 2006; Fourcaud-Trocmé et al., 2011; Pouille
et al., 2017), asserts that synchronous synaptic inhibition mediated by reciprocal MC-GC interactions
temporally gates MC activity, opening windows of opportunity for a subset of MCs to synchronously
fire across periodic gamma-frequency cycles (Eeckman and Freeman, 1990; Neville and Haberly,
2003; Shepherd et al., 2004; Schoppa, 2006; Rojas-Libano and Kay, 2008). By this theory, cell-
type differences in the synchronization of synaptic inhibition should parallel cell-type differences in
periodic spike-time synchrony. We therefore hypothesized that multiglomerular activation evokes (1)
greater synchronization of synaptic inhibition among TCs than MCs, and (2) dynamic synchronization
of synaptic inhibition among TCs across fast- and slow-gamma frequencies and stable synchronization
of synaptic inhibition among MCs across slow-gamma frequencies.

To test these hypotheses, we recorded outward inhibitory postsynaptic currents (IPSCs) in a new set
of TC pairs and MC pairs using the same optogenetic approach. Multiglomerular activation evoked a
prolonged barrage of inhibitory input to both MCs and TCs (Figure 6A, D, G and J, Figure 6—figure
supplement 1), with increases in IPSC rate and amplitude and a decrease in IPSC decay constant
(Figure 6—figure supplement 2). Though IPSC kinetics can influence fast network oscillations in the
MOB (Lagier et al., 2007, Lepousez and Lledo, 2013), no differences in IPSC rise-time or decay
constant were observed between cell types (Figure 6—figure supplement 2F and G). Evoked IPSC
rates were, however, higher in MCs than TCs (Figure 6—figure supplement 2D), consistent with
stronger lateral and feedforward inhibition among MCs than TCs (Christie et al., 2001; Geramita and
Urban, 2016; Geramita et al., 2016; Geramita and Urban, 2017). Importantly, however, the high
rates of evoked IPSCs observed in both cell types support the possibility that synaptic inhibition gates
both TC and MC firing to drive gamma-frequency spike-time synchrony.

Within the barrage of synaptic inhibition, many IPSCs were indeed synchronized in both MC pairs
and TC pairs (Figure 6A, D, G and J), and cross-correlograms of IPSC times revealed prominent
central peaks in both cell types (Figure 6B, E, H and K). Surprisingly, despite the marked differences
in spike-time synchrony, there was no cell-type difference in central peak heights of IPSC-time cross-
correlograms (Figure 6M). Multiglomerular activation thus does not evoke more synchronous inhibi-
tion among TCs than MCs.

While this finding does not support our first hypothesis, synchronous synaptic inhibition may
still drive greater synchronization of TC than MC firing in ways not readily apparent from the cross-
correlogram analysis. In particular, cell-type differences in the (1) relative rates or amplitudes of
synchronous vs. asynchronous IPSCs, (2) temporal distribution of IPSC synchrony throughout the
photostimulation protocol, or (3) precision of IPSC synchrony may all generate differences in spike-
time synchrony within the temporal gating framework. We therefore examined each possibility in turn.

Decomposition of inhibitory input into synchronous (|Atesc| < 1 ms) and asynchronous (|Atpsc| >
1 ms) IPSCs enabled comparison of their relative rates, amplitudes, and temporal distributions across
MCs and TCs (Figure 6—figure supplement 3A-H). In both cell types, synchronous IPSCs appeared
tonically throughout the photostimulation protocol at rates greater than that observed spontaneously,
but constituted the minority of IPSCs. Indeed, across all cells, the ratio of synchronous to asynchronous
IPSC rates increased upon photostimulation onset to a level consistently less than 1 (Figure 6—figure
supplement 3l and J). In contrast, photostimulation evoked synchronous IPSCs with amplitudes
comparable to or even larger than asynchronous IPSCs, yielding a constant ratio of synchronous to
asynchronous IPSC amplitudes slightly above 1 (Figure 6—figure supplement 3K and L). Critically,
however, neither the relative rate nor amplitude of synchronous to asynchronous IPSCs was greater
among TCs than MCs. Moreover, varying the time window within which evoked IPSCs were classified
as synchronous (wpsc), thus providing a measure of synchrony precision (Schoppa, 2006), yielded a
consistently larger fraction of synchronous IPSCs (F,,..,) among MCs than TCs (Figure 60). Our results
thus firmly establish that the greater synchronization of TC than MC firing does not emerge from more
synchronous synaptic inhibition among TCs than MCs, refuting our first hypothesis.

To evaluate whether distinct synchronization of synaptic inhibition across fast- and slow-gamma
frequencies parallels the distinct spectral patterns of synchrony among TC and MC firing, we applied
an identical CPSD analysis as above to the recorded IPSC times. While multiglomerular activation
indeed evoked a visible increase in IPSC-time synchrony across fast frequencies in both cell types
(Figure 6C, F, | and L), this increase was fundamentally distinct from the increase observed in spike-
time synchrony. In particular, periodic synchronization of IPSC times was weaker, spread across a
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Figure 6. Multiglomerular activation evokes weak synchronization of inhibitory postsynaptic current (IPSC) times across gamma frequencies among both
mitral cells (MCs) and tufted cells (TCs). (A) Example voltage-clamp recording of a heterotypic MC pair during photostimulation. Morphology (upper)
and representative trial (lower; blue rectangles: 10 ms light pulses of the 5 Hz photostimulation protocol; arrowheads: synchronous IPSCs, [Atjpsc| < 1 ms).
Inset scale bars: 100 pA. (B) Trial-averaged cross-correlogram of IPSC times recorded throughout the photostimulation protocol in the MC pair in (A)
(‘'expt.”) compared to the cross-correlogram of IPSC times simulated from rate-matched independent Poisson processes ('sim.’). (C) Trial-averaged IPSC-
time cross-power spectral density (CPSD) spectrogram from the MC pair in (A) following photostimulation onset at 0.0 s. Color is scaled by multiples of
the 95th percentile of 40-200 Hz CPSD values observed throughout the photostimulation protocol in all pairs (£ ). No ridge analysis was applied given
comparable levels of experimental and simulated IPSC-time CPSD across gamma frequencies (Figure 6—figure supplement 4). (D-L) Same as (A-C)
for a homotypic MC pair (D-F), a heterotypic mTC pair (G-I), and a heterotypic sTC-dTC pair (J-L). Scaling in (F, I ,L) is the same as in (C). (M) Mean

Figure 6 continued on next page
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IPSC-time cross-correlograms (following subtraction of simulated IPSC-time cross-correlograms) of TC pairs and MC pairs. Inset: cross-correlogram
peaks within [Atpesc| < 5 ms tended to be higher across MC than TC pairs (two-sample t-test: p=0.30, t; = 1.1). (N) IPSC-time CPSD spectrograms
averaged across all MC pairs (left) and TC pairs (right). (O) MCs exhibited a consistently greater fraction of IPSCs occurring synchronously ('F...;,") within
a specific time window ('wesc’) than TCs (two-way ANOVA, cell type x wips; significant main effect of cell type, p=1.7 x 107, F, 4, = 31.9; significant main
effect of wipse, p=5.9 x 10, Fy 4, = 208.9; no significant interaction, p=0.50, Fsg, = 0.87).

The online version of this article includes the following figure supplement(s) for figure é:

Figure supplement 1. Multiglomerular activation evokes a tonic increase in inhibitory postsynaptic current (IPSC) rates among both mitral cells (MCs)

and tufted cells (TCs).

Figure supplement 2. Spontaneous and evoked inhibitory postsynaptic current (IPSC) properties are similar among mitral cells (MCs) and tufted cells

(TCs).

Figure supplement 3. Mitral cells (MCs) and tufted cells (TCs) exhibit comparable proportions of evoked synchronous to asynchronous inhibitory
postsynaptic current (IPSC) rates and amplitudes.

Figure supplement 4. Mitral cell (MC) pairs and tufted cell (TC) pairs do not exhibit greater gamma-frequency inhibitory postsynaptic current (IPSC)-
time synchrony than IPSC times simulated from rate-matched independent Poisson processes.

Figure supplement 5. Tufted cells (TCs) do not exhibit greater gamma-frequency inhibitory postsynaptic current (IPSC)-time synchrony.

Figure supplement 6. Inhibitory postsynaptic current (IPSC)-time synchrony does not correlate with within-pair intersomatic distance.

Figure supplement 7. Tufted cell (TC) inhibitory postsynaptic current (IPSC)-time synchrony does not correlate with within-pair intersomatic differences
in external plexiform layer (EPL) depth.

Figure supplement 8. Gamma-frequency synchronization of inhibitory currents is weak among both mitral cells (MCs) and tufted cells (TCs).

broader frequency range, and less concentrated into distinct epochs than periodic spike-time
synchrony. CPSD analysis of simulated IPSC times generated from independent Poisson processes
(Figure 6—figure supplement 1) in fact revealed that the modest increase in periodic synchronization
of IPSC times in both cell types could be attributed entirely to an increase in chance levels of synchrony
with increasing IPSC rates (Figure 6—figure supplement 4). Both time-dependent (Figure 6N) and
time-independent CPSD analyses (Figure 6—figure supplement 5) across all pairs supported this
conclusion, with modestly higher IPSC-time periodic synchrony among MCs than TCs paralleling the
modestly higher evoked IPSC rates among MCs than TCs. These results were further unrelated to any
cell-type differences in the proportion of homotypic-to-heterotypic pairs (chi-squared test: p=0.073,
x 2= 3.2) or intersomatic position (Figure 6—figure supplement 6, Figure 6—figure supplement 7).
Cell-type differences in gamma-frequency synchronization of synaptic inhibition thus do not account
for the dynamic synchronization of TC firing across fast- and slow-gamma frequencies and the more
stable synchronization of MC firing at slow-gamma frequencies, refuting our second hypothesis.

As a caveat, the above analyses rely on accurate IPSC detection, which can be difficult during
barrages of input. However, equivalent cross-correlogram and CPSD analyses of the raw inhibitory
currents recorded throughout the photostimulation protocol likewise failed to reveal more synchro-
nous inhibition among TCs than MCs (Figure 6—figure supplement 8).

In summary, our results thus show that differences in synaptic inhibition among TCs and MCs do not
underlie the cell-type differences in gamma-frequency spike-time synchrony. Together with the lack
of gamma-frequency synchrony in excitatory inputs (Figure 2—figure supplement 1F), the minimal
gamma-frequency synchrony in inhibitory inputs stands in stark contrast to the precise gamma-
frequency synchronization of synaptic excitation and inhibition observed during fast network oscilla-
tions driven by temporal gating elsewhere in the brain (e.g., Whittington et al., 1995; Fisahn et al.,
1998; Hasenstaub et al., 2005; Atallah and Scanziani, 2009). Consequently, while synaptic inhibition
remains a necessary component of fast network oscillations in the MOB, some other cellular or circuit
feature must account for the profound differences observed in periodic synchronization of TC and MC
firing, motivating consideration of alternative mechanisms of gamma-frequency synchrony.

Greater oscillatory behavior among resonant TCs than MCs supports
dense gamma-frequency spike-time synchrony

Previously, we used step-current injections overlaid with simulated synaptic currents to demon-
strate that aperiodic synaptic input can shift or ‘reset’ the phase of roughly periodically-firing MCs
to produce fast-timescale, dense periodic spike-time synchrony (Galan et al., 2006). Whether such
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a phase-resetting mechanism contributes to sensory-evoked fast network oscillations in the MOB
remains untested, but provides an attractive alternative mechanism whereby cell-type differences in
firing periodicity (i.e., oscillatory behavior) and/or phase-resetting properties may act on comparable
synaptic input to produce distinct patterns of periodic spike-time synchrony. In accordance with a
phase-resetting mechanism, we therefore hypothesized that (1) oscillatory behavior among individual
cells correlates with spike-time synchrony within pairs, with TCs exhibiting greater gamma-frequency
firing periodicity than MCs; and (2) periodic spike-time synchrony is dense, with firing synchronized
across consecutive fast- and slow-gamma-frequency cycles among TCs.

To analyze oscillatory behavior, we returned to our original dataset and first examined spike-time
auto-power spectral density (APSD; i.e., the power spectrum of the auto-correlogram; Figure 7A-D).
Both MCs and TCs exhibited more periodic gamma-frequency firing than rate-matched Poisson
processes (Figure 7—figure supplement 1), with cell-type differences in APSD spectrograms closely
matching the cell-type differences in CPSD spectrograms among pairs. Specifically, TCs exhibited
highly periodic firing across both fast- and slow-gamma frequencies, while MCs exhibited less peri-
odic firing across predominantly slow-gamma frequencies (Figure 7F). Indeed, maximal ridge detec-
tion using a threshold (1) equal to the 95th percentile of 40-200 Hz APSD values across all cells
confirmed that 85% of TCs exhibited >1 APSD ridge compared to only 44% of MCs (Figure 7E), with
epochs of robust periodic firing among TCs extending across higher frequencies and APSD levels than
MCs (Figure 7G-l, Figure 7—figure supplement 2A). Examination of spike-time APSD averaged
throughout the photostimulation protocol and independent of ridge detection directly reinforced
these findings (Figure 7—figure supplement 2B and C). Greater TC than MC oscillatory behavior
further persisted throughout the average photostimulation cycle (Figure 7—figure supplement 3).

