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Spatial Structure of Synchronized Inhibition in the Olfactory
Bulb

Hannah A. Arnson and Ben W. Strowbridge
Department of Neurosciences, Case Western Reserve University, Cleveland, Ohio 44106

Olfactory sensory input is detected by receptor neurons in the nose, which then send information to the olfactory bulb (OB), the first brain
region for processing olfactory information. Within the OB, many local circuit interneurons, including axonless granule cells, function to
facilitate fine odor discrimination. How interneurons interact with principal cells to affect bulbar processing is not known, but the
mechanism is likely to be different from that in sensory cortical regions because the OB lacks an obvious topographical organization.
Neighboring glomerular columns, representing inputs from different receptor neuron subtypes, typically have different odor tuning.
Determining the spatial scale over which interneurons such as granule cells can affect principal cells is a critical step toward understand-
ing how the OB operates. We addressed this question by assaying inhibitory synchrony using intracellular recordings from pairs of
principal cells with different intersomatic spacing. We found, in acute rat OB slices from both sexes, that inhibitory synchrony is evident
in the spontaneous synaptic input in mitral cells (MCs) separated up to 220 �m (300 �m with elevated K �). At all intersomatic spacing
assayed, inhibitory synchrony was dependent on Na � channels, suggesting that action potentials in granule cells function to coordinate
GABA release at relatively distant dendrodendritic synapses formed throughout the dendritic arbor. Our results suggest that individual
granule cells are able to influence relatively large groups of MCs and tufted cells belonging to clusters of at least 15 glomerular modules,
providing a potential mechanism to integrate signals reflecting a wide variety of odorants.
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Introduction
Inhibitory local circuits play a central role in processing olfactory
information. In insects, blockade of inhibitory function in the
antennal lobe, the first processing region of olfactory informa-
tion, impairs selectively the normal ability of the these animals to
make fine distinctions between related similar odors while leav-

ing intact the ability to distinguish between unrelated olfactory
stimuli (Stopfer et al., 1997). Recent work in the olfactory bulb
(OB), the mammalian equivalent to the antennal lobe, has dem-
onstrated parallel findings when selectively perturbing inhibition
onto the principal neurons mitral cells (MCs) and tufted cells
(TCs) (Abraham et al., 2010). These studies suggest that olfactory
information can be processed through at least two distinct
streams– either a hardwired pathway that does not require exten-
sive local inhibitory interactions but which reveals only relatively
coarse distinctions among odors or a more complex circuit in-
volving functions mediated by inhibitory interneurons that facil-
itates fine distinctions. The latter pathway may also be a key site of
olfactory learning within the bulb because previous work has
found both LTP- and spike-timing-dependent plasticity on excit-
atory synapses onto granule cells, the primary type of GABAergic
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Significance Statement

Inhibitory circuits in the olfactory bulb (OB) play a major role in odor processing, especially during fine odor discrimination.
However, how inhibitory networks enhance olfactory function, and over what spatial scale they operate, is not known. Interneu-
rons are potentially able to function on both a highly localized, synapse-specific level and on a larger, spatial scale that encom-
passes many different glomerular channels. Although recent indirect evidence has suggested a relatively localized functional role
for most inhibition in the OB, in the present study, we used paired intracellular recordings to demonstrate directly that inhibitory
local circuits operate over large spatial scales by using fast action potentials to link GABA release at many different synaptic
contacts formed with principal cells.
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interneuron the OB (Gao and Strowbridge, 2009; Nissant et al.,
2009). Granule cells also receive a large proportion of top-down
and neuromodulatory input (Luskin and Price, 1983; Davis and
Macrides, 1981), suggesting a role of behavioral state in regulat-
ing inhibition. However, how inhibitory interneurons such as
GCs function to enhance olfactory performance is not known.

Recent experimental and computational studies of OB cir-
cuitry has led to two divergent views of GC function: (1) that GCs
function through locally mediated inhibition with minimal inte-
gration of information across processing streams and (2) that
GCs operate by interconnecting principal cells belonging to dif-
ferent sensory channels, enabling the circuit to represent more
complex or abstract features than either MCs or TCs (Carey et al.,
2015; Fukunaga et al., 2014; Arevian et al., 2008; McIntyre and
Cleland, 2016). In the former model, GC function would likely
enhance fine odor discrimination via actions on nearby principal
cells belonging the same or close glomerular modules, whereas
the latter models allows for extensive cross-channel synaptic in-
teractions. Direct imaging of Ca 2� responses in GCs has demon-
strated that olfactory stimuli appear to activate subregions within
the apical dendritic arbor without strongly depolarizing the in-
terneuron cell body (Wienisch and Murthy, 2016). These results
are consistent with previous in vitro imaging and recording stud-
ies suggesting that that GC dendrites have the ability to generate
spatially localized spikes (or spikelets; Egger et al., 2003, 2005;
Zelles et al., 2006; Bywalez et al., 2015), providing a potential
mechanism for highly localized MC/GC feedback inhibition.
Other work supporting a spatially restricted role for GCs includes
the observation that some forms of emergent network oscilla-
tions that appear to be dependent on GCs are not phase locked
with somatic spiking in GCs (Lagier et al., 2004). Computational
models of the circuits that could underlie these oscillations (Brea
et al., 2009) support the hypothesis that the primary output mode of
GCs is highly localized, perhaps restricted to a single GC spine or a
small group of nearby spines on the same GC dendritic branch.

Because the GC dendritic arbor only spans a relatively narrow
range of GL (�115 �m, representing two to four glomeruli; Dha-
wale et al., 2010; Ke et al., 2013; see Materials and Methods),
alternate mechanisms that propose GCs operate across many glo-
merular columns depend on the ability of spiking activity to trig-
ger GABA release at multiple synapses at remote locations within
the dendritic arbor, triggering synchronized inhibitory responses
in pairs of principal cells. Although long range, GC mediated
inhibition has been shown to shape MC firing in response to
distant MC activity (Arevian et al., 2008), direct recordings dem-
onstrating synchronized inhibitory input over different spatial
scales have been performed rarely and only under specialized
conditions following tetanic electrical stimulation (Schoppa,
2006) or after pharmacological treatments that increase network
excitability (Schmidt and Strowbridge, 2014). It is not known to
what extent synchronized inhibition functions to couple princi-
pal cells under physiological conditions and if such synchroniza-
tion is spike dependent.

Through paired intracellular recordings from OB principal cells,
we demonstrated that inhibitory synchronization occurs frequently
and is dependent on fast voltage-gated Na� channels. Divergent
inhibitory inputs can functionally associate principal cells belonging
to different subtypes (MCs and TCs) with somatic separations up to
300 �m, likely including principal cells belonging to at least 15 dif-
ferent glomerular columns. This study shows for the first time that
inhibition can link a wide spatial range of glomerular columns in the
absence of external synchronizing input, potentially providing a

mechanism of how population codes for different odorants could
be refined by local inhibitory circuits.

Materials and Methods
Slice preparation. Horizontal OB slices 300 �m thick were made from
ketamine-anesthetized postnatal day 14 (P14)–P25 Sprague Dawley rats
of both sexes as described previously (Balu et al., 2007; Pressler et al.,
2013). Slices were incubated for 30 min at 30°C and then at room tem-
perature until use. All experiments were performed in accordance with
the guidelines approved by the Case Western Reserve University Animal
Care and Use Committee.

Electrophysiology. Slices were placed in a recording chamber and su-
perfused with oxygenated artificial CSF (ACSF) at a rate of 1.5 ml/min.
Recordings were made between 29°C and 32°C. ACSF consisted of the
following (in mM): 124 NaCl, 3 KCl, 1.23 NaH2PO4, 1.2 MgSO4, 26
NaHCO3, 10 dextrose, and 2.5 CaCl2 equilibrated with 95% O2/5% CO2.
The K � concentration was elevated in “high-K ASCF” by increasing the
KCl concentration to 6 mM. All whole-cell patch-clamp recordings were
made with Axopatch 1C or 1D amplifiers (Molecular Devices) using
borosilicate glass pipettes (WPI) of impedances ranging from 2 to 5 M�
pulled on a P-97 pipette puller (Sutter Instruments). Recordings were
low-pass filtered at 5 kHz (FLA-01; Cygus Technology) and digitized at
10 kHz using an ITC-18 computer interface (Instrutech) connected to a
PC operating Windows 7 using custom software.

Slices were imaged using IR-DIC optics on Zeiss Axioskop FS1 or
Olympus BX51WI upright microscopes. Live two-photon imaging was
performed using a custom-built laser-scanning system, as described pre-
viously (Balu et al., 2007; Gao and Strowbridge, 2009; Pressler and Strow-
bridge, 2006). Neuronal cell type was determined based on IR-DIC
morphology and soma laminar location. Cell type classification was con-
firmed in a subset of experiments using two-photon reconstructions as
described in the Cellular Reconstructions section of the Methods.
Somatic separation was measured using a calibrated eyepiece reticule.
We used two-photon imaging to reconstruct the apical dendritic trees in
four MC/MC paired recordings, including three paired recordings that
had above-chance coincident inhibition.

Voltage-clamp recordings were made with an internal solution con-
taining the following (in mM): 140 CsCl, 4 NaCl, 10 HEPES, 2 EGTA, 4
MgATP, 0.3 Na3GTP, 10 phosphocreatine, and 5 QX-314 with a pH of
7.3 and an osmolarity of 290 mmol/kg. The cesium-chloride solution was
used to reverse the chloride gradient. Alexa Fluor 594 (10 �M; Invitro-
gen) was added to the internal solution in experiments using live two-
photon visualization. All drugs were purchased from Sigma-Aldrich
except TTX, which was from Calbiochem, and gabazine, which was from
Ascent. All drugs were prepared from aliquots stored at �20°C except for
TTX, which was prepared from a stock solution kept at 4°C. The drugs
were added to the bath by changing the external solution source.

Experimental design and statistical analysis. Spontaneous IPSCs were
detected and measured automatically using a custom algorithm used in
previous studies (Schmidt and Strowbridge, 2014; Larimer and Strow-
bridge, 2008; Larimer and Strowbridge, 2010; Hyde and Strowbridge,
2012). Detected events were confirmed by visual analysis. Event detec-
tion and data analysis routines were implemented in Python (version
3.5). Multiple trials (typically 10 –20 episodes each lasting 10 s; mean 16.9
trials) were acquired for each condition in each experiment. Summary
data are presented as mean � SEM except where noted. Membrane vari-
ance was computed over 250 ms duration windows.

Cross-correlograms (examples are shown in Figs. 2D, 4D) were com-
puted from the onset lags between all detected IPSC pairs and analyzed
between �10 and 10 ms in 0.4 ms time bins. To determine statistical
significance, the maximal cross-correlation value (averaged over 3 bins,
1.2 ms) reported in the actual data was compared with surrogate data
created by permuting inter-IPSC intervals. The mean of 100 interval
permutation runs are presented in example cross-correlation plots
(e.g., Fig. 2D, left, gray plot). The probability that the maximal cross-
correlation metric in the actual data was larger than expected by chance
was computed empirically using three methods. In the first approach, we
generated a distribution of 2000 maximal cross-correlation values from
surrogate data in which the inter-IPSC intervals were permuted. For
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example, if the peak cross-correlation value obtained in one experiment
was larger than 1900 of 2000 cross-correlation values obtained in the
interval permutation runs, then the probability of inhibitory coincidence
would be assigned as 0.05 (100/2000). This analysis procedure was re-
peated five times for each experiment with the median recorded as the
interval permutation-based p-value. Throughout the study, we express
randomization-derived p-values as �1 * ln(P) where more positive num-
bers reflect lower p-values. The upper limit on this metric [7.6 � �1 *
ln(1/2000)] reflects experiments in which the peak cross-correlation val-
ues were lower in all randomization runs than in the actual (nonper-
muted) dataset.

In the second randomization control method, we used trial shuffling
to estimate whether each experiment had beyond-chance rates of inhib-
itory coincidence. In this test, we randomly selected different trials for
cell A and for cell B from the same experiment, creating a dataset com-
posed exclusively of nonsimultaneous records (e.g., trial 1 from cell A
compared with trial 3 from cell B). This process was repeated 2000 times
in each experiment to generate a p-value based on the distribution of trial
shuffled recordings. As with the interval permutation control procedure,
we repeated the trial-shuffling analysis five times and recorded the me-
dian of those runs as the trial shuffling-based p-value. Both the interval
permutation and trial shuffling control procedures abolished the peak
near 0 ms present in experiments with obvious inhibitory synchrony
determined by visual inspection of raw intracellular records. Figures 2
and 4 illustrate cross-correlation plots after interval permutation and
trial shuffling on two example paired recordings with frequent near-
coincident IPSCs.

Both interval permutation and trial-shuffling approaches generated
similar metrics expressing the degree of inhibitory synchrony evident our
primary dataset of 89 paired MC/MC recordings assayed under standard
ACSF conditions (r � 0.92; p � 10 �30; correlation performed on the
�ln(P) metric as used throughout the study). We also computed a dual
randomization p-value where we combined both randomization meth-
ods by computing bootstrap distributions based on interval permuta-
tions of trial shuffled data. Using a standard 0.05 threshold for statistical
significance, the dual randomization p-value generated the most conser-
vative ranking of inhibitory synchrony across experiments (N � 17 ex-
periments with empirical p-values lower than this threshold compared
with N � 21 for the interval permutation approach and N � 23 using
only trial shuffling. Sixteen experiments had p-values � 0.05 in all three
randomization tests. Rather than report separate results from interval
permutation and trial shuffling procedures, we only report only the final
dual randomization p-value in the text and in the illustrations.

We set a threshold for statistical significance at 0.015 using the dual
randomization p-value throughout the study. This value balanced com-
peting goals of minimizing the false rejection rate while controlling the
familywise error rate. A more conservative approach, such as Bonferroni
corrections, would adjust the significance threshold to 0.05/N where N is
the number of independent tests performed. This simple approach
proved unworkable because the very low thresholds in our large N data-
set ( p � 0.00056 for our population of 89 MC/MC paired recordings)
rejected many experiments with obvious inhibitory coincidence and cen-
tral peaks on cross-correlation plots that were abolished by both interval
permutation and trial shuffling. As noted in other work, this approach
often rejects true positives and therefore tends to reduce statistical power
(Gelman et al., 2012). Using a Bonferroni correction approach also
would lead to different thresholds for statistical significance across the
different groups of experiments. The empirical p-value approach that we
followed has been used in previous studies (Sham and Purcell, 2014;
Westfall, 2011; Westfall and Young, 1993; Narayanan and Laubach,
2009) and allowed us to specify a uniform threshold (0.015) that was
more stringent than the p-value traditionally used with single tests (0.05).
Using all three randomization approaches, we found a large drop-off in
p-values near this threshold (from �0.0101 in all experiments labeled
significant to 0.042 in the best experiment labeled as nonsignificant). In
our primary dataset with 89 paired MC/MC recordings, using this threshold
resulted in 16 experiments with significant inhibitory synchrony. In Figure
2E, we also estimated the degree of inhibitory synchrony using the clipped
cross-intensity function approach (CIF; Hahnloser, 2007) that we have used

in a related study (Schmidt and Strowbridge, 2014). This metric was
based on the count of near-coincident IPSPs (onset times within 3 ms)
divided by the total number of IPSCs in the cell with the fewest IPSCs. As
with the cross-correlation method, we computed p-values for each ex-
periment empirically based on a distribution of CIF metrics generated in
surrogate data in which inter-IPSC intervals were permuted.

The estimates of the rates of above-chance inhibitory coincidence pre-
sented in Figure 7D were computed by subtracting the rates of near-
coincident IPSCs (onset latencies within 3 ms) before and after trial
shuffling. We plotted the rate of near-coincident IPSCs beyond expected
by chance as a percentage of the TTX-sensitive IPSC rate in each cell. For
example, if the actual rate of near-coincident IPSCs was 2 Hz which then
dropped to 0.5 Hz after trial shuffling, then the rate of “beyond-chance”
near-coincident IPSCs would be 1.5 Hz. If the spike-dependent rate of
spontaneous IPSCs was 15 Hz in one of the cells in the paired recording
(reflecting 20 Hz spontaneous IPSCs recorded in ACSF and 5 Hz in
TTX), then “beyond chance” coincident IPSCs would constitute 10% of
the spike-driven spontaneous IPSCs in that neuron.