As a complementary analysis of oscillatory behavior, we also calculated CV2 (i.e., the normalized
variance across consecutive interspike intervals [ISIs]) (Holt et al., 1996). Within each photostimula-
tion cycle, MCs frequently exhibited widely distributed CV2, consistent with broad ISI distributions
and modest periodicity. In contrast, TCs exhibited narrower ISI distributions and CV2 clustered near
0 (Figure 7—figure supplement 2D-G). Indeed, across all cells, median CV2 was significantly lower
among TCs than MCs (Figure 7—figure supplement 2H). Thus, despite the more phasic firing pattern
of TCs than MCs, TC firing remained more periodic from moment to moment than MC firing. Together
with the above spectral analysis, these results confirm that TCs exhibit greater gamma-frequency
firing periodicity than MCs, consistent with our first hypothesis.

To evaluate whether such oscillatory behavior indeed promotes spike-time synchrony in the MOB,
we first classified pairs in which both cells exhibited >1 APSD ridge as periodic, and the remaining pairs
as aperiodic. Strikingly, epochs of robust periodic spike-time synchrony, manifest in spike-time CPSD
ridges, were almost exclusively detected among periodic pairs, independent of cell type (Figure 7J).
Spike-time synchrony independent of periodicity, as measured by cross-correlogram central peaks,
was likewise markedly greater among periodic than aperiodic pairs (Figure 7K). On a per-pair basis,
spike-time cross-correlogram central peaks further directly correlated with spike-time APSD averaged
throughout the photostimulation protocol in both MCs and TCs considered together or separately
(Figure 7L-N). Oscillatory behavior thus promotes spike-time synchrony in the MOB, with TCs exhib-
iting greater gamma-frequency firing periodicity than MCs, confirming our first hypothesis.

Fast network oscillations in hippocampal and neocortical networks emerge from the sparse
synchronization of principal cells firing at irregular rates well below gamma frequencies (Wang, 2010).
In contrast to these regions, the instantaneous firing rates of MCs and TCs specifically during epochs
of robust periodic synchrony (i.e., spike-time CPSD ridges) instead closely matched instantaneous
CPSD ridge frequencies (Figure 8A-E), with deviations largely limited to abrupt transitions in firing
rate (e.g., immediately following photostimulation) that exceeded the finite resolution of our spectral
analysis. Indeed, across all cells, the mean correspondence between instantaneous firing rate and the
frequency of periodic spike-time synchrony approached unity in both cell types (Figure 8F), with TC
firing extending into faster frequencies than MC firing to match the fast-gamma-frequency synchrony
widely observed among TCs (Figure 8G). Such close correspondence between firing rate and peri-
odic synchrony — indicative of spike-time synchrony across multiple consecutive oscillatory cycles and
particularly evident among TCs (Figure 1G and J) — directly agrees with dense spike-time synchrony
arising from the phase-resetting of periodically firing neurons. Further supporting this conclusion,
relative firing rate differences, which can attenuate phase-resetting-mediated synchronization (Burton
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Figure 7. Greater oscillatory behavior among tufted cells (TCs) than mitral cells (MCs) promotes gamma-frequency spike-time synchrony. (A) Trial-
averaged spike-time auto-power spectral density (APSD) spectrogram from the MCs in Figure 1A. Continuous epochs (AHz/ms < 150) of high APSD
reflecting robust periodic firing are defined as ridges and demarcated with white circles. Color is scaled by multiples of the ridge threshold (). (B-D)
Same as (A) for the MCs and TCs in Figure 1D, G and J. (E) More TCs than MCs exhibited spike-time APSD ridges (chi-squared test: p=8.3 x 107,
x?=15.5). (F) Spike-time APSD spectrograms averaged across all TCs (upper) and MCs (lower). (G) Spike-time APSD spectrograms averaged across

Figure 7 continued on next page
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Figure 7 continued

all TCs (upper) and MCs (lower) exhibiting APSD ridges. (H, I) Cumulative distributions of frequencies (H) and APSD (I) across all spike-time APSD
ridges. TCs exhibited faster (H) (two-sample Kolmogorov-Smirnov test: p=2.9 x 10) and more precise (N) (two-sample Kolmogorov-Smirnov test:
p=2.5 x 10”) gamma-frequency periodic firing than MCs. Shading denotes 95% confidence intervals. (J) Periodically firing pairs (comprised of cells
with >1 APSD ridge) were substantially more likely to exhibit periodic spike-time synchrony (i.e., > 1 spike-time cross-power spectral density [CPSD]
ridge) than aperiodically firing pairs (chi-squared test: p=5.4 x 107, x? = 25.1). (K) Spike-time cross-correlogram peaks within |At..| < 5 ms were higher
among periodically firing than aperiodically firing pairs (Wilcoxon rank-sum test: p=7.0 x 107). (L-N) Periodicity in firing (i.e., spike-time APSD averaged
across 40-150 Hz and throughout the photostimulation protocol), averaged across cells of each pair, positively correlated with spike-time synchrony
independent of periodicity (i.e., spike-time cross-correlogram central peak heights) among all MC pairs and TC pairs combined (L) (linear regression,
slope significantly different from 0: p=6.4 x 107, t,, = 5.9; R? = 0.47), among MC pairs alone (M) (linear regression, slope significantly different from

0: p=0.040, t;, = 2.3; R? = 0.27), and among TC pairs alone (N) (linear regression, slope significantly different from 0: p=1.7 x 107, t,, = 4.5; R? = 0.45).
Shading denotes 95% confidence interval.

The online version of this article includes the following figure supplement(s) for figure 7:

Figure supplement 1. Mitral cells (MCs) and tufted cells (TCs) exhibit greater gamma-frequency spike-time periodicity than spike times simulated from
rate-matched independent Poisson processes.

Figure supplement 2. Tufted cells (TCs) exhibit greater oscillatory behavior than mitral cells (MCs) on both a per-cell basis and independent of ridge-
based or spectral analyses.

Figure supplement 3. Greater periodicity of tufted cell (TC) than mitral cell (MC) firing persists throughout the average 5 Hz photostimulation cycle.

et al., 2012, Zhou et al., 2013), were both lower within TC than MC pairs and, independent of
cell type, negatively correlated with cross-correlogram and CPSD measures of spike-time synchrony
(Figure 8—figure supplement 1).

That TCs exhibit greater oscillatory behavior than MCs despite comparable synaptic input
following multiglomerular activation suggests that the intrinsic biophysical properties of TCs yield
greater tendency toward oscillatory behavior (i.e., resonance) than the biophysical properties of
MCs. Therefore, to begin to trace the cell-type differences in periodic spike-time synchrony to poten-
tial biophysical sources, in our final set of analyses we examined subthreshold oscillations (STOs)
- a manifestation of intrinsic resonance (Hutcheon and Yarom, 2000) — among MCs and TCs. As
our cell-attached recordings did not permit isolation of STOs, we instead re-examined a previously
collected in vitro dataset of MC and TC step-current responses in the presence of synaptic antag-
onists (Burton and Urban, 2014). Within this dataset, some MCs fired one-to-a-few spike clusters
interspersed with multiple putative STOs per step-current injection, with putative STOs generating
local maxima within continuous Morlet wavelet transform spectrograms of subthreshold membrane
potentials (Figure 9A-C). Other MCs, in contrast, exhibited adapting firing patterns with few putative
STOs evident and spectrograms dominated by residual low-frequency components of interpolated
spikes (Figure 9F-H). To quantitatively assess resonance across cells, STOs were isolated via iterative
semi-automated ridge detection and post-hoc visual confirmation (see Materials and methods), as
performed elsewhere (Fourcaud-Trocmé et al., 2018). Confirming our visual inspection, a natural
division in MCs emerged from this analysis, with half of MCs exhibiting multiple STOs per step current
and the other half exhibiting few or no STOs per step current. Operationalizing this division, we classi-
fied cells as resonant if they exhibited >10 STO events in total, corresponding to the 10 step currents
assayed (50-500 pA, in steps of 50 pA; one trial per step).

As previously noted (Burton and Urban, 2014), TCs were more likely to respond to depolarization
with clusters of periodic high-frequency spikes than MCs. Inspection of the subthreshold epochs inter-
posing those clusters revealed numerous STOs per TC response (Figure 9K, L, P and Q). Applying
our operational metric, 92% of TCs proved resonant compared to only 50% of MCs (Figure 9U).
Subthreshold resonance is thus more widespread among TCs than MCs.

To assess how subthreshold resonance translates into oscillatory behavior, we examined the
relationship between spikes and immediately preceding STOs (separated by <2 STO periods),
using ridge maxima (Figure 9C, M and R) and least squares estimate-sinusoid fits (Figure 9B, L
and Q) to extract STO period and phase, respectively. Among resonant TCs and MCs, nearly all
cells exhibited robust phase-locking of spike times to the preceding STO (Figure 9V). MC spikes
consistently occurred at phases just prior to the STO peak (Figure 9D), matching previous findings
(Desmaisons et al., 1999). TC spike times exhibited identical phase-locking (Figure 9N and S),
with no difference in mean spike phase observed between cell types (Figure 9V). Following the
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Figure 8. Mitral cell (MC) pairs and tufted cell (TC) pairs exhibit gamma-frequency spike-time synchrony specifically when firing at gamma frequencies.
(A) Instantaneous firing rate of the MCs in Figure 1A plotted against the simultaneous frequency of periodic spike-time synchrony during each spike-
time cross-power spectral density (CPSD) ridge. Dashed line: unity. Solid line: mean firing rate to CPSD ridge frequency ratio. (B-D) Same as (A) for the
MCs and TCs in Figure 1D, G and J. (E) Instantaneous firing rate plotted against the simultaneous frequency of periodic spike-time synchrony across

all MCs (left) and TCs (right). Darker coloring denotes overlapping data points. Solid lines: mean firing rate to CPSD ridge frequency ratio, averaged
across cells. (F) Instantaneous firing rates relative to the simultaneous frequency of periodic spike-time synchrony were comparable among MCs and TCs
(Wilcoxon rank-sum test: p=0.89) and approached unity in both cells, consistent with synchronization of periodic firing across the majority of spikes fired
during an epoch. (G) Cumulative distribution of instantaneous TC and MC firing rates recorded during spike-time CPSD ridges. TCs exhibiting gamma-
frequency spike-time synchrony fired at higher rates than MCs exhibiting gamma-frequency spike-time synchrony (two-sample Kolmogorov—Smirnov

test: p=0).

The online version of this article includes the following figure supplement(s) for figure 8:

Figure supplement 1. Firing rate differences attenuate periodic spike-time synchrony.

initial post-STO spike, however, TC firing persisted at instantaneous rates closely matching STO
frequencies (Figure 9L, O, Q and T), while MC firing was visibly outpaced by the preceding STO

(Figure 9B and E), a difference particularly evident at the population level (Figure 9W). Indeed,

across all resonant cells, TCs exhibited a 1:1 relationship between firing rate and STO frequency

while MCs exhibited a 1:2 relationship (Figure 9W). Subthreshold resonance is thus not only more

widespread among TCs than MCs, but it also more faithfully entrains TC than MC firing. Critically,

these results not only implicate specific conductances involved in STO generation with the greater

oscillatory behavior among TCs than MCs (see Discussion), but additionally identify synchronization

of STOs as a possible mechanism sustaining dense gamma-frequency spike-time synchrony across
gaps in TC firing (e.g., Figure 1G and J).
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Figure 9. Intrinsic resonance is more widespread and better entrains firing among tufted cells (TCs) than mitral cells (MCs). (A, B) Example recording
of a resonant MC. Reconstructed morphology (A) and representative response to depolarizing step current injection (B) (light trace: original membrane
potential; dark trace: subthreshold membrane potential; gray line: least squares estimate-sinusoid fit to subthreshold oscillation [STO]). (C) Spectrogram
showing continuous Morlet wavelet transform (CWT) of subthreshold membrane potential from the MC response in (B). CWT ridges are confirmed as

Figure 9 continued on next page
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STOs following post-hoc visual inspection of the underlying membrane potential and demarcated with white circles. Colored circles: ridge maxima,
defining frequency of confirmed STO. (D) Post-STO spike phases for the MC in (A), showing a non-uniform distribution at phases just prior to the STO
peak (Rayleigh's test: pgy = 2.0 x 107). Dark-colored bars: spike phases from the example response in (B). Arrow: median spike phase. (E) Instantaneous
firing rates were consistently slower than the preceding STO frequency in the MC in (A). Dashed line: unity. Solid line: mean firing rate to STO frequency
ratio. Filled symbols: STOs detected in the example response in (B). (F=J) Same as (A-E) for a non-resonant MC. (K-O) Same as (A-E) for a resonant
mTC. Post-STO spike phases were non-uniformly distributed at phases just prior to the STO peak (N) (Rayleigh’s test: pgy = 1.0 x 107¢). (P-T) Same as
(A-E) for a second resonant mTC. Post-STO spike phases were non-uniformly distributed at phases just prior to the STO peak (S) (Rayleigh's test: pgy =
3.2 x 107). (U) More TCs than MCs were resonant (chi-squared test: p=0.029, x ? = 4.8). (V) Post-STO spikes were significantly phase-locked (i.e., non-
uniformly distributed) among comparable proportions of resonant MCs and TCs (chi-squared test: p=0.54, x? = 0.37), encompassing the vast majority
of resonant cells. Inset: resonant MCs and TCs with phase-locked firing exhibited comparable median spike phases (Watson-Williams test: p=0.87). (W)
Instantaneous firing rate vs. preceding STO frequency across all resonant MCs (left) and TCs (right). Solid lines: mean firing rate to STO frequency ratio,
averaged across cells. Inset: TCs exhibited closer entrainment of firing rate to preceding STO frequency than MCs (two-sample t-test: p=0.020, t,, = 2.6).