Cellular reconstructions. The horizontal span of the GC dendritic arbor
was calculated from 19 published GC reconstructions shown in the fol-
lowing figures: Figure 2 in Price and Powell (1970); Figures 1C, 2 A, 2 H,
and 3A in Burton and Urban (2015); Figure 2 in Egger et al. (2005);
Figure 1 in Wellis and Scott (1990); Figures 4 A, 5A, and 6 A in Woolf et al.
(1991); and Figure 1 M–O in Petreanu and Alvarez-Buylla (2002). To
account for shrinkage during fixation, the measured width was increased
by 15% (Tukker et al., 2013; Korogod et al., 2015). The mean GC den-
dritic width that we estimated from these published studies was 113 �
11.1 �m with a SD of 48.5 �m.

We estimated the thickness of the GL in 10 OB slices visualized using a
5	 objective (185 � 21 �m; mean � SD). We estimated the glomerular
packing density using our measured GL thickness and the mean glomer-
ular diameter reported in two anatomical studies (75 �m; Dhawale et al.,
2010; Ke et al., 2013). The horizontal span of MC lateral dendrites was
estimated from maximal two-photon Z-stack projections (N � 33 lateral
dendrites from 21 visualized MCs; 349 � 180 �m; mean � SD. The
actual length of the lateral dendrites was �10% larger than the horizontal
span (the component of distance within the mitral cell layer, MCL),
reflecting angled trajectory of these dendrites from the cell body into the
external plexiform layer (EPL).

Results
We divided our analysis of inhibitory input onto principal cells in
this study into two sections, starting with determining the prop-
erties of spontaneous ISPCs in MCs and TCs (Fig. 1) and then
focusing on measuring coincident inhibition across pairs of in-
tracelluarly recorded principal cells to assess the spatial scale of
inhibitory synchrony in the OB (Figs. 2-7). Both MCs and TCs
receive frequent spontaneous IPSCs, shown as inward currents in
the example voltage-clamp recordings in Figure 1, A and B, which
used CsCl-based intracellular solutions that reversed the normal
chloride gradient. Spontaneous inwards currents were abolished
by the GABA-A receptor antagonist gabazine (10 �M; 96.6%
reduction in membrane current variance; Fig. 1C), indicating
that spontaneous IPSCs form the majority of the detectable syn-
aptic input onto OB principal cells under these recording condi-
tions. Most of the detected IPSCs in MCs appeared to originate
from synapses onto secondary dendrites and not from synapses
onto the distal apical dendrite. In a subset of 21 MCs visualized
using live two-photon microscopy, we found only a small de-
crease in the rate of spontaneous IPSCs in MCs with apical den-
drites truncated before they reached the GL (12.7 � 1.5 Hz; N �
15) compared with MCs with intact apical dendrites (14.6 � 1.6
Hz; N � 6: p � 0.49; unpaired t test; mean � SEM).

We first compared the baseline frequency and amplitude of
inhibitory inputs onto both classes of principal cells. MCs re-
ceived a significantly higher rate of spontaneous IPSCs than TCs

10470 • J. Neurosci., October 25, 2017 • 37(43):10468 –10480 Arnson and Strowbridge • Synchronized Inhibition in the Olfactory Bulb



B

DC E

F

IP
S

C
ra

te
(H

z)

20

10

5

15

0
ACSF TTX + PETTX

202 24 90 9022 22

70

60

50

40

30

20

10

0

IP
S

C
am

pl
itu

de
(p

A
)

202 24 90 9022 22

ACSF TTX + PETTX

I
60

40

20

0IP
S

C
ra

te
in

A
C

S
F

(H
z)

0 3 6 9 1512
IPSC rate in TTX (Hz)

Mitral cells
J

IPSC rate in TTX (Hz)

IP
S

C
ra

te
in

A
C

S
F

(H
z)

0 3 621 4 5

Tufted cells
25

15

5

20

10

0

ACSF TTX
+ PE

TTX

M
C

:T
C

IP
S

C
ra

te
ra

tio

3

1

2

0

H

G

Mitral cells

Tufted cells

10

15

5

0
80 1006040200

C
ou

nt

8

4

0
80 1006040200

C
ou

nt

Spike-driven IPSCs (%)

A MC

MC

TC

TC

MCL MCL

GCL GCL

EPL EPL

ACSF ACSF

TTX TTX

TTX + PE TTX + PE

20 ms
100 pA

R = 0.25R = 0.59

0

200

400

500

600

300

100

M
em

br
an

e
va

ria
nc

e
(p

A
)2

ACSF GBZ

***

**
**

***

***

***

2.0

1.5

1.0

0.5

0.0
202 24 90 9022 22

ACSF TTX + PETTX

IP
S

C
ris

e
tim

e
(m

s)

n.s.

n.s.

n.s.
n.s.

9

MC TC MC TC MC TC

MC TC MC TC MC TC
MC TC MC TC MC TC
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configuration is shown above traces. Vertical lines indicate automatically detected IPSC onset times. B, Example recording illustrating spontaneous IPSCs recorded in a TC under the same conditions
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(Fig. 1D,E), consistent with results from a recent comparison of
bulbar neurons (Geramita et al., 2016). The mean IPSC ampli-
tude was modestly smaller in TCs than MCs (Fig. 1F), whereas
the rising-phase kinetics were similar in both cell types (Fig. 1G).
In both cell types, blockade of voltage-gated Na� channels with 1
�M TTX dramatically decreased spontaneous ISPC frequency
(Fig. 1D, middle), suggesting that most synaptic responses re-
sulted from Na�-based spiking in GCs or other classes of
GABAergic interneurons. Enhancing GC excitability by stimulat-
ing �-adrenegic receptors with phenylephrine (PE; 10 �M)
(McLennan, 1971; Salmoiraghi et al., 1964; Araneda and Firest-
ein, 2006; Zimnik et al., 2013) was able to restore basal IPSC rates
in both principal cell types even in the presence of TTX (Fig. 1D,
right).

Surprisingly, throughout these manipulations, the ratio of
spontaneous IPSC frequencies between MCs and TCs remained
relatively constant (Fig. 1E), suggesting that the two cell types
differed primarily in the density of inhibitory connections with
GCs. The proportion of spike-driven IPSCs also was similar in
both cell types (mean of 70% in MCs vs 61% in TCs; Fig. 1H). We
observed a strong correlation between miniature IPSC rates and
basal spontaneous IPSC rates that was more pronounced in MCs
(Fig. 1I; r � 0.59; p � 10�7) than TCs (Fig. 1J). As with the other
measures of inhibitory function, we found more variability
among TC IPSC rates, including an outlier recording with very
high spontaneous IPSC rates. Excluding this outlier TC, the cor-
relation between miniature IPSC rates and basal spontaneous
IPSC rates was statistically significant (r � 0.532, p � 0.013; r �
0.251 including outlier value). Together, these results suggest that
the basal inhibitory synaptic tone in MCs and TCs is determined
primarily by the density of GABAergic synapses on the secondary
dendrites (and potentially somatic sites). Both cell types likely
sample from similar pools of spontaneously active interneurons,
accounting for the similar properties of individual IPSCs in MCs
and TCs, the similar fraction of TTX-sensitive IPSCs, and the
ability of miniature IPSC rates to predict the basal spontaneous
IPSC rates. The difference in inhibitory synaptic tone that we and
others (Geramita et al., 2016) have observed in OB principal cells
likely reflects fewer synaptic contacts on TCs versus MCs, consis-
tent with previous anatomical studies (Mori et al., 1983; Orona et
al., 1984).