Discussion

Identifying the mechanisms underlying gamma-frequency oscillations in the MOB will be key to
understanding how fast network oscillations contribute to olfactory coding and behavior. Here, we
uncovered profound cell-type differences in gamma-frequency spike-time synchrony among principal
MCs and TCs. Specifically, multiglomerular activation evoked more widespread and precise periodic
synchronization of TC than MC firing that persisted throughout the theta-frequency sensory-input
cycle. TC synchrony further frequently extended across fast-gamma frequencies with a sweeping
deceleration toward slow-gamma frequencies — directly mirroring MOB LFP recordings in vivo — while
MC synchrony was concentrated in slow-gamma frequencies. Mechanistically, greater synchronization
arose among cells with convergent rather than divergent apical dendrites but occurred independent
of intraglomerular lateral excitation, which was selectively absent among TCs. Surprisingly, cell-type
differences in periodic spike-time synchrony could likewise not be traced to any discernable differ-
ence in the synchronization of synaptic inhibition, in contrast with temporal gating mechanisms of fast
network oscillations elsewhere in the brain. Instead, greater TC than MC spike-time synchrony directly
paralleled the greater resonant oscillatory behavior among TCs than MCs and emerged in patterns
consistent with a densely synchronous network oscillation. Collectively, our results thus argue that
synchronization of periodically firing TCs, likely mediated by a phase-resetting mechanism, strongly
contributes to fast network oscillations in the MOB.

Fast- and slow-gamma-frequency synchrony in the MOB

For decades, the MOB has served as a prominent model circuit for investigating fast network oscilla-
tions (Rojas-Libano and Kay, 2008). Sensory-evoked gamma-frequency oscillations in particular are
generated intrinsically within the MOB (Gray and Skinner, 1988; Neville and Haberly, 2003; Martin
et al., 2004; Martin et al., 2006) and have been extensively studied in vitro by electrically stimulating
OSNs in acute MOB slices. However, while fast- and slow-gamma-frequency oscillations have been
widely observed in MOB LFP recordings in vivo (Kay, 2003; Lepousez and Lledo, 2013; Manabe and
Mori, 2013; Frederick et al., 2016; Zhuang et al., 2019), MC synchrony and network oscillations
recorded in vitro have been exclusively confined to slow-gamma frequencies (and lower), with peak
periodicity observed at <30 Hz (Friedman and Strowbridge, 2003), ~40-50 Hz (Lagier et al., 2004;
Schoppa, 2006; Gire and Schoppa, 2008; Pandipati et al., 2010, Pandipati and Schoppa, 2012,
Pouille et al., 2017), and ~55-65 Hz (Bathellier et al., 2006; Lagier et al., 2007). Without exception,
however, recordings in each of these in vitro studies specifically targeted MCs or the MC layer, and
spectral analyses were frequently averaged over a broad post-stimulation window, often excluding
the initial ~30-100 ms to avoid stimulus artifacts. By targeting our recordings to both principal cell
types, employing an optogenetic protocol with negligible stimulus artifacts, and performing comple-
mentary static and dynamic spectral analyses, we discovered robust periodic spike-time synchrony in
acute slices demonstrably matching the frequency, dynamics, and even theta-frequency coupling of
fast- and slow-gamma-frequency oscillations in vivo. Beyond identifying spike-time synchrony among
TCs as a major component of gamma-frequency oscillations in the MOB, our results thus also reaffirm
the outstanding facility of the acute slice preparation for mechanistic investigations of fast network
oscillations in the MOB.
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Differential spike-time synchrony among TCs and MCs, the two types of excitatory projection
neurons in the MOB, will critically influence how information is transmitted to downstream brain
regions. Exploring the impact that TC synchrony in particular has on synaptic communication with two
major downstream targets — anterior piriform cortex and olfactory tubercle, regions with prominent
roles in olfactory consciousness and hedonic processing (Wesson and Wilson, 2011, Mori et al.,
2013) - stands as a promising direction for future research, especially given that the cross-frequency
coupling of fast-gamma-frequency TC synchrony to theta-frequency sensory input cycles effectively
recapitulates classic theta-burst protocols for inducing robust long-term potentiation (Colgin, 2015).

Fast- and slow-gamma-frequency oscillations in the MOB share features with fast- and slow-gamma-
frequency oscillations elsewhere in the brain, suggesting potential similarity in broad functional princi-
ples, if not precise mechanisms. In particular, similar to the nesting of fast- and slow-gamma-frequency
oscillations within theta-frequency sensory-input cycles in the MOB (Lepousez and Lledo, 2013;
Manabe and Mori, 2013; Zhuang et al., 2019), hippocampal CA1 exhibits prominent cross-frequency
coupling of fast- and slow-gamma-frequency oscillations to an underlying theta-frequency oscillation
critical in mnemonic processing (Buzsaki and Wang, 2012; Colgin, 2015). In CA1, however, fast- and
slow-gamma-frequency synchronization of principal cells is driven extrinsically by shifting communi-
cation between medial entorhinal cortex and hippocampal CA3, respectively (Colgin et al., 2009),
while our results in the MOB instead point toward differential synchronization of complementary cell
types receiving common inputs. These differences notwithstanding, leading hypotheses respectively
associate fast- vs. slow-gamma-frequency oscillations in CA1 with the encoding of current spatial
information vs. spatial memory retrieval (Colgin, 2015), functions provocatively similar to burgeoning
evidence respectively linking TC vs. MC activity to the encoding of current olfactory surroundings vs.
learned olfactory context (Burton et al., 2020). This potential functional correspondence between
fast- and slow-gamma-frequency oscillations of the MOB and hippocampus, while speculative,
warrants further investigation.

Mechanisms and functions of intraglomerular enhancement of spike-

time synchrony

Previous investigation of sensory-evoked spike-time synchrony between pairs of MOB principal cells
has focused exclusively on heterotypic MCs (Kashiwadani et al., 1999; Schoppa, 2006). Whether
convergence of apical dendrites within the same glomerulus — engaging shared intraglomerular
circuits and sensory input — enhances or attenuates sensory-evoked spike-time synchrony was thus
previously unknown. Here, we have confirmed that multiglomerular activation evokes greater periodic
spike-time synchrony among homotypic than heterotypic principal cells, a result with several critical
implications for sensory processing in the MOB. In particular, greater synchronization of homotypic
than heterotypic pairs suggests that periodic spike-time synchrony may be more important to faithfully
communicating the activation of a specific odorant receptor than in binding disparate elements of a
sensory input into a single percept. Moreover, the likely short vs. long synaptic integration windows of
EPL-interneuron vs. GC populations in the MOB suggests that more vs. less synchronous firing among
homotypic vs. heterotypic principal cells, respectively, engages interneuronal circuits with distinct
computational roles (Burton, 2017). Finally, developmental sensory experience may dramatically alter
fast network oscillations in the MOB by specifically increasing the number of homotypic principal
cells linked to the activated glomerulus (Liu et al., 2016), outlining a novel mechanism of experience-
dependent temporal coding plasticity.

Further investigation is necessary to determine which intraglomerular circuit(s) promote gamma-
frequency spike-time synchrony among homotypic principal cells. Complementary lines of evidence
have established that lateral excitation and not electrical coupling synchronizes the irregular 0-10 Hz
firing of homotypic MCs driven by step-current injection or bath NMDA application. In particular,
AMPAR antagonists (but not NMDAR or GABAR antagonists) abolish spike-time synchrony without
impacting electrical coupling (Schoppa and Westbrook, 2002). Moreover, lateral excitation ampli-
tudes and asymmetry correlate with the strength and timing of spike-time synchrony (Schoppa
and Westbrook, 2002) but do not correlate with the strength of electrical coupling (Pimentel and
Margrie, 2008). However, both the limited precision of such aperiodic spike-time synchrony (-10
to +10 ms spike-lag) and prolonged kinetics of lateral excitation (12-23 ms EPSP half-width) (Schoppa
and Westbrook, 2002; Christie et al., 2005) are not obviously compatible with the rapid timescale
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of gamma-frequency synchrony. Likewise, inhibition and not excitation typically drives synchronization
of periodically firing neurons (Van Vreeswijk et al., 1994; Wang, 2010), though this depends on the
specific phase-resetting properties of neurons, which remain unknown for dendritic MC input. Finally,
as we now demonstrate, homotypic TCs exhibit robust gamma-frequency spike-time synchrony
without lateral excitation. This surprising result not only points toward principal cell electrical coupling
as a more likely factor underpinning fast network oscillations in the MOB, consistent with results of
connexin36 knockout (Pouille et al., 2017), but further reinforces the critical importance that subcel-
lular positioning of gap junctions and presynaptic specializations has on neural communication within
the glomerulus (Bourne and Schoppa, 2017).

How synchronization of TC firing influences the activity of MCs linked to the same glomerulus,
or even whether multiglomerular activation can synchronize MC firing to TC firing, likewise remain
open questions of outstanding interest. TCs can laterally excite MCs linked to the same glomer-
ulus (Pimentel and Margrie, 2008; Najac et al., 2011), which not only underscores the surprising
absence of lateral excitation between homotypic TCs, but also suggests that homotypic TC-MC pairs
may parallel homotypic MC pairs in exhibiting synchronous irregular firing but more limited gamma-
frequency synchrony. Consistent with this prediction, spontaneous firing within homotypic TC-MC
pairs exhibits less precise spike-time synchrony than spontaneous firing within homotypic TC pairs
(Ma and Lowe, 2010).

Biophysical sources of intrinsic resonance and oscillatory behavior
among MCs and TCs

Consistent with the contribution of phase-resetting to fast network oscillations in the MOB, intrinsic
resonance supporting STOs has previously been observed in MCs both in vitro (Chen and Shepherd,
1997; Desmaisons et al., 1999; Friedman and Strowbridge, 2000, Balu et al., 2004; Lagier et al.,
2004) and in vivo (Debarbieux et al., 2003; Fourcaud-Trocmé et al., 2018), can regulate MC spike
timing and firing rate (Desmaisons et al., 1999) and phase-lock MC membrane potentials to gamma-
frequency LFP oscillations (Lagier et al., 2004; Fourcaud-Trocmé et al., 2018), and supports gamma-
frequency synchronization of MC firing in multiple biophysical models (Brea et al., 2009, David et al.,
2009; Li and Cleland, 2013; David et al., 2015; Li and Cleland, 2017). Here, we now demonstrate
that intrinsic resonance supporting STOs is both more widespread among TCs and more faithfully
entrains TC than MC firing to gamma frequencies.

Similar to several other cell types with mixed-mode bursting or ‘stuttering’ firing patterns (Wang,
1993, Gutfreund et al., 1995; Hutcheon and Yarom, 2000), STOs in MCs emerge from the interplay
between slow potassium currents, which confer both mixed-mode bursting and resonance (i.e., the
amplification of select input frequencies), and a persistent sodium current, which amplifies resonance
into detectable oscillations (Desmaisons et al., 1999; Balu et al., 2004; Bathellier et al., 2006;
Rubin and Cleland, 2006). The greater propensity of TCs than MCs to exhibit mixed-mode bursting
(Burton and Urban, 2014) and STOs suggests that TCs express homogenously high levels of slow
potassium currents compared to more heterogenous expression among MCs (Padmanabhan and
Urban, 2014). Functionally, such currents promote reliable encoding of theta-frequency-patterned
inputs (Balu et al., 2004), and indeed, we observed higher levels of theta-frequency synchrony among
TC than MC firing. Slow potassium currents and intrinsic resonance among TCs may thus be critically
involved in communicating multiplexed theta- and gamma-frequency signals to downstream regions.
Differential expression of slow potassium currents likely also influences the phase-resetting properties
of TCs vs. MCs, identifying a key area for future investigation. Likewise, changes in resonance and/or
phase-resetting properties by modulation of potassium currents (Stiefel and Ermentrout, 2016) may
constitute a mechanism complementary to modulation of lateral inhibitory circuits (Pandipati et al.,
2010; Li and Cleland, 2013, Li et al., 2015) for altering fast network oscillations in the MOB across
behavioral states.

Sparse vs. dense gamma-frequency synchronization of MOB principal
cells

Lateral inhibitory circuits are critically involved in synchronizing principal cell firing to generate gamma-
frequency oscillations in the MOB (Lagier et al., 2004; Bathellier et al., 2006; Lagier et al., 2007,
Lepousez and Lledo, 2013; Fukunaga et al., 2014), though the precise mechanism driving synchrony
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remains contested. Temporal gating of MC activity by synchronous GC-mediated inhibition, paral-
leling sparsely synchronous network oscillations elsewhere in the brain (Wang, 2010; Buzsaki and
Wang, 2012), is ostensibly well-supported by the purported intermittent synchronization of MC firing
across a sparse fraction of gamma-frequency cycles (Bathellier et al., 2006, Rojas-Libano and Kay,
2008; Brea et al., 2009, Wang, 2010). However, our results instead show sustained synchronization
of periodically firing principal cells — especially TCs — across timeframes consistent with several consec-
utive gamma-frequency cycles. This evidence of dense synchrony, together with a broader failure of
our data to reveal clear temporal gating, motivates reassessment of how well sparsely synchronous
neocortical and hippocampal regimes generalize to the MOB.

Examples documenting sparse synchrony in the MOB reveal phase-locked firing of individual MCs
within approximately half (Bathellier et al., 2006) to two-thirds (Kashiwadani et al., 1999) of gamma-
frequency cycles. While indeed evincing synchronization of individual MCs on only a subset of oscil-
latory cycles, this level of synchronization is unequivocally distinct from the Poisson-like phase-locked
firing of principal cells within only ~5% of gamma-frequency cycles in neocortex and hippocampus
(Wang, 2010). MC firing at net rates slower than gamma frequencies both in vitro (Bathellier et al.,
2006) and in vivo (Cang and Isaacson, 2003) has further been taken as indirect evidence of sparse
synchrony in the MOB (Bathellier et al., 2006; Brea et al., 2009). However, instantaneous firing rates
within spike clusters — particularly within the timeframe of theta-frequency-nested gamma-frequency
oscillations, rather than averaged broadly across seconds following sensory input — do register within
gamma frequencies. Indeed, consistent with our in vitro results, TCs and MCs in vivo exhibit highly
periodic sensory-evoked firing specifically at fast- and slow-gamma frequencies, respectively (Margrie
and Schaefer, 2003; Fukunaga et al., 2014). Moreover, extracellularly recorded MOB units exhibiting
strong sensory-evoked firing at the transition of inhalation-to-exhalation - likely encompassing TCs
and strongly activated MCs (Fukunaga et al., 2012) - phase-lock to gamma-frequency oscillations in
the LFP primarily when firing at gamma frequencies (Cenier et al., 2009), with a prevailing 1:1 spike-
to-oscillatory cycle relationship (David et al., 2009).

The preponderance of data, including our current results, thus most parsimoniously aligns with a
densely synchronous regime in which gamma-frequency oscillations emerge from the synchronization
of periodically firing resonant neural oscillators. Indeed, periodic optogenetic activation of MOB prin-
cipal cells (oredominantly MCs - see Arenkiel et al., 2007; Lepousez and Lledo, 2013) at rates span-
ning 25-90 Hz evokes a peak in MOB gamma-frequency oscillations in vivo specifically when principal
cells fire at ~40-60 Hz (Lepousez and Lledo, 2013) - results in direct agreement with dense synchro-
nization of resonant neural oscillators and orthogonal to equivalent periodic activation of neocortical
principal cells (Cardin et al., 2009). Such dense synchrony amid fast network oscillations in the MOB
has critical implications for how information is propagated across synapses with frequency-dependent
plasticity (Oswald and Urban, 2012), another key direction for future research.

While our results provide no indication of a temporal gating mechanism underlying neural synchrony
in the MOB, phase-resetting and temporal gating mechanisms are not inherently incompatible (Li and
Cleland, 2017). Indeed, the reciprocal dendrodendritic architecture of many inhibitory circuits in the
MOB will necessarily promote more synchronous and powerful lateral inhibition among synchronously
rather than asynchronously firing principal cells (Marella and Ermentrout, 2010), suggesting a poten-
tial avenue by which synchronous inhibition increasingly gates principal cell firing across time, particu-
larly across slower frequencies (David et al., 2015). A critical consideration, however, is that temporal
gating mediated specifically by GCs implies phase-locking of GC firing to gamma-frequency oscilla-
tions (Wang, 2010), which is not observed (Lagier et al., 2004) and cannot intuitively be supplanted
by highly localized and asynchronous subthreshold release (Burton, 2017). The MOB is host to an
array of other interneurons capable of mediating differential inhibition among TCs and MCs, however
(Banerjee et al., 2015; Burton et al., 2017, Geramita and Urban, 2017; Liu et al., 2019), motivating
further investigation into how other cell types contribute to fast network oscillations in the MOB.

Materials and methods

Animals
All experiments were completed in compliance with the guidelines established by the Institutional
Animal Care and Use Committee of the University of Pittsburgh (protocol #18103723). Optogenetic
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experiments used gene-targeted OMP-ChR2:EYFP mice (Omp stock number
014173, The Jackson Laboratory; RRID:IMSR_JAX:014173), in which the endogenous olfactory marker
protein (OMP) gene is replaced with the H134R variant of channelrhodopsin-2 fused to enhanced
yellow fluorescent protein (ChR2:EYFP), driving ChR2:EYFP expression in all mature OSNs (Smear
et al., 2011). OMP-ChR2:EYFP mice were maintained on a C57BL/6J-albino background and used as
heterozygotes to minimize OSN signaling deficits, as previously described (Burton and Urban, 2015).
Mice were socially housed and maintained on a 12 hr light/dark cycle.

Slice preparation

Postnatal day 20-28 mice (n = 25) of both sexes were anesthetized with isoflurane and decapitated
into ice-cold oxygenated dissection solution containing the following (in mM): 125 NaCl, 25 glucose,
2.5 KCl, 25 NaHCO;, 1.25 NaH,PO,, 3 MgSO,, and 1 CaCl,. Brains were isolated and acute horizontal
slices (310 um thick) were prepared using a vibratome (5000mz-2, Campden Instruments Ltd.; or
VT1200S, Leica Biosystems). Slices recovered for 30 min in ~37°C oxygenated Ringer’s solution that
was identical to the dissection solution except with lower Mg?* concentrations (1 mM MgSO,) and
higher Ca*" concentrations (2 mM CaCl,). Slices were then stored at room temperature until recording.

Electrophysiology

Slices were continuously superfused with warmed oxygenated Ringer's solution (temperature
measured in bath: 30-32°C). Cells were visualized using infrared differential interference contrast
video microscopy. Recordings were targeted to the medial MOB, where the MCL reliably appeared
as a uniformly compact cell layer, facilitating the differentiation of cell types. MCs and TCs were
differentially targeted based on laminar position of somata within the MCL and EPL, respectively,
and confirmed through post-hoc visualization of Neurobiotin labeling, as previously described
(Burton and Urban, 2014). In particular, MCs were differentiated from deep TCs if >50% of their
cell body resided within the MCL. Recovered morphologies are displayed with images collected at
a single plane, with long lateral dendrites extending out of focus. Homotypic and heterotypic pairs
were differentiated by assessment of spontaneous long-lasting depolarization synchrony in current-
and voltage-clamp recordings (Carlson et al., 2000) as well as post-hoc Neurobiotin visualization.
No difference existed between recording age of MCs (25.2 = 2.3 days) and TCs (24.6 + 2.5 days)
(Wilcoxon rank-sum test, p=0.24). Cell-attached and current-clamp recordings were made using
electrodes (7.7 = 1.4 MQ) filled with the following (in mM): 135 K-gluconate, 1.8 KCl, 9 HEPES, 10
Na-phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP, 0.2 EGTA, and 0.025 Alexa Fluor 594 hydrazide (Thermo
Fisher Scientific), along with 0.2% Neurobiotin (Vector Labs). In optogenetic experiments, spike
timing was recorded in cell-attached mode when possible to both minimize potential disruption of
endogenous cellular physiology and to facilitate comparison of results to previous in vivo single-unit
recordings (e.g., Kashiwadani et al., 1999). In a subset of pairs (n = 8 TC pairs, n = 6 MC pairs), one
or both cells spontaneously entered whole-cell mode, and spike timing was consequently recorded
in current-clamp mode. Following each cell-attached recording, whole-cell access was obtained to
verify stable resting membrane potentials (TC: -57.1 + 4.0 mV [n = 52]; MC: -51.9 + 2.3 mV [n = 32])
matching previously observed values (https://neuroelectro.org/neuron/131/ and https://neuroelectro.
org/neuron/129/; Tripathy et al., 2014; Tripathy et al., 2015; RRID:SCR_006274). In a subset of pairs,
voltage-clamp recordings of photostimulation-evoked excitatory currents were additionally obtained
at a holding potential of =60 mV (i.e., near the reversal potential of IPSCs), while unitary lateral exci-
tation was examined in current-clamp recordings at resting membrane potential. Voltage-clamp
recordings of IPSCs were obtained at a holding potential of +10 mV (i.e., near the reversal potential
of excitatory postsynaptic currents) using electrodes (8.4 = 1.3 MQ) filled with the following (in mM):
123 Cs-gluconate, 3.8 K-gluconate, 1.8 KCI, 9 HEPES, 10 Na-phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP,
4.4 QX-314, 4.4 BAPTA, and 0.025 AF594, along with 0.2% Neurobiotin. This approach to recording
IPSCs, while precluding a direct within-pair comparison of synaptic inhibition to spike timing (due to
electrode solution differences), provided the greatest resolution of IPSCs while avoiding contami-
nating excitatory postsynaptic currents. Such consideration is particularly relevant in TC recordings,
where excitatory input frequently appears as both long-lasting depolarizing currents as well as more
phasic postsynaptic currents with kinetics indistinguishable from IPSCs (data not shown), reflecting
the prominent monosynaptic input from OSNs to TCs (Gire et al., 2012; Burton and Urban, 2014,
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Geramita and Urban, 2017, Jones et al., 2020). BAPTA was included in the electrode solution to
minimize the contribution of depolarization-evoked recurrent inhibition to voltage-clamp recordings
of IPSCs (Isaacson and Strowbridge, 1998). For optogenetic stimulation, slices were illuminated by
a 75 W xenon arc lamp passed through a YFP filter set and 60x water-immersion objective centered
on the glomerular layer superficial to the recorded pair, with all field-stops fully open. Light power
density exiting the objective was 1.2 mW/mm?. The photostimulation protocol consisted of five 10 ms
light pulses delivered with an inter-pulse interval of 200 ms (i.e., 5 Hz), except where noted. Electro-
physiological data were low-pass filtered at 4 kHz and digitized at 10 kHz using a MultiClamp 700B
amplifier (Molecular Devices) and an ITC-18 acquisition board (Instrutech) controlled by custom soft-
ware written in IGOR Pro (WaveMetrics).

Data analysis

No differences in patterns of spike timing or synaptic input were observed between sex, and data
were therefore pooled across male and female mice. Given the lack of available data on TC synchrony
and potential cell-type differences, no a priori power analyses were performed to determine target
sample sizes. Experiments were instead designed to encompass a comparable number of pairs as
several previous studies of spike-timing computation and coincident inhibition among MOB prin-
cipal cells (e.g., Schoppa and Westbrook, 2001; Schoppa and Westbrook, 2002, Schoppa, 2006;
Arevian et al., 2008; Giridhar et al., 2011; Schmidt and Strowbridge, 2014; Arnson and Strow-
bridge, 2017).

All rates were calculated sequentially between events as the inverse of the inter-event interval,
except where noted. Spike times were detected in cell-attached recordings using cell-specific current
thresholds of 18-100 pA and in current-clamp recordings using a voltage-derivative threshold of
20 mV/ms, with post-hoc visual confirmation of accurate spike detection in all trials. For analyses of
spike- and IPSC-time synchrony, event times were first extracted from recordings and then convolved
with a Gaussian kernel (1 ms standard deviation) to account for slight differences in thresholds (for
spike-time analysis) and event detection across cells. Trains of convolved event times were then mean-
subtracted. Spectral and cross-spectral densities were calculated using Welch’s method (100 ms
Hamming window, 95% window overlap). For each pair tested, spike-time synchrony and firing peri-
odicity were analyzed across 10.9 + 3.5 trials; excitatory currents were analyzed across 6.1 + 1.9 trials;
trials with spontaneous bursts of spikes or long-lasting depolarizations immediately preceding photo-
stimulation onset were excluded from analysis. Latency to excitatory input following photostimulation
onset was calculated as the first time at which mean baseline-subtracted currents deviated below 2
standard deviations of the baseline current preceding photostimulation.

IPSCs were detected using a standard template-matching function in Axograph (Clements and
Bekkers, 1997). Given the high IPSC rate and consequent frequent temporal summation observed, a
relatively abridged template was applied, with 4.0 ms total duration, 1.0 ms baseline, 0.4 ms rise time
constant, 3.0 ms decay time constant, and 0.5 ms minimum event separation. IPSCs were detected
with a threshold amplitude of 2.5x the standard deviation of the baseline noise. 20-80% rise times
were calculated for each detected IPSC. Decay constants could not be accurately estimated for a
large fraction of IPSCs due to the high IPSC rate; therefore, decay constants were estimated by single-
exponential fits to the median waveform across all spontaneous or evoked IPSCs recorded in each
cell. For each pair, synaptic inhibition was analyzed across 18.0 + 6.9 trials.

To test for unitary lateral excitation, short step currents evoking a single spike were sequentially
injected into each cell of a pair across 40.7 + 25.7 trials. For each direction, postsynaptic recordings
were aligned to the presynaptic spike time using an upsampled 1 MHz sampling rate and absolute
spike threshold of -40 mV to facilitate precise spike-time detection. Postsynaptic response amplitudes
were then calculated as the maximum depolarization in the mean baseline-subtracted membrane
potential within 15 ms of the presynaptic spike time. Electrical coupling coefficients were calculated
as the ratio of postsynaptic-to-presynaptic membrane potential change (averaged across 55.4 + 32.3
trials) following a 200-900 pA hyperpolarizing step-current injection to the presynaptic cell.

Subthreshold intrinsic resonance was analyzed in a previously collected in vitro dataset of
TCs (n = 12; age: 16.3 + 0.8 days) and MCs (n = 10; age: 16.4 + 1.3 days) (Burton and Urban,
2014). STOs were detected using iterative semi-automated ridge detection applied to continuous
Morlet wavelet transforms of subthreshold membrane potentials (isolated by linearly interpolating
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voltages across spikes), similar to recent in vivo investigation of STOs (Fourcaud-Trocmé et al.,
2018). Specifically, ridge detection was initialized for each subthreshold response across a broad
frequency range (10-150 Hz), using a relaxed ridge threshold to capture all possible continuous
STOs (AHz/ms <30). For each candidate STO, frequency was defined by the corresponding ridge
maximum, and duration was defined by the continuous length of the detected ridge (surrounding
the maximum) over which the instantaneous frequency deviated <20% from the ridge maximum
frequency, ensuring regularity in candidate STO frequency. Candidate STOs < 2 periods in duration
were rejected. For each remaining candidate STO, a sinusoid with matching duration was then
generated with amplitude equal to the membrane potential standard deviation, offset equal to
the membrane potential mean, frequency equal to the ridge maximum, and phase determined by
minimizing the sum of the squared error between sinusoid and membrane potential. The candidate
STO and least squares estimate-sinusoid fit were then visually inspected, and either rejected (e.g.,
due to irregular membrane potential fluctuations) or confirmed as an STO. This process was then
iterated for the same subthreshold response by progressively refining frequency bounds to identify
and visually compare all possible STOs, using both the continuous wavelet transform spectrogram
and subthreshold membrane potential as guidance, with a maximum of one STO confirmed per
temporal epoch.