Coincident inhibition between pairs of OB principal cells
After determining baseline properties of spontaneous IPSCs in
MCs and TCs, we next recorded from pairs of principal cells (N �
89 MC/MC and 24 MC/TC) separated by variable distances to
determine the spatial scale of over which synchronized inhibition
occurs in the OB. A subset (�15%) of paired MC recording had

multiple coincident IPSCs evident by visual inspection of intra-
cellular records, such as the example paired recording in Figure 2,
A–C. We used two independent control procedures to determine
whether the rate of coincident IPSCs was greater than expected by
chance in each paired MC/MC recording. We first computed the
cross-correlation based on IPSC onset times in both cells and
compared the maximal cross-correlation function (“actual”) to
randomized data in which the intervals between recorded IPSCs
were permuted (“interval permutation”; Fig. 2D, left). In the sec-
ond analysis method, we compared the maximal cross-corre-
lation function computed from actual data with the same analysis
performed trial shuffled recorded (Fig. 2D, right; see Materials
and Methods), generating a dataset with physiological IPSC tim-
ing statistics but no actual coincidences because only nonsimul-
taneously recorded datasets were analyzed (e.g., trial 1 from
MC-A with trial 2 from MC-B). We computed the probability
that actual maximal cross-correlation function was larger than
expected by chance by combining the interval permutation and
trial-shuffling procedures 2000 times; the threshold for signifi-
cance used was p � 0.015; see Materials and Methods for details).
Sixteen of 89 MC/MC paired recordings met this criterion for
above-chance rates of near-coincident IPSCs. All 16 MC/MC
paired recordings identified as having inhibitory synchronization
assayed through the cross-correlation method also exhibited sta-
tistically significant rates of coincident IPSCs when tested using
the cross-intensity function method used in previous work (Fig.
2E; Schmidt and Strowbridge, 2014).

Near-coincident synaptic inputs identified by our analysis
(which captured onset latencies that differed by up to 20 ms) were
nearly synchronous in the subgroup of 16 MC/MC paired re-
cording classified as statistically significant. The mean latency
between IPSC onset times across the two cells was 0.05 � 0.13 ms
(range �1.0 to 1.4 ms; N � 16 experiments; histogram shown in
Fig. 2F). There was no difference between the overall mean IPSC
rates in the 16 significant MC/MC paired recordings and the
other 73 paired recordings (Fig. 2G). The inhibitory synchrony
we observe was unlikely to arise from glomerular-layer local cir-
cuits because three of the 16 significant MC/MC paired record-
ings included least one MC with a truncated apical dendrite,
reducing the contributions from GL interneurons (example
shown in Fig. 2A–C). All three of the paired recordings that in-
cluded MCs with truncated apical dendrites had highly signifi-
cant inhibitory synchrony (p � 5 	 10�4, the lowest possible
p-value in our bootstrap analysis; somatic separations of 50, 50,
and 80 �m), suggesting that coincident inhibitory input does not
originate from GL interneurons.

We determined the spatial scale of coincident inhibition by
plotting the p-value computed from the interval permutation
analysis against the separation between the two MC somata (Fig.
3A,B). Most MC/MC paired recordings with significant inhibi-
tory synchrony occurred between closely spaced neurons (inter-
soma distances �100 �m). The maximal somatic separation that
generated inhibitory synchrony beyond chance levels in standard
ACSF was 220 �m. When restricted to intersomatic spacing
�220 �m, we still observed no difference in the mean IPSC rate
between significant and nonsignificant MC/MCs pairs (p � 0.71;
unpaired t test; t(57) � 0.38), suggesting that our metric of inhib-
itory synchrony was not simply revealing an underlying bias to-
ward MCs with high (or low) spontaneous IPSC rates. The
distribution of p-values estimated from interval permutation in
trial-shuffled data (all �0.015; Fig. 3B, right; equivalently, 
4.2
on the scale in Fig. 3B) was similar to the distribution of the actual
nonsignificant MC/MCs (non-trial-shuffled data; Fig. 3B, left,

4

(Figure legend continued.) (MCs: p�0.54, TCs: p�0.80). E, Plot of ratio of IPSC rates in MCs and
TCs under the same three conditions. F, Plot of mean IPSC amplitude in MCs and TCs. **p �
0.0022 (ACSF; unpaired t test; t(224) � 3.10), p � 0.0015 (TTX; t(110) � 3.26), TTX � PE: N.S.
p � 0.073. Mean IPSC amplitude also was different between ACSF and TTX conditions in MCs
(unpaired t test; p � 1.8 	 10 �4; t(290) � 3.8) and TCs ( p � 0.043; t(44) � 2.1), but not
between ACSF and TTX � PE conditions (MCs: p � 0.67; TCs p � 0.71). G, Plot of mean IPSC rise
times in the same conditions ( p 
 0.05 in all comparisons between conditions and between
MCs and TCs in the same condition). H, Histogram of percentage of TTX-sensitive (spike-driven)
IPSCs compared with the IPSC rate in ACSF in 68 MCs and 22 TCs. Arrows indicate population
means (MCs: 69.6%; TCs: 61.1%). I, Plot of the relation between miniature (TTX-resistant) and
spontaneous IPSC rates in 68 MCs (Pearson correlation r � 0.59; p � 1 	 10 �7). J, Similar plot
for 24 TCs (r � 0.25; p � 0.25). In all subsequent figures, *p � 0.05; **p � 0.01; ***p �
0.005.
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black symbols). These results suggest that our dataset of MC/MC
paired recordings comprised two populations: a minority (18%)
that received coincident inhibition, presumably reflecting diver-
gent output from one or more spontaneously spiking interneu-
rons, and MC/MC pairs that received no detectable inhibitory
coincidence.

Although most of the MC/MC pairs we found that have
above-chance rates of coincident IPSCs were relatively closely
spaced (mean somatic separation 80.0 � 14.7 �m; N � 16 pairs),
this estimate is biased toward nearby pairs because of slice trun-
cation effects; relatively short-range divergent projections from
one interneuron are more likely to be preserved within 300 �m
thick OB slices than longer range projections. Therefore, the most

biologically relevant parameter reflecting
the spatial scale of coincident inhibition is
likely to be the furthest extent over which
we can detect coincident inhibition. This
parameter (up to 220 �m MC somatic
separation) suggests that individual in-
terneurons can couple MCs associated
with different glomeruli (mean glomeru-
lar diameter 75 �m; Dhawale et al., 2010;
Ke et al., 2013). We confirmed this was
possible by recording and visualizing two
MCs with intact apical dendritic tufts that
terminated in nearby but different glomer-
uli (Fig. 4A–C; intersoma distance 40 �m,
apical dendritic tufts separated by 130 �m).
The cross-correlation function in this paired
recording (Fig. 4D, left; p � 0.0005) had a
peak at 0.2 ms.

Under basal (unstimulated) conditions,
we also observed inhibitory synchrony be-
tween heterogeneous pairs of principal cells
(experiments including one MC and one
TC recording; Fig. 5A). Figure 5B illus-
trates an example of coincident IPSCs re-
corded in a MC/TC pair with intersoma
spacing of 80 �m (measured as the hori-
zontal distance through the MCL ignoring
the different distances in the MCL-to-GL
direction). Using the same criteria applied
to MC/MC paired recordings, three of 24
MC/TCs had statistically significant in-
hibitory coincidence (Fig. 5C), including
the example recording presented in Figure
5B. The three significant MC/TC pairs
were separated by between 20 and 150 �m
(span along the MCL). The mean somatic
separation in the 3 MC/TC pairs with co-
incident inhibition was 86.7 � 33.1 �m.
The mean latency between near-coin-
cident IPSCs was 0.2 � 0.33 ms (range,
�0.2 to 1 ms). As with the MC/MC paired
recording that showed elevated rates of
near-coincident IPSCs, there was no dif-
ference in the mean IPSC rates between
MC/TC pairs with and without demon-
strable inhibitory synchrony (p � 0.09;
unpaired t test). These results suggest
that not all inhibitory local circuits in
the OB are segregated into MC- and TC-
specific subgroups. Instead, individual

GCs or EPL interneurons (Kato et al., 2013) appear to inner-
vate both populations of principal cells.

Spike-dependent inhibitory synchrony
We next investigated whether near-coincident IPSCs recorded in
pairs of principal cells required Na�-based action potentials in
the common presynaptic interneurons. Bath application of TTX
(1 �M) abolished inhibitory synchrony in all 16 MC/MC pairs
with statistically significant rates of near-coincident IPSCs (Fig.
5D). No previously nonsignificant paired recording experiments
became significant through this treatment. The loss of inhibitory
synchrony did not simply reflect the lower overall rate of sponta-
neous IPSCs in TTX because addition of the GC-stimulating �
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receptor agonist PE (10 �M; McLennan, 1971; Salmoiraghi et al.,
1964; Araneda and Firestein, 2006; Zimnik et al., 2013) failed to
promote synchronous inhibition in MC paired recordings (Fig.
4D; 0/44 experiments). We found similar results in heteroge-
neous MC/TC pairs in which TTX abolished inhibitory syn-
chrony in the three paired MC/TC recordings with statistically
significant rates of near-coincident IPSCs (Fig. 4E). Because
voltage-gated Na� channels were already blocked in MC and TC
voltage-clamp recordings (because of QX-314 in the internal so-
lution), these results suggest that synchronous IPSCs resulted
from spontaneous spiking in GABAergic interneurons that form
divergent synaptic connections onto MC and MC/TC ensembles.

If near-coincident IPSCs recorded in pairs of principal cells
reflect spontaneous spiking in presynaptic GABAegic inter-
neurons, we hypothesized that passively depolarizing interneurons
by elevating extracellular K� concentration (from 3 to 6 mM;
“high-K” ACSF) would enhance inhibitory synchrony. The rela-
tively weak passive depolarization produced by this treatment,
estimated to shift the K� equilibrium potential by �18 mV, did
not preclude repetitive firing in 3/3 GCs tested (AP amplitude
reduced by 3.5 � 0.5 mV and AP full width increased by 0.39 �
0.04 ms in 6 mM K�). As shown in the example records in Figure
6A, high-K ACSF increased both the rate of spontaneous IPSCs in
MCs and also the incidence of near-
coincident IPSCs. Of the 19 paired MC
experiments in high-K ACSF, nine (47%)
had statistically significant inhibitory syn-
chrony, including the paired recording
shown in Figure 6A. Two of the nine sig-
nificant MC/MC recordings already had
significant rates of inhibitory synchrony
in control conditions before treatment
with high-K ACSF (Fig. 6B). In the re-
maining seven significant MC/MC re-
cordings, no inhibitory synchrony was
evident except in high-K ACSF. The mean
IPSC latency in the 9 MC paired record-
ings with near-coincident IPSCs in
high-K ACSF was 0.24 � 0.19 ms (range
�0.6 to 1.4 ms). The ability of slightly el-
evated K� levels to increase the frequency
that we observed coincident inhibition
suggests that, under physiological condi-
tions (3 mM [K�]), the slow rate of GC
spontaneous spiking limits our ability to
detect synchronous inhibition.

Our results thus far demonstrated di-
vergent effects of passive depolarization
with high-K ACSF, which promoted in-
hibitory synchrony, and activation of
adrenergic receptors with PE, which stim-
ulated GABA release (increasing minia-
ture IPSC rates), but did not trigger more
frequent coincident IPSCs. Consistent
with this model, PE combined with
high-K ACSF increased spontaneous
IPSC rates (Fig. 6C) but abolished most
inhibitory synchrony (only 1/10 experi-
ments with PE � high-K ACSF has statis-
tically significant inhibitory synchrony; Fig. 6D). As with our
earlier results suggesting a requirement for Na�-based action
potentials, inhibitory synchrony present in high-K ACSF was
abolished in TTX (Fig. 6D; zero of nine experiments including

three MC paired recordings that had statistically significant in-
hibitory synchrony in high-K ACSF).

Although high-K ACSF did not affect the amplitudes of spon-
taneous IPSCs recorded in MCs, PE triggered a modest but sta-
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tistically significant decrease in mean IPSC amplitude (29%
decrease; Fig. 6E). This difference primarily reflected an overrep-
resentation of IPSCs with very small amplitudes (see IPSC ampli-
tude histograms in Fig. 6F, inset). Therefore, we tested whether
the lack of statistically significant inhibitory synchrony following
treatment with PE and high-K ACSF reflected a “dilution” effect
that prevented detecting above-chance inhibitory synchrony.
We tested for this possibility by restricting our cross-correlation
analysis to spontaneous IPSCs greater than an arbitrary mini-
mum amplitude. As shown in the plot in Figure 6F, we failed to
find statistically significant inhibitory synchrony when analyzing
different subsets of large-amplitude IPSCs in the 10 MC pairs
with no evident inhibitory synchrony in high-K ACSF. Eliminat-

ing spontaneous IPSCs �50 pA also abolished inhibitory syn-
chrony in the one MC/MC paired recording with statistically
significant rates of near-coincident IPSCs (Fig. 6G), suggesting
that some synchronous inhibitory inputs generated relatively small-
amplitude (�50 pA) IPSCs.

Passively depolarizing bulbar neurons with high-K ACSF also
increased the spatial extent of inhibitory synchrony. As shown in
Figure 7A, MC pairs with intersoma distances up to 300 �m
exhibited statistically significant inhibitory synchrony (versus up
to 220 �m in control ACSF). As in previous control analyses, trial
shuffling eliminated all statistically significant inhibitory syn-
chrony (Fig. 7A, right). The overall proportion of MC/MC paired
recordings with significant inhibitory synchrony increased from
18% in control ACSF to 47% in high-K ACSF (Fig. 7B). We found
an even more pronounced increase in the proportion of experi-
ments with significant inhibitory synchrony when only consider-
ing MC pairs with intersoma separations 
100 �m (Fig. 7B, right
bars). Consistent with this hypothesis, we found a statistically
significant difference between plots of cumulative intersoma dis-
tance in experiments with inhibitory synchrony in control and
high-K ACSF (Fig. 7C, left). The midpoint in MC separations
with inhibitory synchrony (similar to EC50 estimates) shifted
from 60 �m in control to 140 �m in high-K ACSF (arrowheads
along the x-axis in Fig. 7C, left). The somatic separation where we
found a 50% probability of detecting above-chance coincident
IPSCs in control ACSF (60 �m) was similar to the mean somatic
separation in the 16 MC/MC pairs coincident inhibition de-
scribed above (80 �m). There was no difference in the cumulative
intersoma distance plots when considering all MC/MC pairs (re-
gardless of whether they had inhibitory synchrony) between con-
trol and high-K ACSF (p � 0.71; Kolmogorov–Smirnov test; Fig.
7C, right).

Although high-K ACSF increased the fraction of experiments
with inhibitory synchrony and the spatial extent of inhibitory
synchrony, this treatment did not affect the proportion of puta-
tive synchronized IPSCs within each recording. Actual measure-
ments of near-coincident IPSCs (e.g., number of IPSCs in one
recording with a corresponding IPSC within 3 ms in the other,
simultaneous recording) reflect the sum of two different frequen-
cies: the rate of real (“biological”) coincident IPSCs, presumably
corresponding to coordinated release of GABA at two different
synapses from the same interneuron, and the rate of chance co-
incidences. We calculated the “excess coincidence rate” reflecting
an estimate of the underlying frequency of actual coordinated
GABA release events by subtracting the rate of random coinci-
dences (computed by permuting inter-IPSC intervals) from the
measured rate of near-coincident IPSCs. The excess inhibitory
coincidence rate modestly increased from 0.70 � 0.14 Hz in the
16 MC/MC with statistically significant inhibitory synchrony in
control ACSF to 1.62 � 0.69 Hz in the 9 MC/MC pairs with
inhibitory synchrony recorded in high-K ACSF (p � 0.12; un-
paired t test). However, expressed as a proportion of the ongoing
spontaneous IPSC frequency in each condition, there was almost
no difference in the rate of excess IPSCs between control (8.4% of
all spontaneous IPSCs) and high-K ACSF (7.5%; Fig. 7D). As
expected, we found near-zero rates of excess coincident IPSCs
after trial shuffling or when assaying MC/MC pairs that did not
have statistically significant inhibitory synchrony (Fig. 7D, right
columns).

The similar percentage of near-coincident events detected un-
der different levels of rates of ongoing spontaneous IPSCs sug-
gests that inhibitory synchrony reflected inputs from small but
constant fraction of presynaptic inputs. This 8% estimate could
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arise from a single spontaneously active interneuron that inner-
vated both MCs assuming each MC also receives input from �12
other active interneurons (or from two convergent interneurons
and �23 other active interneurons, etc.). This percentage would
remain constant during passive depolarization tests if the treat-
ment had a similar effect in all presynaptic GCs. If the inhibitory
coincidence that we report arises on average from a single active
interneuron, then this provides an estimate of the total number of
active presynaptic interneurons each MC receives (�13).