For each statistical test, data normality was first determined by the Shapiro-Wilk test, and non-
parametric tests applied where appropriate. For visual comparison of normally distributed data,
all individual data points are displayed in addition to sample mean and standard errors. For visual
comparison of non-normally distributed data, data are displayed as standard boxplots, with data
points denoting sample outliers. For statistical tests performed across multiple individual cells or
pairs, p-values were corrected for multiple comparisons using the Benjamini-Hochberg procedure
to control the false discovery rate and reported as pgy. Values in text are reported as mean * stan-
dard deviation. Line plots with shading denote mean * standard error, except where noted. Single,
double, and triple asterisks in figures denote statistical significance at p<0.05, p<0.01, and p<0.001
levels, respectively.

Acknowledgements

This work was supported by the National Institute on Deafness and Other Communication Disorders
grant ROTDC016560 (NNU). We thank Greg LaRocca for excellent technical assistance and members
of the Urban, Cheetham, and Ermentrout laboratories for helpful discussion.

Additional information

Funding
Funder Grant reference number Author
National Institute on RO1DC016560 Nathaniel N Urban

Deafness and Other
Communication Disorders

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions
Shawn D Burton, Designed experiments, performed experiments, analyzed data, wrote the paper;
Nathaniel N Urban, Designed experiments, analyzed data, wrote the paper

Author ORCIDs
Shawn D Burton (@ http://orcid.org/0000-0002-8907-6487
Nathaniel N Urban (@ http://orcid.org/0000-0002-0365-9068

Ethics
All experiments were completed in compliance with the guidelines established by the Institutional
Animal Care and Use Committee of the University of Pittsburgh (protocol #18103723).

Burton and Urban. eLife 2021;10:e74213. DOI: https://doi.org/10.7554/eLife.74213 24 of 29


https://doi.org/10.7554/eLife.74213
http://orcid.org/0000-0002-8907-6487
http://orcid.org/0000-0002-0365-9068

e Llfe Research article

Neuroscience

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.74213.sa
Author response https://doi.org/10.7554/elife.74213.sa2

Additional files

Supplementary files
¢ Transparent reporting form

e Source data 1. Spreadsheet of source data for all figures.

Data availability
All data generated or analyzed during this study are included in the manuscript and supporting files.
Source data files have been provided for all figures.

References

Arenkiel BR, Peca J, Davison IG, Feliciano C, Deisseroth K, Augustine GJ, Ehlers MD, Feng G. 2007. In vivo
light-induced activation of neural circuitry in transgenic mice expressing channelrhodopsin-2. Neuron 54:
205-218. DOI: https://doi.org/10.1016/j.neuron.2007.03.005, PMID: 17442243

Arevian AC, Kapoor V, Urban NN. 2008. Activity-dependent gating of lateral inhibition in the mouse olfactory
bulb. Nature Neuroscience 11: 80-87. DOI: https://doi.org/10.1038/nn2030, PMID: 18084286

Arnson HA, Strowbridge BW. 2017. Spatial Structure of Synchronized Inhibition in the Olfactory Bulb. The
Journal of Neuroscience 37: 10468-10480. DOI: https://doi.org/10.1523/JNEUROSCI.1004-17.2017, PMID:
28947574

Atallah BV, Scanziani M. 2009. Instantaneous modulation of gamma oscillation frequency by balancing excitation
with inhibition. Neuron 62: 566-577. DOI: https://doi.org/10.1016/j.neuron.2009.04.027, PMID: 19477157

Balu R, Larimer P, Strowbridge BW. 2004. Phasic stimuli evoke precisely timed spikes in intermittently discharging
mitral cells. Journal of Neurophysiology 92: 743-753. DOI: https://doi.org/10.1152/jn.00016.2004, PMID:
15277594

Banerjee A, Marbach F, Anselmi F, Koh MS, Davis MB, Garcia da Silva P, Delevich K, Oyibo HK, Gupta P, Li B,
Albeanu DF. 2015. An Interglomerular Circuit Gates Glomerular Output and Implements Gain Control in the
Mouse Olfactory Bulb. Neuron 87: 193-207. DOI: https://doi.org/10.1016/j.neuron.2015.06.019, PMID:
26139373

Bathellier B, Lagier S, Faure P, Lledo PM. 2006. Circuit properties generating gamma oscillations in a network
model of the olfactory bulb. Journal of Neurophysiology 95: 2678-2691. DOI: https://doi.org/10.1152/jn.
01141.2005, PMID: 16381804

Bourne JN, Schoppa NE. 2017. Three-dimensional synaptic analyses of mitral cell and external tufted cell
dendrites in rat olfactory bulb glomeruli. The Journal of Comparative Neurology 525: 592-609. DOI: https://
doi.org/10.1002/cne.24089, PMID: 27490056

Brea JN, Kay LM, Kopell NJ. 2009. Biophysical model for gamma rhythms in the olfactory bulb via subthreshold
oscillations. PNAS 106: 21954-21959. DOI: https://doi.org/10.1073/pnas.0910964106, PMID: 19996171

Buonviso N, Amat C, Litaudon P. 2006. Respiratory modulation of olfactory neurons in the rodent brain.
Chemical Senses 31: 145-154. DOI: https://doi.org/10.1093/chemse/bjj010, PMID: 16339270

Burton SD, Ermentrout GB, Urban NN. 2012. Intrinsic heterogeneity in oscillatory dynamics limits correlation-
induced neural synchronization. Journal of Neurophysiology 108: 2115-2133. DOI: https://doi.org/10.1152/jn.
00362.2012, PMID: 22815400

Burton SD, Urban NN. 2014. Greater excitability and firing irregularity of tufted cells underlies distinct afferent-
evoked activity of olfactory bulb mitral and tufted cells. The Journal of Physiology 592: 2097-2118. DOI:
https://doi.org/10.1113/jphysiol.2013.269886, PMID: 24614745

Burton SD, Urban NN. 2015. Rapid Feedforward Inhibition and Asynchronous Excitation Regulate Granule Cell
Activity in the Mammalian Main Olfactory Bulb. The Journal of Neuroscience 35: 14103-14122. DOI: https://
doi.org/10.1523/JNEUROSCI.0746-15.2015, PMID: 26490853

Burton S.D. 2017. Inhibitory circuits of the mammalian main olfactory bulb. Journal of Neurophysiology 118:
2034-2051. DOI: https://doi.org/10.1152/jn.00109.2017, PMID: 28724776

Burton SD, LaRocca G, Liu A, Cheetham CEJ, Urban NN. 2017. Olfactory Bulb Deep Short-Axon Cells Mediate
Widespread Inhibition of Tufted Cell Apical Dendrites. The Journal of Neuroscience 37: 1117-1138. DOI:
https://doi.org/10.1523/JNEUROSCI.2880-16.2016, PMID: 28003347

Burton SD, Lepousez G, Lledo PM, Wachowiak M. 2020. Neural circuits of the mammalian main olfactory bulb.
Rubenstein J, Rakic P, Chen B, Kwan KY (Eds). Neural Circuit and Cognitive Development. Second Edition.
Elsevier. p. 3-26. DOI: https://doi.org/10.1016/B978-0-12-814411-4.00001-9

Buzsaki G, Wang XJ. 2012. Mechanisms of gamma oscillations. Annual Review of Neuroscience 35: 203-225.
DOI: https://doi.org/10.1146/annurev-neuro-062111-150444, PMID: 22443509

Cang J, Isaacson JS. 2003. In vivo whole-cell recording of odor-evoked synaptic transmission in the rat olfactory
bulb. The Journal of Neuroscience 23: 4108-4116 PMID: 12764098.,

Burton and Urban. eLife 2021;10:e74213. DOI: https://doi.org/10.7554/eLife.74213 25 of 29


https://doi.org/10.7554/eLife.74213
https://doi.org/10.7554/eLife.74213.sa1
https://doi.org/10.7554/eLife.74213.sa2
https://doi.org/10.1016/j.neuron.2007.03.005
http://www.ncbi.nlm.nih.gov/pubmed/17442243
https://doi.org/10.1038/nn2030
http://www.ncbi.nlm.nih.gov/pubmed/18084286
https://doi.org/10.1523/JNEUROSCI.1004-17.2017
http://www.ncbi.nlm.nih.gov/pubmed/28947574
https://doi.org/10.1016/j.neuron.2009.04.027
http://www.ncbi.nlm.nih.gov/pubmed/19477157
https://doi.org/10.1152/jn.00016.2004
http://www.ncbi.nlm.nih.gov/pubmed/15277594
https://doi.org/10.1016/j.neuron.2015.06.019
http://www.ncbi.nlm.nih.gov/pubmed/26139373
https://doi.org/10.1152/jn.01141.2005
https://doi.org/10.1152/jn.01141.2005
http://www.ncbi.nlm.nih.gov/pubmed/16381804
https://doi.org/10.1002/cne.24089
https://doi.org/10.1002/cne.24089
http://www.ncbi.nlm.nih.gov/pubmed/27490056
https://doi.org/10.1073/pnas.0910964106
http://www.ncbi.nlm.nih.gov/pubmed/19996171
https://doi.org/10.1093/chemse/bjj010
http://www.ncbi.nlm.nih.gov/pubmed/16339270
https://doi.org/10.1152/jn.00362.2012
https://doi.org/10.1152/jn.00362.2012
http://www.ncbi.nlm.nih.gov/pubmed/22815400
https://doi.org/10.1113/jphysiol.2013.269886
http://www.ncbi.nlm.nih.gov/pubmed/24614745
https://doi.org/10.1523/JNEUROSCI.0746-15.2015
https://doi.org/10.1523/JNEUROSCI.0746-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26490853
https://doi.org/10.1152/jn.00109.2017
http://www.ncbi.nlm.nih.gov/pubmed/28724776
https://doi.org/10.1523/JNEUROSCI.2880-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/28003347
https://doi.org/10.1016/B978-0-12-814411-4.00001-9
https://doi.org/10.1146/annurev-neuro-062111-150444
http://www.ncbi.nlm.nih.gov/pubmed/22443509
http://www.ncbi.nlm.nih.gov/pubmed/12764098

e Llfe Research article

Neuroscience

Cardin JA, Carlén M, Meletis K, Knoblich U, Zhang F, Deisseroth K, Tsai LH, Moore Cl. 2009. Driving fast-spiking
cells induces gamma rhythm and controls sensory responses. Nature 459: 663-667. DOI: https://doi.org/10.
1038/nature08002, PMID: 19396156

Carey RM, Verhagen JV, Wesson DW, Pirez N, Wachowiak M. 2009. Temporal structure of receptor neuron input
to the olfactory bulb imaged in behaving rats. Journal of Neurophysiology 101: 1073-1088. DOI: https://doi.
org/10.1152/jn.90902.2008, PMID: 19091924

Carlson GC, Shipley MT, Keller A. 2000. Long-lasting depolarizations in mitral cells of the rat olfactory bulb. The
Journal of Neuroscience 20: 2011-2021 PMID: 10684902.,

Cenier T, David F, Litaudon P, Garcia S, Amat C, Buonviso N. 2009. Respiration-gated formation of gamma and
beta neural assemblies in the mammalian olfactory bulb. The European Journal of Neuroscience 29: 921-930.
DOI: https://doi.org/10.1111/j.1460-9568.2009.06651.x, PMID: 19291223

Chen WR, Shepherd GM. 1997. Membrane and synaptic properties of mitral cells in slices of rat olfactory bulb.
Brain Research 745: 189-196. DOI: https://doi.org/10.1016/s0006-8993(96)01150-x, PMID: 9037409

Christie JM, Schoppa NE, Westbrook GL. 2001. Tufted cell dendrodendritic inhibition in the olfactory bulb is
dependent on NMDA receptor activity. Journal of Neurophysiology 85: 169-173. DOI: https://doi.org/10.
1152/jn.2001.85.1.169, PMID: 11152717

Christie JM, Bark C, Hormuzdi SG, Helbig |, Monyer H, Westbrook GL. 2005. Connexin36 mediates spike
synchrony in olfactory bulb glomeruli. Neuron 46: 761-772. DOI: https://doi.org/10.1016/j.neuron.2005.04.
030, PMID: 15924862

Clements JD, Bekkers JM. 1997. Detection of spontaneous synaptic events with an optimally scaled template.
Biophysical Journal 73: 220-229. DOI: https://doi.org/10.1016/S0006-3495(97)78062-7, PMID: 9199786

Colgin LL, Denninger T, Fyhn M, Hafting T, Bonnevie T, Jensen O, Moser MB, Moser El. 2009. Frequency of
gamma oscillations routes flow of information in the hippocampus. Nature 462: 353-357. DOI: https://doi.org/
10.1038/nature08573, PMID: 19924214

Colgin LL. 2015. Do slow and fast gamma rhythms correspond to distinct functional states in the hippocampal
network? Brain Research 1621: 309-315. DOI: https://doi.org/10.1016/j.brainres.2015.01.005, PMID:
25591484