Urban and colleagues (Galán et al., 2006) have studied the
functional effect of coincident inhibition onto pairs of OB prin-

cipal cells by injecting fixed patterns of randomly timed � func-
tions (mimicking GABAergic IPSCs) with defined percentages of
coincident inputs applied to both cells. They found that even
relatively low percentages of coincident hyperpolarizing inputs
(20%, similar to the �8% we observe) were effective in generat-
ing synchronized MC spikes (see Fig. 4A in Galán et al., 2006).
Presumably, the brief hyperpolarizing current injections used in
that study evoked synchronized rebound spiking in both MCs
(Balu and Strowbridge, 2007, Balu et al., 2007; Schoppa, 2006),
although the specific biophysical mechanisms involved were not
defined. Together with the present results, this work suggests that
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even the relatively low frequency of coincident inhibition gener-
ated by spontaneously active presynaptic interneurons can gen-
erate a functionally significant signature in the spike output of the
OB (transiently synchronized MC spikes).

Discussion
In this study, we assayed OB synaptic connectivity patterns using
paired recordings and make three primary conclusions. First, we
find that the frequency of spontaneous IPSCs is strongly corre-
lated with the frequency of TTX-resistant IPSC in MCs, suggest-
ing that most inhibitory inputs to MCs behave as a uniform
population. Second, we find that Na�-spike-driven coincident
inhibition can link pairs of principal cells belonging to different
glomerular columns as well as different types of principal cells
(MCs and TCs). These results provide the first direct demonstra-
tion that distant pairs of principal cells can be functionally linked
by coincident inhibition under physiological conditions. This
finding is consistent with previous results from Schoppa (2006),
who observed inhibitory coupling between distant MCs after te-
tanic electrical stimulation with near-coincident IPSCs evident in
�40% of nearby MCs based on the presence of a central peak in
cross-correlation plots. However, direct pathway stimulation can
trigger synchronized firing in multiple interneurons, potentially
generating coincident inhibitory postsynaptic responses in MCs.
These types of “common driver” mechanisms are unlikely to
account for inhibitory synchrony apparent under resting (non-
stimulated) conditions used in the present study, leaving sponta-

neous Na� spiking in GCs that are presynaptic to both MCs as
the most likely explanation for above-chance rates of coincident
IPSC. Finally, we found that coincident inhibition onto MCs
depends on Na� spiking in GCs and can be disrupted by strong
depolarizing stimuli. Together, these results suggest that bulbar
interneurons can play an important role in the olfactory system
by coordinating responses in principal cells belonging to different
glomerular channels. These synaptic interactions can function to
modulate MC and TC firing patterns to reflect contextual infor-
mation associated with the larger glomerular network activated
by an odor.

Difference in inhibitory tone between MCs and TCs
To our knowledge, our study is the first to compare inhibitory
tone in MCs and TCs under normal physiological conditions and
when Na�-based spiking is abolished by TTX. Our finding that
TCs receive less pronounced inhibition (approximately threefold
fewer IPSCs) is consistent with several previous reports that as-
sayed the rate of spontaneous inhibitory postsynaptic responses
(Geramita et al., 2016; Ezeh et al., 1993). This different in spon-
taneous IPSC/P rate could be explained by preferential innerva-
tion of MCs by more active interneurons compared with TCs or
by a difference in overall density of inhibitory innervation in the
principal cell types. Our observation that the threefold difference
in IPSC rate between MCs and TCs is maintained when Na�

spiking is blocked with TTX and then when GC excitability is
enhanced by PE suggests that this difference reflects primarily a
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interneurons (example GC illustrated). See Discussion for details.
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higher density of inhibitory synaptic inputs on MCs. Because our
ability to detect spontaneous IPSCs is likely limited to the syn-
apses within 100 –150 �m of the somata (Lowe, 2002) differences
in the length of the secondary dendrites between MCs and TCs
are unlikely to influence the incidence of coincident inhibition
detected.

Secondary dendrites of MCs and TCs also arborize in different
zones within the EPL, where they contact different subpopula-
tions of GCs (Orona et al., 1983; Mori et al., 1983). Our finding
that coincident inhibition can be detected in MC/TC pairs sug-
gests that the distinction between MC- and TC-targeting GCs is
not absolute. Diminished inhibitory tone in TCs may reflect a
lower density of reciprocal contacts on TC-targeting GCs. Al-
though Greer and colleagues (Bartel et al., 2015) found a similar
density of reciprocal synapses throughout the EPL, to our knowl-
edge, the density of dendrodendritic synapses formed by different
subclasses of GCs has not be been defined. Urban and colleagues
(Geramita et al., 2016) found that TCs were more excitable than
MCs after glomerular stimulation, suggesting that any reduction
in TC-to-GC synaptic density may be compensated for by strong
excitatory inputs to TCs.

Synchronized inhibition links principal cells across multiple
glomerular columns
We detected synchronized inhibition using standard methods
(Narayanan and Laubach, 2009) based on cross-correlation anal-
ysis of IPSC onset times and used two different control proce-
dures to estimate the frequency of coincident IPSCs expected by
chance in each experiment (interval permutation and trial shuf-
fling). The spontaneous IPSC frequency was only modestly re-
duced in visualized MCs with apical dendrites truncated before
reaching the GL compared with intact MCs, suggesting that most
of the inhibitory tone detected in somatic recordings from OB
principal cells originates from interneurons outside of the GL,
presumably GCs. Although several populations of non-GC in-
terneurons exist in the GCL, these appear to target either TCs
(Burton and Urban, 2015) or GCs (Pressler and Strowbridge,
2006; Burton et al., 2017). A recent study (Kato et al., 2013) has
found that parvalbumin (PV)-positive interneurons located in
the EPL form reciprocal synapses with MCs and therefore could
also contribute to the inhibitory synchrony that we observed.
However, PV EPL interneurons appear to fire at high rates (
40
Hz in Kato et al., 2013), which is inconsistent with the very low
rates of beyond-chance synchronized IPSCs in our MC/MC
paired recordings (�0.7 Hz in ACSF).

Coincident inhibition onto MC/MC and MC/TC pairs was
abolished in TTX, suggesting that they likely originate from
GABA release sites coupled by Na�-based action potentials in
GCs. The absence of detectable inhibitory synchrony in our study
was unlikely to occur simply because of the lower IPSC rate in
TTX because we also observed no detectable coincident inhibi-
tion (beyond chance levels) when GCs were stimulated with PE
after Na� spikes were abolished. This treatment restored near-
control rates of spontaneous IPSCs in both MCs and TCs but did
not reveal inhibitory synchrony. This finding suggests that, in the
absence of Na�-based APs, direct depolarization of GCs does not
trigger coordinated GABA release at multiple dendritic spines
that we can detect using paired recordings.

Granule cells generate APs in response to depolarizing stimuli
that propagate throughout the dendritic arbor (Egger et al.,
2003). Because many of the MC pairs that we found that receive
synchronized inhibition were separated by distances that are the
far extreme of what should be possible given the electrotonic

length constant of MC secondary dendrites assayed from focal
GABA uncaging (�75 �m; Lowe, 2002), it is likely that Na�-
based APs coupled GABA release at different spines within the
GC dendritic tree. This mechanism would explain the ability of
TTX to abolish inhibitory coupling in MC/MC and MC/TC
paired recordings and the inability of increasing excitability in
TTX with PE to recover inhibitory synchrony in pairs known to
share a common presynaptic interneuron.

Functional (Wienisch and Murthy, 2016) and computational
(Brea et al., 2009) studies have suggested an important role for
spatially localized Na� and Ca 2� spikes in GCs (Egger et al.,
2005; Zelles et al., 2006; Bywalez et al., 2015). The extent of spike
propagation within GC dendrites represents an attractive mech-
anism to regulate the degree of inhibitory synchrony in principal
cells. At the smallest extreme, individual GC spines are likely able
to release GABA autonomously, leading to an increase in asyn-
chronously inhibition in MCs. Removing extracellular Mg 2�

greatly facilitates GABA release from GCs by enhancing Ca 2�

influx through NMDA receptors located in dendritic spines
(Isaacson and Strowbridge, 1998; Schmidt and Strowbridge,
2014). However, this treatment does not lead to an increase in
coincident IPSPs, even between nearby pairs of MCs (Schmidt
and Strowbridge, 2014), likely reflecting uncoordinated release
events at different spines. In contrast to low-Mg 2� treatment, the
present study found that increasing extracellular K� increased
both IPSC frequency and the incidence of coincident inhibition.
Presumably, elevated K� increased the frequency of spontaneous
spiking in GCs and therefore the frequency of near-simultaneous
release of GABA on spines that synapse onto different principal
cells. Further increasing the excitability of GCs by combining
elevated K� with PE greatly diminished the incidence of synchro-
nized inhibition. This effect probably reflected depolarization block-
ade of AP generation in GCs rather than dilution of synchronized
IPSCs by an elevated frequency of small-amplitude asynchronous
events because restricting our analysis to large-amplitude IPSCs
failed to recover evidence for coincident inhibition.

Functional significance of coincident inhibition onto OB
principal cells
The central finding in this study is that individual GCs can gen-
erate coordinated inhibition onto relatively distant principal
cells. This result suggests that GCs can function to influence firing
patterns of output neurons belonging to different glomerular
columns. Although we demonstrate directly that coincidence in-
hibition occurs in MCs associated with nearby glomeruli (Fig. 4),
the spatial extent over which we observed synchronized inhibi-
tion suggests that individual GCs influence activity over multiple
glomerular columns. The average diameter of a glomerulus is
�75 �m (range 50 –120 �m; Pinching and Powell, 1971) and a
rough estimate of the 2D packing density is 2.5 glomeruli per 100
�m span parallel to the MCL (185 �m estimated GL width).
Assuming at least two layers of intact glomeruli per slice (but
likely three or four in some slices), leads to a maximal span of 14
glomerular columns per GC (Fig. 7E) and an estimated average
connectivity of seven columns per GC. This analysis is based
solely on detecting the incidence of coincident IPSCs exceeding
chance, so it likely represents an underestimate because infre-
quently discharging GCs will generate too few coincident IPSCs
to be detected in our assay. This analysis also does not account for
the variable trajectory of the apical dendrite as it passed through
the EPL, which also could enhance the effective glomerular span
of GC-mediated inhibition.
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Because there is very little chemotopic structure within the GL
(Soucy et al., 2009; Fantana et al., 2008; Luo and Katz, 2001; Ma et
al., 2012), it is possible for an individual GC to affect the firing
patterns of principal cells responding to a wide range of odorants.
Inhibitory postsynaptic responses can trigger rebound spikes in
MCs (Balu and Strowbridge, 2007, Balu et al., 2007; Desmaisons
et al., 1999; Schoppa, 2006), including synchronized APs in pairs
of MCs in response to coincident inhibition (Galán et al., 2006).
Through synchronous IPSP-triggered rebound spikes, the func-
tional impact of coincident inhibition onto subsets of principal
cells is likely magnified and transmitted to downstream cortical
regions that detect transiently synchronized MC inputs (Salinas
and Sejnowski, 2000). In addition to triggering synchronized fir-
ing, coordinated inhibition also may function to sculpt MC dis-
charges to enhance subtle differences evoked by sensory input,
facilitating the decorrelation of related odor responses (Friedrich
and Laurent, 2001; Cazakoff et al., 2014; Shepherd et al., 2007;
Friedrich and Wiechert, 2014; Gschwend et al., 2015). Because
most MC/GC and TC/GC synaptic connections in the EPL are
reciprocal (Isaacson and Strowbridge, 1998; Rall et al., 1966), our
results suggest that individual GCs also receive excitatory input
from a relatively large range of sensory neuron subtypes, helping
to explain the complex sensory responses observed in GC record-
ings in vivo (Kato et al., 2012; Fukunaga et al., 2014; Cazakoff et
al., 2014; Cang and Isaacson, 2003; Tan et al., 2010; Luo and Katz,
2001; Wellis and Scott, 1990).
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Galán RF, Fourcaud-Trocmé N, Ermentrout GB, Urban NN (2006)
Correlation-induced synchronization of oscillations in olfactory bulb
neurons. J Neurosci 26:3646 –3655. CrossRef Medline

Gao Y, Strowbridge BW (2009) Long-term plasticity of excitatory inputs to
granule cells in the rat olfactory bulb. Nat Neurosci 12:731–733. CrossRef
Medline

Gelman A, Hill J, Yajima M (2012) Why we (usually) don’t have to worry
about multiple comparisons. Journal of Research on Educational Effec-
tiveness 5:189 –211. CrossRef

Geramita MA, Burton SD, Urban NN (2016) Distinct lateral inhibitory cir-
cuits drive parallel processing of sensory information in the mammalian
olfactory bulb. Elife 5: pii: e16039. CrossRef Medline

Gschwend O, Abraham NM, Lagier S, Begnaud F, Rodriguez I, Carleton A
(2015) Neuronal pattern separation in the olfactory bulb improves odor
discrimination learning. Nat Neurosci 18:1474 –1482. CrossRef Medline

Hahnloser RH (2007) Cross-intensity functions and the estimate of spike-
time jitter. Biol Cybern 96:497–506. CrossRef Medline

Hyde RA, Strowbridge BW (2012) Mnemonic representations of transient
stimuli and temporal sequences in the rodent hippocampus in vitro. Nat
Neurosci 15:1430 –1438. CrossRef Medline

Isaacson JS, Strowbridge BW (1998) Olfactory reciprocal synapses: den-
dritic signaling in the CNS. Neuron 20:749 –761. CrossRef Medline

Kato HK, Chu MW, Isaacson JS, Komiyama T (2012) Dynamic sensory
representations in the olfactory bulb: modulation by wakefulness and
experience. Neuron 76:962–975. CrossRef Medline

Kato HK, Gillet SN, Peters AJ, Isaacson JS, Komiyama T (2013) Parvalbumin-
expressing interneurons linearly control olfactory bulb output. Neuron 80:
1218–1231. CrossRef Medline

Ke MT, Fujimoto S, Imai T (2013) SeeDB: A simple and morphology-
preserving optical clearing agent for neuronal circuit reconstruction. Nat
Neurosci 16:1154 –1161. CrossRef Medline

Korogod N, Petersen CC, Knott GW (2015) Ultrastructural analysis of adult
mouse neocortex comparing aldehyde perfusion with cryo fixation. Elife
4. CrossRef Medline

Lagier S, Carleton A, Lledo PM (2004) Interplay between local gabaergic
interneurons and relay neurons generates gamma oscillations in the rat
olfactory bulb. J Neurosci 24:4382– 4392. CrossRef Medline

Larimer P, Strowbridge BW (2008) Nonrandom local circuits in the dentate
gyrus. J Neurosci 28:12212–12223. CrossRef Medline

Larimer P, Strowbridge BW (2010) Representing information in cell assem-

Arnson and Strowbridge • Synchronized Inhibition in the Olfactory Bulb J. Neurosci., October 25, 2017 • 37(43):10468 –10480 • 10479