David FO, Hugues E, Cenier T, Fourcaud-Trocmé N, Buonviso N. 2009. Specific entrainment of mitral cells during
gamma oscillation in the rat olfactory bulb. PLOS Computational Biology 5: e1000551. DOI: https://doi.org/10.
1371/journal.pcbi.1000551, PMID: 19876377

David F, Schmiedt JT, Taylor HL, Orban G, Di Giovanni G, Uebele VN, Renger JJ, Lambert RC, Leresche N,
Crunelli V. 2013. Essential thalamic contribution to slow waves of natural sleep. The Journal of Neuroscience
33: 19599-19610. DOI: https://doi.org/10.1523/JNEUROSCI.3169-13.2013, PMID: 24336724

David F, Courtiol E, Buonviso N, Fourcaud-Trocmé N. 2015. Competing Mechanisms of Gamma and Beta
Oscillations in the Olfactory Bulb Based on Multimodal Inhibition of Mitral Cells Over a Respiratory Cycle.
eNeuro 2: ENEURO.0018-15.2015. DOI: https://doi.org/10.1523/ENEURO.0018-15.2015, PMID: 26665163

Debarbieux F, Audinat E, Charpak S. 2003. Action potential propagation in dendrites of rat mitral cells in vivo.
The Journal of Neuroscience 23: 5553-5560 PMID: 12843256.,

Desmaisons D, Vincent JD, Lledo PM. 1999. Control of action potential timing by intrinsic subthreshold
oscillations in olfactory bulb output neurons. The Journal of Neuroscience 19: 10727-10737. DOI: https://doi.
org/10.1523/JNEUROSCI.19-24-10727.1999, PMID: 10594056

Eeckman FH, Freeman WJ. 1990. Correlations between unit firing and EEG in the rat olfactory system. Brain
Research 528: 238-244. DOI: https://doi.org/10.1016/0006-8993(90)91663-2, PMID: 2271924

Egger V, Urban NN. 2006. Dynamic connectivity in the mitral cell-granule cell microcircuit. Seminars in Cell &
Developmental Biology 17: 424-432. DOI: https://doi.org/10.1016/j.semcdb.2006.04.006, PMID: 16889994

Fisahn A, Pike FG, Buhl EH, Paulsen O. 1998. Cholinergic induction of network oscillations at 40 Hz in the
hippocampus in vitro. Nature 394: 186-189. DOI: https://doi.org/10.1038/28179, PMID: 9671302

Fourcaud-Trocmé N, Courtiol E, Buonviso N, Voegtlin T. 2011. Stability of fast oscillations in the mammalian
olfactory bulb: experiments and modeling. Journal of Physiology, Paris 105: 59-70. DOI: https://doi.org/10.
1016/j.jphysparis.2011.07.009, PMID: 21843638

Fourcaud-Trocmé N, Briffaud V, Thévenet M, Buonviso N, Amat C. 2018. In vivo beta and gamma subthreshold
oscillations in rat mitral cells: origin and gating by respiratory dynamics. Journal of Neurophysiology 119:
274-289. DOI: https://doi.org/10.1152/jn.00053.2017, PMID: 29021388

Frederick DE, Brown A, Brim E, Mehta N, Vujovic M, Kay LM. 2016. Gamma and Beta Oscillations Define a
Sequence of Neurocognitive Modes Present in Odor Processing. The Journal of Neuroscience 36: 7750-7767.
DOI: https://doi.org/10.1523/JNEUROSCI.0569-16.2016, PMID: 27445151

Friedman D, Strowbridge BW. 2000. Functional role of NMDA autoreceptors in olfactory mitral cells. Journal of
Neurophysiology 84: 39-50. DOI: https://doi.org/10.1152/jn.2000.84.1.39, PMID: 10899181

Friedman D, Strowbridge BW. 2003. Both electrical and chemical synapses mediate fast network oscillations in
the olfactory bulb. Journal of Neurophysiology 89: 2601-2610. DOI: https://doi.org/10.1152/jn.00887.2002,
PMID: 12740407

Fukunaga I, Berning M, Kollo M, Schmaltz A, Schaefer AT. 2012. Two distinct channels of olfactory bulb output.
Neuron 75: 320-329. DOI: https://doi.org/10.1016/j.neuron.2012.05.017, PMID: 22841316

Fukunaga I, Herb JT, Kollo M, Boyden ES, Schaefer AT. 2014. Independent control of gamma and theta activity
by distinct interneuron networks in the olfactory bulb. Nature Neuroscience 17: 1208-1216. DOI: https://doi.
org/10.1038/nn.3760, PMID: 24997762

Burton and Urban. eLife 2021;10:e74213. DOI: https://doi.org/10.7554/eLife.74213 26 of 29


https://doi.org/10.7554/eLife.74213
https://doi.org/10.1038/nature08002
https://doi.org/10.1038/nature08002
http://www.ncbi.nlm.nih.gov/pubmed/19396156
https://doi.org/10.1152/jn.90902.2008
https://doi.org/10.1152/jn.90902.2008
http://www.ncbi.nlm.nih.gov/pubmed/19091924
http://www.ncbi.nlm.nih.gov/pubmed/10684902
https://doi.org/10.1111/j.1460-9568.2009.06651.x
http://www.ncbi.nlm.nih.gov/pubmed/19291223
https://doi.org/10.1016/s0006-8993(96)01150-x
http://www.ncbi.nlm.nih.gov/pubmed/9037409
https://doi.org/10.1152/jn.2001.85.1.169
https://doi.org/10.1152/jn.2001.85.1.169
http://www.ncbi.nlm.nih.gov/pubmed/11152717
https://doi.org/10.1016/j.neuron.2005.04.030
https://doi.org/10.1016/j.neuron.2005.04.030
http://www.ncbi.nlm.nih.gov/pubmed/15924862
https://doi.org/10.1016/S0006-3495(97)78062-7
http://www.ncbi.nlm.nih.gov/pubmed/9199786
https://doi.org/10.1038/nature08573
https://doi.org/10.1038/nature08573
http://www.ncbi.nlm.nih.gov/pubmed/19924214
https://doi.org/10.1016/j.brainres.2015.01.005
http://www.ncbi.nlm.nih.gov/pubmed/25591484
https://doi.org/10.1371/journal.pcbi.1000551
https://doi.org/10.1371/journal.pcbi.1000551
http://www.ncbi.nlm.nih.gov/pubmed/19876377
https://doi.org/10.1523/JNEUROSCI.3169-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24336724
https://doi.org/10.1523/ENEURO.0018-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26665163
http://www.ncbi.nlm.nih.gov/pubmed/12843256
https://doi.org/10.1523/JNEUROSCI.19-24-10727.1999
https://doi.org/10.1523/JNEUROSCI.19-24-10727.1999
http://www.ncbi.nlm.nih.gov/pubmed/10594056
https://doi.org/10.1016/0006-8993(90)91663-2
http://www.ncbi.nlm.nih.gov/pubmed/2271924
https://doi.org/10.1016/j.semcdb.2006.04.006
http://www.ncbi.nlm.nih.gov/pubmed/16889994
https://doi.org/10.1038/28179
http://www.ncbi.nlm.nih.gov/pubmed/9671302
https://doi.org/10.1016/j.jphysparis.2011.07.009
https://doi.org/10.1016/j.jphysparis.2011.07.009
http://www.ncbi.nlm.nih.gov/pubmed/21843638
https://doi.org/10.1152/jn.00053.2017
http://www.ncbi.nlm.nih.gov/pubmed/29021388
https://doi.org/10.1523/JNEUROSCI.0569-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27445151
https://doi.org/10.1152/jn.2000.84.1.39
http://www.ncbi.nlm.nih.gov/pubmed/10899181
https://doi.org/10.1152/jn.00887.2002
http://www.ncbi.nlm.nih.gov/pubmed/12740407
https://doi.org/10.1016/j.neuron.2012.05.017
http://www.ncbi.nlm.nih.gov/pubmed/22841316
https://doi.org/10.1038/nn.3760
https://doi.org/10.1038/nn.3760
http://www.ncbi.nlm.nih.gov/pubmed/24997762

ELlfe Research article

Neuroscience

Galan RF, Fourcaud-Trocmé N, Ermentrout GB, Urban NN. 2006. Correlation-induced synchronization of
oscillations in olfactory bulb neurons. The Journal of Neuroscience 26: 3646-3655. DOI: https://doi.org/10.
1523/JNEUROSCI.4605-05.2006, PMID: 16597718

Geramita MA, Burton SD, Urban NN. 2016. Distinct lateral inhibitory circuits drive parallel processing of sensory
information in the mammalian olfactory bulb. eLife 5: €16039. DOI: https://doi.org/10.7554/eLife. 16039, PMID:
27351103

Geramita M, Urban NN. 2016. Postnatal Odor Exposure Increases the Strength of Interglomerular Lateral
Inhibition onto Olfactory Bulb Tufted Cells. The Journal of Neuroscience 36: 12321-12327. DOI: https://doi.
org/10.1523/JNEUROSCI.1991-16.2016, PMID: 27927952

Geramita M, Urban NN. 2017. Differences in Glomerular-Layer-Mediated Feedforward Inhibition onto Mitral and
Tufted Cells Lead to Distinct Modes of Intensity Coding. The Journal of Neuroscience 37: 1428-1438. DOI:
https://doi.org/10.1523/JNEUROSCI.2245-16.2016, PMID: 28028200

Gire DH, Schoppa NE. 2008. Long-term enhancement of synchronized oscillations by adrenergic receptor
activation in the olfactory bulb. Journal of Neurophysiology 99: 2021-2025. DOI: https://doi.org/10.1152/jn.
01324.2007, PMID: 18256160

Gire DH, Franks KM, Zak JD, Tanaka KF, Whitesell JD, Mulligan AA, Hen R, Schoppa NE. 2012. Mitral cells in the
olfactory bulb are mainly excited through a multistep signaling path. The Journal of Neuroscience 32:
2964-2975. DOI: https://doi.org/10.1523/JNEUROSCI.5580-11.2012, PMID: 22378870

Giridhar S, Doiron B, Urban NN. 2011. Timescale-dependent shaping of correlation by olfactory bulb lateral
inhibition. PNAS 108: 5843-5848. DOI: https://doi.org/10.1073/pnas. 1015165108, PMID: 21436050

Gray CM, Skinner JE. 1988. Centrifugal regulation of neuronal activity in the olfactory bulb of the waking rabbit
as revealed by reversible cryogenic blockade. Experimental Brain Research 69: 378-386. DOI: https://doi.org/
10.1007/BF00247583, PMID: 3345814

Gutfreund Y, yarom Y, Segev |. 1995. Subthreshold oscillations and resonant frequency in guinea-pig cortical
neurons: physiology and modelling. The Journal of Physiology 483: 621-640. DOI: https://doi.org/10.1113/
jphysiol.1995.sp020611, PMID: 7776248

Hasenstaub A, Shu Y, Haider B, Kraushaar U, Duque A, McCormick DA. 2005. Inhibitory postsynaptic potentials
carry synchronized frequency information in active cortical networks. Neuron 47: 423-435. DOI: https://doi.
org/10.1016/j.neuron.2005.06.016, PMID: 16055065

Heck DH, Kozma R, Kay LM. 2019. The rhythm of memory: how breathing shapes memory function. Journal of
Neurophysiology 122: 563-571. DOI: https://doi.org/10.1152/jn.00200.2019, PMID: 31215344

Holt GR, Softky WR, Koch C, Douglas RJ. 1996. Comparison of discharge variability in vitro and in vivo in cat
visual cortex neurons. Journal of Neurophysiology 75: 1806-1814. DOI: https://doi.org/10.1152/jn.1996.75.5.
1806, PMID: 8734581

Hutcheon B, Yarom Y. 2000. Resonance, oscillation and the intrinsic frequency preferences of neurons. Trends in
Neurosciences 23: 216-222. DOI: https://doi.org/10.1016/s0166-2236(00)01547-2, PMID: 10782127

Igarashi KM, leki N, An M, Yamaguchi Y, Nagayama S, Kobayakawa K, Kobayakawa R, Tanifuji M, Sakano H,
Chen WR, Mori K. 2012. Parallel mitral and tufted cell pathways route distinct odor information to different
targets in the olfactory cortex. The Journal of Neuroscience 32: 7970-7985. DOI: https://doi.org/10.1523/
JNEUROSCI.0154-12.2012, PMID: 22674272

Isaacson JS, Strowbridge BW. 1998. Olfactory reciprocal synapses: dendritic signaling in the CNS. Neuron 20:
749-761. DOI: https://doi.org/10.1016/s0896-6273(00)81013-2, PMID: 9581766

Jones S, Zylberberg J, Schoppa N. 2020. Cellular and Synaptic Mechanisms That Differentiate Mitral Cells and
Superficial Tufted Cells Into Parallel Output Channels in the Olfactory Bulb. Frontiers in Cellular Neuroscience
14: 614377. DOI: https://doi.org/10.3389/fncel.2020.614377, PMID: 33414707

Kashiwadani H, Sasaki YF, Uchida N, Mori K. 1999. Synchronized oscillatory discharges of mitral/tufted cells with
different molecular receptive ranges in the rabbit olfactory bulb. Journal of Neurophysiology 82: 1786-1792.
DOI: https://doi.org/10.1152/jn.1999.82.4.1786, PMID: 10515968

Kay LM. 2003. Two species of gamma oscillations in the olfactory bulb: dependence on behavioral state and
synaptic interactions. Journal of Integrative Neuroscience 2: 31-44. DOI: https://doi.org/10.1142/
s0219635203000196, PMID: 15011275

Lagier S, Carleton A, Lledo PM. 2004. Interplay between local GABAergic interneurons and relay neurons
generates gamma oscillations in the rat olfactory bulb. The Journal of Neuroscience 24: 4382-4392. DOI:
https://doi.org/10.1523/JNEUROSCI.5570-03.2004, PMID: 15128852

Lagier S, Panzanelli P, Russo RE, Nissant A, Bathellier B, Sassoé-Pognetto M, Fritschy JM, Lledo PM. 2007.
GABAergic inhibition at dendrodendritic synapses tunes gamma oscillations in the olfactory bulb. PNAS 104:
7259-7264. DOI: https://doi.org/10.1073/pnas.0701846104, PMID: 17428916

Lepousez G, Lledo PM. 2013. Odor discrimination requires proper olfactory fast oscillations in awake mice.
Neuron 80: 1010-1024. DOI: https://doi.org/10.1016/j.neuron.2013.07.025, PMID: 24139818

Li G, Cleland TA. 2013. A two-layer biophysical model of cholinergic neuromodulation in olfactory bulb. The
Journal of Neuroscience 33: 3037-3058. DOI: https://doi.org/10.1523/JNEUROSCI.2831-12.2013, PMID:
23407960

Li G, Linster C, Cleland TA. 2015. Functional differentiation of cholinergic and noradrenergic modulation in a
biophysical model of olfactory bulb granule cells. Journal of Neurophysiology 114: 3177-3200. DOI: https://
doi.org/10.1152/jn.00324.2015, PMID: 26334007

Li G, Cleland TA. 2017. A coupled-oscillator model of olfactory bulb gamma oscillations. PLOS Computational
Biology 13: €1005760. DOI: https://doi.org/10.1371/journal.pcbi. 1005760, PMID: 29140973

Burton and Urban. eLife 2021;10:e74213. DOI: https://doi.org/10.7554/eLife.74213 27 of 29


https://doi.org/10.7554/eLife.74213
https://doi.org/10.1523/JNEUROSCI.4605-05.2006
https://doi.org/10.1523/JNEUROSCI.4605-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16597718
https://doi.org/10.7554/eLife.16039
http://www.ncbi.nlm.nih.gov/pubmed/27351103
https://doi.org/10.1523/JNEUROSCI.1991-16.2016
https://doi.org/10.1523/JNEUROSCI.1991-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27927952
https://doi.org/10.1523/JNEUROSCI.2245-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/28028200
https://doi.org/10.1152/jn.01324.2007
https://doi.org/10.1152/jn.01324.2007
http://www.ncbi.nlm.nih.gov/pubmed/18256160
https://doi.org/10.1523/JNEUROSCI.5580-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22378870
https://doi.org/10.1073/pnas.1015165108
http://www.ncbi.nlm.nih.gov/pubmed/21436050
https://doi.org/10.1007/BF00247583
https://doi.org/10.1007/BF00247583
http://www.ncbi.nlm.nih.gov/pubmed/3345814
https://doi.org/10.1113/jphysiol.1995.sp020611
https://doi.org/10.1113/jphysiol.1995.sp020611
http://www.ncbi.nlm.nih.gov/pubmed/7776248
https://doi.org/10.1016/j.neuron.2005.06.016
https://doi.org/10.1016/j.neuron.2005.06.016
http://www.ncbi.nlm.nih.gov/pubmed/16055065
https://doi.org/10.1152/jn.00200.2019
http://www.ncbi.nlm.nih.gov/pubmed/31215344
https://doi.org/10.1152/jn.1996.75.5.1806
https://doi.org/10.1152/jn.1996.75.5.1806
http://www.ncbi.nlm.nih.gov/pubmed/8734581
https://doi.org/10.1016/s0166-2236(00)01547-2
http://www.ncbi.nlm.nih.gov/pubmed/10782127
https://doi.org/10.1523/JNEUROSCI.0154-12.2012
https://doi.org/10.1523/JNEUROSCI.0154-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22674272
https://doi.org/10.1016/s0896-6273(00)81013-2
http://www.ncbi.nlm.nih.gov/pubmed/9581766
https://doi.org/10.3389/fncel.2020.614377
http://www.ncbi.nlm.nih.gov/pubmed/33414707
https://doi.org/10.1152/jn.1999.82.4.1786
http://www.ncbi.nlm.nih.gov/pubmed/10515968
https://doi.org/10.1142/s0219635203000196
https://doi.org/10.1142/s0219635203000196
http://www.ncbi.nlm.nih.gov/pubmed/15011275
https://doi.org/10.1523/JNEUROSCI.5570-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/15128852
https://doi.org/10.1073/pnas.0701846104
http://www.ncbi.nlm.nih.gov/pubmed/17428916
https://doi.org/10.1016/j.neuron.2013.07.025
http://www.ncbi.nlm.nih.gov/pubmed/24139818
https://doi.org/10.1523/JNEUROSCI.2831-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23407960
https://doi.org/10.1152/jn.00324.2015
https://doi.org/10.1152/jn.00324.2015
http://www.ncbi.nlm.nih.gov/pubmed/26334007
https://doi.org/10.1371/journal.pcbi.1005760
http://www.ncbi.nlm.nih.gov/pubmed/29140973

e Llfe Research article

Neuroscience

Liu A, Savya S, Urban NN. 2016. Early Odorant Exposure Increases the Number of Mitral and Tufted Cells
Associated with a Single Glomerulus. The Journal of Neuroscience 36: 11646-11653. DOI: https://doi.org/10.
1523/JNEUROSCI.0654-16.2016, PMID: 27852773

Liu G, Froudarakis E, Patel JM, Kochukov MY, Pekarek B, Hunt PJ, Patel M, Ung K, Fu C-H, Jo J, Lee H-K,

Tolias AS, Arenkiel BR. 2019. Target specific functions of EPL interneurons in olfactory circuits. Nature
Communications 10: 1-14. DOI: https://doi.org/10.1038/s41467-019-11354-y

Losacco J, Ramirez-Gordillo D, Gilmer J, Restrepo D. 2020. Learning improves decoding of odor identity with
phase-referenced oscillations in the olfactory bulb. eLife 9: €52583. DOI: https://doi.org/10.7554/elife.52583,
PMID: 31990271

Ma J, Lowe G. 2010. Correlated firing in tufted cells of mouse olfactory bulb. Neuroscience 169: 1715-1738.
DOI: https://doi.org/10.1016/j.neuroscience.2010.06.033, PMID: 20600657

Maher BJ, McGinley MJ, Westbrook GL. 2009. Experience-dependent maturation of the glomerular microcircuit.
PNAS 106: 16865-16870. DOI: https://doi.org/10.1073/pnas.0808946106, PMID: 19805387

Manabe H, Mori K. 2013. Sniff rhythm-paced fast and slow gamma-oscillations in the olfactory bulb: relation to
tufted and mitral cells and behavioral states. Journal of Neurophysiology 110: 1593-1599. DOI: https://doi.
org/10.1152/jn.00379.2013, PMID: 23864376

Marella S, Ermentrout B. 2010. Amplification of asynchronous inhibition-mediated synchronization by feedback
in recurrent networks. PLOS Computational Biology 6: e1000679. DOI: https://doi.org/10.1371/journal.pcbi.
1000679, PMID: 20174555

Margrie TW, Schaefer AT. 2003. Theta oscillation coupled spike latencies yield computational vigour in a
mammalian sensory system. The Journal of Physiology 546: 363-374. DOI: https://doi.org/10.1113/jphysiol.
2002.031245, PMID: 12527724

Martin C, Gervais R, Chabaud P, Messaoudi B, Ravel N. 2004. Learning-induced modulation of oscillatory
activities in the mammalian olfactory system: the role of the centrifugal fibres. Journal of Physiology, Paris 98:
467-478. DOI: https://doi.org/10.1016/j.jphysparis.2005.09.003, PMID: 16274975

Martin C, Gervais R, Messaoudi B, Ravel N. 2006. Learning-induced oscillatory activities correlated to odour
recognition: a network activity. The European Journal of Neuroscience 23: 1801-1810. DOI: https://doi.org/10.
1111/j.1460-9568.2006.04711.x, PMID: 16623837

Martin C, Ravel N. 2014. Beta and gamma oscillatory activities associated with olfactory memory tasks: different
rhythms for different functional networks? Frontiers in Behavioral Neuroscience 8: 218. DOI: https://doi.org/10.
3389/fnbeh.2014.00218, PMID: 25002840

Mori K, Takahashi YK, Igarashi KM, Yamaguchi M. 2006. Maps of odorant molecular features in the Mammalian
olfactory bulb. Physiological Reviews 86: 409-433. DOI: https://doi.org/10.1152/physrev.00021.2005, PMID:
16601265

Mori K, Manabe H, Narikiyo K, Onisawa N. 2013. Olfactory consciousness and gamma oscillation couplings
across the olfactory bulb, olfactory cortex, and orbitofrontal cortex. Frontiers in Psychology 4: 743. DOI:
https://doi.org/10.3389/fpsyg.2013.00743, PMID: 24137148

Nagayama S, Takahashi YK, Yoshihara Y, Mori K. 2004. Mitral and tufted cells differ in the decoding manner of
odor maps in the rat olfactory bulb. Journal of Neurophysiology 91: 2532-2540. DOI: https://doi.org/10.1152/
jn.01266.2003, PMID: 14960563

Nagayama S, Homma R, Imamura F. 2014. Neuronal organization of olfactory bulb circuits. Frontiers in Neural
Circuits 8: 98. DOI: https://doi.org/10.3389/fncir.2014.00098, PMID: 25232305

Najac M, De Saint Jan D, Reguero L, Grandes P, Charpak S. 2011. Monosynaptic and polysynaptic feed-forward
inputs to mitral cells from olfactory sensory neurons. The Journal of Neuroscience 31: 8722-8729. DOI: https://
doi.org/10.1523/JNEUROSCI.0527-11.2011, PMID: 21677156

Neville KR, Haberly LB. 2003. Beta and gamma oscillations in the olfactory system of the urethane-
anesthetized rat. Journal of Neurophysiology 90: 3921-3930. DOI: https://doi.org/10.1152/jn.00475.2003,
PMID: 12917385

Oswald AMM, Urban NN. 2012. Interactions between behaviorally relevant rhythms and synaptic plasticity alter
coding in the piriform cortex. The Journal of Neuroscience 32: 6092-6104. DOI: https://doi.org/10.1523/
JNEUROSCI.6285-11.2012, PMID: 22553016

Padmanabhan K, Urban NN. 2014. Disrupting information coding via block of 4-AP-sensitive potassium
channels. Journal of Neurophysiology 112: 1054-1066. DOI: https://doi.org/10.1152/jn.00823.2013, PMID:
24899672

Pandipati S, Gire DH, Schoppa NE. 2010. Adrenergic receptor-mediated disinhibition of mitral cells triggers
long-term enhancement of synchronized oscillations in the olfactory bulb. Journal of Neurophysiology 104:
665-674. DOI: https://doi.org/10.1152/jn.00328.2010, PMID: 20538781

Pandipati S, Schoppa NE. 2012. Age-dependent adrenergic actions in the main olfactory bulb that could
underlie an olfactory-sensitive period. Journal of Neurophysiology 108: 1999-2007. DOI: https://doi.org/10.
1152/jn.00322.2012, PMID: 22815401

Phillips ME, Sachdev RNS, Willhite DC, Shepherd GM. 2012. Respiration drives network activity and modulates
synaptic and circuit processing of lateral inhibition in the olfactory bulb. The Journal of Neuroscience 32:
85-98. DOI: https://doi.org/10.1523/JNEUROSCI.4278-11.2012, PMID: 22219272

Pimentel DO, Margrie TW. 2008. Glutamatergic transmission and plasticity between olfactory bulb mitral cells.
The Journal of Physiology 586: 2107-2119. DOI: https://doi.org/10.1113/jphysiol.2007.149575, PMID:
18276730