http://dx.doi.org/10.1016/j.neuron.2010.01.009
http://www.ncbi.nlm.nih.gov/pubmed/20159452
http://dx.doi.org/10.1523/JNEUROSCI.4768-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16554479
http://dx.doi.org/10.1038/nn2030
http://www.ncbi.nlm.nih.gov/pubmed/18084286
http://dx.doi.org/10.1152/jn.01115.2006
http://www.ncbi.nlm.nih.gov/pubmed/17151219
http://dx.doi.org/10.1523/JNEUROSCI.4630-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17522307
http://dx.doi.org/10.1002/cne.23714
http://www.ncbi.nlm.nih.gov/pubmed/25420934
http://dx.doi.org/10.1073/pnas.0910964106
http://www.ncbi.nlm.nih.gov/pubmed/19996171
http://dx.doi.org/10.1523/JNEUROSCI.0746-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26490853
http://www.ncbi.nlm.nih.gov/pubmed/28003347
http://dx.doi.org/10.1016/j.neuron.2014.12.051
http://www.ncbi.nlm.nih.gov/pubmed/25619656
http://www.ncbi.nlm.nih.gov/pubmed/12764098
http://dx.doi.org/10.1152/jn.00394.2014
http://www.ncbi.nlm.nih.gov/pubmed/25717156
http://dx.doi.org/10.1038/nn.3669
http://www.ncbi.nlm.nih.gov/pubmed/24584050
http://dx.doi.org/10.1002/cne.902030310
http://www.ncbi.nlm.nih.gov/pubmed/6274922
http://www.ncbi.nlm.nih.gov/pubmed/10594056
http://dx.doi.org/10.1038/nn.2673
http://www.ncbi.nlm.nih.gov/pubmed/20953197
http://www.ncbi.nlm.nih.gov/pubmed/12930793
http://dx.doi.org/10.1523/JNEUROSCI.4746-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15814782
http://www.ncbi.nlm.nih.gov/pubmed/8395579
http://dx.doi.org/10.1016/j.neuron.2008.07.039
http://www.ncbi.nlm.nih.gov/pubmed/18786363
http://dx.doi.org/10.1126/science.291.5505.889
http://www.ncbi.nlm.nih.gov/pubmed/11157170
http://dx.doi.org/10.1016/j.febslet.2014.05.055
http://www.ncbi.nlm.nih.gov/pubmed/24911205
http://dx.doi.org/10.1038/nn.3760
http://www.ncbi.nlm.nih.gov/pubmed/24997762
http://dx.doi.org/10.1523/JNEUROSCI.4605-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16597718
http://dx.doi.org/10.1038/nn.2319
http://www.ncbi.nlm.nih.gov/pubmed/19412165
http://dx.doi.org/10.1080/19345747.2011.618213
http://dx.doi.org/10.7554/eLife.16039
http://www.ncbi.nlm.nih.gov/pubmed/27351103
http://dx.doi.org/10.1038/nn.4089
http://www.ncbi.nlm.nih.gov/pubmed/26301325
http://dx.doi.org/10.1007/s00422-007-0143-7
http://www.ncbi.nlm.nih.gov/pubmed/17387506
http://dx.doi.org/10.1038/nn.3208
http://www.ncbi.nlm.nih.gov/pubmed/22960934
http://dx.doi.org/10.1016/S0896-6273(00)81013-2
http://www.ncbi.nlm.nih.gov/pubmed/9581766
http://dx.doi.org/10.1016/j.neuron.2012.09.037
http://www.ncbi.nlm.nih.gov/pubmed/23217744
http://dx.doi.org/10.1016/j.neuron.2013.08.036
http://www.ncbi.nlm.nih.gov/pubmed/24239124
http://dx.doi.org/10.1038/nn.3447
http://www.ncbi.nlm.nih.gov/pubmed/23792946
http://dx.doi.org/10.7554/eLife.05793
http://www.ncbi.nlm.nih.gov/pubmed/26259873
http://dx.doi.org/10.1523/JNEUROSCI.5570-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/15128852
http://dx.doi.org/10.1523/JNEUROSCI.3612-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/19020015


blies: persistent activity mediated by semilunar granule cells. Nat Neuro-
sci 13:213–222. CrossRef Medline

Lowe G (2002) Inhibition of backpropagating action potentials in mitral cell
secondary dendrites. J Neurophysiol 88:64 – 85. Medline

Luo M, Katz LC (2001) Response correlation maps of neurons in the mam-
malian olfactory bulb. Neuron 32:1165–1179. CrossRef Medline

Luskin MB, Price JL (1983) The topographic organization of associational
fibers of the olfactory system in the rat, including centrifugal fibers to the
olfactory bulb. J Comp Neurol 216:264 –291. CrossRef Medline

Ma L, Qiu Q, Gradwohl S, Scott A, Yu EQ, Alexander R, Wiegraebe W, Yu CR
(2012) Distributed representation of chemical features and tunotopic
organization of glomeruli in the mouse olfactory bulb. Proc Natl Acad Sci
U S A 109:5481–5486. CrossRef Medline

McIntyre AB, Cleland TA (2016) Biophysical constraints on lateral inhibition
in the olfactory bulb. J Neurophysiol 115:2937–2949. CrossRef Medline

McLennan H (1971) The pharmacology of inhibition of mitral cells in the
olfactory bulb. Brain Res 29:177–184. CrossRef Medline

Mori K, Kishi K, Ojima H (1983) Distribution of dendrites of mitral, dis-
placed mitral, tufted, and granule cells in the rabbit olfactory bulb.
J Comp Neurol 219:339 –355. CrossRef Medline

Narayanan NS, Laubach M (2009) Methods for studying functional inter-
actions among neuronal populations. Methods Mol Biol 489:135–165.
CrossRef Medline

Nissant A, Bardy C, Katagiri H, Murray K, Lledo PM (2009) Adult neuro-
genesis promotes synaptic plasticity in the olfactory bulb. Nat Neurosci
12:728 –730. CrossRef Medline

Orona E, Scott JW, Rainer EC (1983) Different granule cell populations
innervate superficial and deep regions of the external plexiform layer in
rat olfactory bulb. J Comp Neurol 217:227–237. CrossRef Medline

Orona E, Rainer EC, Scott JW (1984) Dendritic and axonal organization of
mitral and tufted cells in the rat olfactory bulb. J Comp Neurol 226:346 –
356. CrossRef Medline

Petreanu L, Alvarez-Buylla A (2002) Maturation and death of adult-born
olfactory bulb granule neurons: role of olfaction. J Neurosci 22:6106 –
6113. Medline

Pinching AJ, Powell TP (1971) The neuropil of the glomeruli of the olfac-
tory bulb. J Cell Sci 9:347–377. Medline

Pressler RT, Strowbridge BW (2006) Blanes cells mediate persistent feedfor-
ward inhibition onto granule cells in the olfactory bulb. Neuron 49:889 –
904. CrossRef Medline

Pressler RT, Rozman PA, Strowbridge BW (2013) Voltage-dependent in-
trinsic bursting in olfactory bulb Golgi cells. Learn Mem 20:459 – 466.
CrossRef Medline

Price JL, Powell TP (1970) The morphology of the granule cells of the olfac-
tory bulb. J Cell Sci 7:91–123. Medline

Rall W, Shepherd GM, Reese TS, Brightman MW (1966) Dendrodendritic
synaptic pathway for inhibition in the olfactory bulb. Exp Neurol 14:44 –
56. CrossRef Medline

Salinas E, Sejnowski TJ (2000) Impact of correlated synaptic input on out-

put firing rate and variability in simple neuronal models. J Neurosci 20:
6193– 6209. Medline

Salmoiraghi GC, Bloom FE, Costa E (1964) Adrenergic mechanisms in rab-
bit olfactory bulb. Am J Physiol 207:1417–1424. Medline

Schmidt LJ, Strowbridge BW (2014) Modulation of olfactory bulb network
activity by serotonin: synchronous inhibition of mitral cells mediated by
spatially localized GABAergic microcircuits. Learn Mem 21:406 – 416.
CrossRef Medline

Schoppa NE (2006) Synchronization of olfactory bulb mitral cells by pre-
cisely timed inhibitory inputs. Neuron 49:271–283. CrossRef Medline

Sham PC, Purcell SM (2014) Statistical power and significance testing in
large-scale genetic studies. Nat Rev Genet 15:335–346. CrossRef Medline

Shepherd GM, Chen WR, Willhite D, Migliore M, Greer CA (2007) The
olfactory granule cell: from classical enigma to central role in olfactory
processing. Brain Res Rev 55:373–382. CrossRef Medline

Soucy ER, Albeanu DF, Fantana AL, Murthy VN, Meister M (2009) Preci-
sion and diversity in an odor map on the olfactory bulb. Nat Neurosci
12:210 –220. CrossRef Medline

Stopfer M, Bhagavan S, Smith BH, Laurent G (1997) Impaired odour dis-
crimination on desynchronization of odour-encoding neural assemblies.
Nature 390:70 –74. CrossRef Medline

Tan J, Savigner A, Ma M, Luo M (2010) Odor information processing by the
olfactory bulb analyzed in gene-targeted mice. Neuron 65:912–926.
CrossRef Medline
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