Burton and Urban. eLife 2021;10:e74213. DOI: https://doi.org/10.7554/eLife.74213 28 of 29


https://doi.org/10.7554/eLife.74213
https://doi.org/10.1523/JNEUROSCI.0654-16.2016
https://doi.org/10.1523/JNEUROSCI.0654-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27852773
https://doi.org/10.1038/s41467-019-11354-y
https://doi.org/10.7554/eLife.52583
http://www.ncbi.nlm.nih.gov/pubmed/31990271
https://doi.org/10.1016/j.neuroscience.2010.06.033
http://www.ncbi.nlm.nih.gov/pubmed/20600657
https://doi.org/10.1073/pnas.0808946106
http://www.ncbi.nlm.nih.gov/pubmed/19805387
https://doi.org/10.1152/jn.00379.2013
https://doi.org/10.1152/jn.00379.2013
http://www.ncbi.nlm.nih.gov/pubmed/23864376
https://doi.org/10.1371/journal.pcbi.1000679
https://doi.org/10.1371/journal.pcbi.1000679
http://www.ncbi.nlm.nih.gov/pubmed/20174555
https://doi.org/10.1113/jphysiol.2002.031245
https://doi.org/10.1113/jphysiol.2002.031245
http://www.ncbi.nlm.nih.gov/pubmed/12527724
https://doi.org/10.1016/j.jphysparis.2005.09.003
http://www.ncbi.nlm.nih.gov/pubmed/16274975
https://doi.org/10.1111/j.1460-9568.2006.04711.x
https://doi.org/10.1111/j.1460-9568.2006.04711.x
http://www.ncbi.nlm.nih.gov/pubmed/16623837
https://doi.org/10.3389/fnbeh.2014.00218
https://doi.org/10.3389/fnbeh.2014.00218
http://www.ncbi.nlm.nih.gov/pubmed/25002840
https://doi.org/10.1152/physrev.00021.2005
http://www.ncbi.nlm.nih.gov/pubmed/16601265
https://doi.org/10.3389/fpsyg.2013.00743
http://www.ncbi.nlm.nih.gov/pubmed/24137148
https://doi.org/10.1152/jn.01266.2003
https://doi.org/10.1152/jn.01266.2003
http://www.ncbi.nlm.nih.gov/pubmed/14960563
https://doi.org/10.3389/fncir.2014.00098
http://www.ncbi.nlm.nih.gov/pubmed/25232305
https://doi.org/10.1523/JNEUROSCI.0527-11.2011
https://doi.org/10.1523/JNEUROSCI.0527-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21677156
https://doi.org/10.1152/jn.00475.2003
http://www.ncbi.nlm.nih.gov/pubmed/12917385
https://doi.org/10.1523/JNEUROSCI.6285-11.2012
https://doi.org/10.1523/JNEUROSCI.6285-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22553016
https://doi.org/10.1152/jn.00823.2013
http://www.ncbi.nlm.nih.gov/pubmed/24899672
https://doi.org/10.1152/jn.00328.2010
http://www.ncbi.nlm.nih.gov/pubmed/20538781
https://doi.org/10.1152/jn.00322.2012
https://doi.org/10.1152/jn.00322.2012
http://www.ncbi.nlm.nih.gov/pubmed/22815401
https://doi.org/10.1523/JNEUROSCI.4278-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22219272
https://doi.org/10.1113/jphysiol.2007.149575
http://www.ncbi.nlm.nih.gov/pubmed/18276730

e Llfe Research article

Neuroscience

Pouille F, McTavish TS, Hunter LE, Restrepo D, Schoppa NE. 2017. Intraglomerular gap junctions enhance
interglomerular synchrony in a sparsely connected olfactory bulb network. The Journal of Physiology 595:
5965-5986. DOI: https://doi.org/10.1113/JP274408, PMID: 28640508

Rall W, Shepherd GM. 1968. Theoretical reconstruction of field potentials and dendrodendritic synaptic
interactions in olfactory bulb. Journal of Neurophysiology 31: 884-915. DOI: https://doi.org/10.1152/jn.1968.
31.6.884, PMID: 5710539

Rojas-Libano D, Kay LM. 2008. Olfactory system gamma oscillations: the physiological dissection of a cognitive
neural system. Cognitive Neurodynamics 2: 179-194. DOI: https://doi.org/10.1007/s11571-008-9053-1, PMID:
19003484

Roux SG, Cenier T, Garcia S, Litaudon P, Buonviso N. 2007. A wavelet-based method for local phase extraction
from a multi-frequency oscillatory signal. Journal of Neuroscience Methods 160: 135-143. DOI: https://doi.org/
10.1016/j.jneumeth.2006.09.001, PMID: 17049617

Rubin DB, Cleland TA. 2006. Dynamical mechanisms of odor processing in olfactory bulb mitral cells. Journal of
Neurophysiology 96: 555-568. DOI: https://doi.org/10.1152/jn.00264.2006, PMID: 16707721

Schaefer AT, Margrie TW. 2007. Spatiotemporal representations in the olfactory system. Trends in Neurosciences
30: 92-100. DOI: https://doi.org/10.1016/.tins.2007.01.001, PMID: 17224191

Schmidt LJ, Strowbridge BW. 2014. Modulation of olfactory bulb network activity by serotonin: synchronous
inhibition of mitral cells mediated by spatially localized GABAergic microcircuits. Learning & Memory 21:
406-416. DOI: https://doi.org/10.1101/Im.035659.114, PMID: 25031366

Schoppa NE, Westbrook GL. 2001. Glomerulus-specific synchronization of mitral cells in the olfactory bulb.
Neuron 31: 639-651. DOI: https://doi.org/10.1016/s0896-6273(01)00389-0, PMID: 11545722

Schoppa NE, Westbrook GL. 2002. AMPA autoreceptors drive correlated spiking in olfactory bulb glomeruli.
Nature Neuroscience 5: 1194-1202. DOI: https://doi.org/10.1038/nn953, PMID: 12379859

Schoppa NE. 2006. Synchronization of olfactory bulb mitral cells by precisely timed inhibitory inputs. Neuron 49:
271-283. DOI: https://doi.org/10.1016/j.neuron.2005.11.038, PMID: 16423700

Shepherd GM, Chen WR, Greer CA. 2004. Olfactory Bulb. Shepherd GM (Ed). The Synaptic Organization of the
Brain. Oxford University Press. p. 159-204.

Smear M, Shusterman R, O’Connor R, Bozza T, Rinberg D. 2011. Perception of sniff phase in mouse olfaction.
Nature 479: 397-400. DOI: https://doi.org/10.1038/nature 10521, PMID: 21993623

Stiefel KM, Ermentrout GB. 2016. Neurons as oscillators. Journal of Neurophysiology 116: 2950-2960. DOI:
https://doi.org/10.1152/jn.00525.2015, PMID: 27683887

Tort ABL, Brankack J, Draguhn A. 2018. Respiration-Entrained Brain Rhythms Are Global but Often Overlooked.
Trends in Neurosciences 41: 186-197. DOI: https://doi.org/10.1016/j.tins.2018.01.007, PMID: 29429805

Tripathy SJ, Savitskaya J, Burton SD, Urban NN, Gerkin RC. 2014. NeuroElectro: a window to the world's neuron
electrophysiology data. Frontiers in Neuroinformatics 8: 40. DOI: https://doi.org/10.3389/fninf.2014.00040

Tripathy SJ, Burton SD, Geramita M, Gerkin RC, Urban NN. 2015. Brain-wide analysis of electrophysiological
diversity yields novel categorization of mammalian neuron types. Journal of Neurophysiology 113: 3474-3489.
DOI: https://doi.org/10.1152/jn.00237.2015, PMID: 25810482

Uchida N, Poo C, Haddad R. 2014. Coding and transformations in the olfactory system. Annual Review of
Neuroscience 37: 363-385. DOI: https://doi.org/10.1146/annurev-neuro-071013-013941, PMID: 24905594

Urban NN, Sakmann B. 2002. Reciprocal intraglomerular excitation and intra- and interglomerular lateral
inhibition between mouse olfactory bulb mitral cells. The Journal of Physiology 542: 355-367. DOI: https://doi.
org/10.1113/jphysiol.2001.013491, PMID: 12122137

Van Vreeswijk C, Abbott LF, Ermentrout GB. 1994. When inhibition not excitation synchronizes neural firing.
Journal of Computational Neuroscience 1: 313-321. DOI: https://doi.org/10.1007/BF00961879, PMID:
8792237

Wachowiak M. 2011. All in a sniff: olfaction as a model for active sensing. Neuron 71: 962-973. DOI: https://doi.
org/10.1016/j.neuron.2011.08.030, PMID: 21943596

Wang XJ. 1993. lonic basis for intrinsic 40 Hz neuronal oscillations. Neuroreport 5: 221-224. DOI: https://doi.
org/10.1097/00001756-199312000-00008, PMID: 8298079

Wang XJ. 2010. Neurophysiological and computational principles of cortical rhythms in cognition. Physiological
Reviews 90: 1195-1268. DOI: https://doi.org/10.1152/physrev.00035.2008, PMID: 20664082

Wesson DW, Wilson DA. 2011. Sniffing out the contributions of the olfactory tubercle to the sense of smell:
hedonics, sensory integration, and more? Neuroscience and Biobehavioral Reviews 35: 655-668. DOI: https://
doi.org/10.1016/j.neubiorev.2010.08.004, PMID: 20800615

Whittington MA, Traub RD, Jefferys JG. 1995. Synchronized oscillations in interneuron networks driven by
metabotropic glutamate receptor activation. Nature 373: 612-615. DOI: https://doi.org/10.1038/373612a0,
PMID: 7854418

Zhong W, Ciatipis M, Wolfenstetter T, Jessberger J, Miller C, Ponsel S, Yanovsky Y, Brankack J, Tort ABL,
Draguhn A. 2017. Selective entrainment of gamma subbands by different slow network oscillations. PNAS 114:
4519-4524. DOI: https://doi.org/10.1073/pnas. 1617249114, PMID: 28396398

Zhou P, Burton SD, Urban NN, Ermentrout GB. 2013. Impact of neuronal heterogeneity on correlated colored
noise-induced synchronization. Frontiers in Computational Neuroscience 7: 113. DOI: https://doi.org/10.3389/
fncom.2013.00113, PMID: 23970864

Zhuang L, Zhang B, Qin Z, Wang P. 2019. Nasal Respiration is Necessary for the Generation of y Oscillation in
the Olfactory Bulb. Neuroscience 398: 218-230. DOI: https://doi.org/10.1016/j.neuroscience.2018.12.011,
PMID: 30553790

Burton and Urban. eLife 2021;10:e74213. DOI: https://doi.org/10.7554/eLife.74213 29 of 29


https://doi.org/10.7554/eLife.74213
https://doi.org/10.1113/JP274408
http://www.ncbi.nlm.nih.gov/pubmed/28640508
https://doi.org/10.1152/jn.1968.31.6.884
https://doi.org/10.1152/jn.1968.31.6.884
http://www.ncbi.nlm.nih.gov/pubmed/5710539
https://doi.org/10.1007/s11571-008-9053-1
http://www.ncbi.nlm.nih.gov/pubmed/19003484
https://doi.org/10.1016/j.jneumeth.2006.09.001
https://doi.org/10.1016/j.jneumeth.2006.09.001
http://www.ncbi.nlm.nih.gov/pubmed/17049617
https://doi.org/10.1152/jn.00264.2006
http://www.ncbi.nlm.nih.gov/pubmed/16707721
https://doi.org/10.1016/j.tins.2007.01.001
http://www.ncbi.nlm.nih.gov/pubmed/17224191
https://doi.org/10.1101/lm.035659.114
http://www.ncbi.nlm.nih.gov/pubmed/25031366
https://doi.org/10.1016/s0896-6273(01)00389-0
http://www.ncbi.nlm.nih.gov/pubmed/11545722
https://doi.org/10.1038/nn953
http://www.ncbi.nlm.nih.gov/pubmed/12379859
https://doi.org/10.1016/j.neuron.2005.11.038
http://www.ncbi.nlm.nih.gov/pubmed/16423700
https://doi.org/10.1038/nature10521
http://www.ncbi.nlm.nih.gov/pubmed/21993623
https://doi.org/10.1152/jn.00525.2015
http://www.ncbi.nlm.nih.gov/pubmed/27683887
https://doi.org/10.1016/j.tins.2018.01.007
http://www.ncbi.nlm.nih.gov/pubmed/29429805
https://doi.org/10.3389/fninf.2014.00040
https://doi.org/10.1152/jn.00237.2015
http://www.ncbi.nlm.nih.gov/pubmed/25810482
https://doi.org/10.1146/annurev-neuro-071013-013941
http://www.ncbi.nlm.nih.gov/pubmed/24905594
https://doi.org/10.1113/jphysiol.2001.013491
https://doi.org/10.1113/jphysiol.2001.013491
http://www.ncbi.nlm.nih.gov/pubmed/12122137
https://doi.org/10.1007/BF00961879
http://www.ncbi.nlm.nih.gov/pubmed/8792237
https://doi.org/10.1016/j.neuron.2011.08.030
https://doi.org/10.1016/j.neuron.2011.08.030
http://www.ncbi.nlm.nih.gov/pubmed/21943596
https://doi.org/10.1097/00001756-199312000-00008
https://doi.org/10.1097/00001756-199312000-00008
http://www.ncbi.nlm.nih.gov/pubmed/8298079
https://doi.org/10.1152/physrev.00035.2008
http://www.ncbi.nlm.nih.gov/pubmed/20664082
https://doi.org/10.1016/j.neubiorev.2010.08.004
https://doi.org/10.1016/j.neubiorev.2010.08.004
http://www.ncbi.nlm.nih.gov/pubmed/20800615
https://doi.org/10.1038/373612a0
http://www.ncbi.nlm.nih.gov/pubmed/7854418
https://doi.org/10.1073/pnas.1617249114
http://www.ncbi.nlm.nih.gov/pubmed/28396398
https://doi.org/10.3389/fncom.2013.00113
https://doi.org/10.3389/fncom.2013.00113
http://www.ncbi.nlm.nih.gov/pubmed/23970864
https://doi.org/10.1016/j.neuroscience.2018.12.011
http://www.ncbi.nlm.nih.gov/pubmed/30553790

	Cell and circuit origins of fast network oscillations in the mammalian main olfactory bulb
	Introduction
	Results
	Multiglomerular activation evokes greater gamma-frequency spike-time synchrony among TCs than MCs
	Greater synchronization of TC than MC firing is not driven by more synchronous synaptic inhibition among TCs than MCs
	Greater oscillatory behavior among resonant TCs than MCs supports dense gamma-frequency spike-time synchrony

	Discussion
	Fast- and slow-gamma-frequency synchrony in the MOB
	Mechanisms and functions of intraglomerular enhancement of spike-time synchrony
	Biophysical sources of intrinsic resonance and oscillatory behavior among MCs and TCs
	Sparse vs. dense gamma-frequency synchronization of MOB principal cells

	Materials and methods
	Animals
	Slice preparation
	Electrophysiology
	Data analysis

	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Decision letter and Author response

	Additional files
	Supplementary files

	References


