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Postnatal Odor Exposure Increases the Strength of
Interglomerular Lateral Inhibition onto Olfactory Bulb
Tufted Cells

Matthew Geramita and Nathan N. Urban
Center for Neuroscience, and Center for the Neural Basis of Cognition, University of Pittsburgh, Pittsburgh, Pennsylvania 15213

Lateral inhibition between pairs of olfactory bulb (OB) mitral cells (MCs) and tufted cells (TCs) is linked to a variety of computations
including gain control, decorrelation, and gamma-frequency synchronization. Differential effects of lateral inhibition onto MCs and TCs
via distinct lateral inhibitory circuits are one of several recently described circuit-level differences between MCs and TCs that allow each
to encode separate olfactory features in parallel. Here, using acute OB slices from mice, we tested whether lateral inhibition is affected by
prior odor exposure and if these effects differ between MCs and TCs. We found that early postnatal odor exposure to the M72 glomerulus
ligand acetophenone increased the strength of interglomerular lateral inhibition onto TCs, but not MCs, when the M72 glomerulus was
stimulated. These increases were specific to exposure to M72 ligands because exposure to hexanal did not increase the strength of
M72-mediated lateral inhibition. Therefore, early life experiences may be an important factor shaping TC odor responses.
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Introduction
Determining how experience shapes sensory responses is vital for
understanding how sensory information is processed in brain
circuits. In the olfactory bulb (OB), multiple studies have shown
that responses of the two types of projection neurons, mitral cells
(MCs) and tufted cells (TCs), depend on prior odor exposure
(Buonviso and Chaput, 2000; Wilson, 2000; Fletcher and Wilson,
2003; Wilson and Linster, 2008; Kato et al., 2012), yet the specific
circuit mechanisms behind these changes remain unknown.

Moreover, in contrast to the hippocampus and neocortex, few in
vitro studies have been able to induce changes such as long-term
potentiation (Gao and Strowbridge, 2009; Nissant et al., 2009) in
the OB. Here, we demonstrate that odor exposure alters one crit-
ical circuit element, interglomerular lateral inhibition, and does
so specifically for one class of OB output neurons: TCs.

MCs and TCs receive excitation from a single glomerulus, but
inhibition from many, a process known broadly as lateral inhibi-
tion. Lateral inhibition is modulated by a variety of inhibitory
interneuron subtypes that include superficial short axon cells
(Liu et al., 2013; Whitesell et al., 2013; Banerjee et al., 2015),
external plexiform layer interneurons (EPL-INs) (Kato et al.,
2013; Miyamichi et al., 2013), and granule cells (GCs) (Arevian et
al., 2008; Fukunaga et al., 2014; Gschwend et al., 2015). These
circuits influence MC/TC activity in a variety of ways that include
controlling gain (Banerjee et al., 2015), decorrelating odor repre-
sentations (Arevian et al., 2008; Giridhar et al., 2011; Gschwend et
al., 2015), modulating spike timing (Fukunaga et al., 2014), and
synchronizing gamma-frequency oscillations (Lagier et al., 2004;
Galán et al., 2006; Lagier et al., 2007; Fukunaga et al., 2014). The
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Significance Statement

Responses of olfactory (OB) bulb mitral cells (MCs) and tufted cells (TCs) are known to depend on prior odor exposure, yet the
specific circuit mechanisms underlying these experience-dependent changes are unknown. Here, we show that odor exposure
alters one particular circuit element, interglomerular lateral inhibition, which is known to be critical for a variety of OB compu-
tations. Early postnatal odor exposure to acetophenone, a ligand of M72 olfactory sensory neurons, increases the strength of
M72-mediated lateral inhibition onto TCs, but not MCs, that project to nearby glomeruli. These findings add to a growing list of
differences between MCs and TCs suggesting that that these two cell types play distinct roles in odor coding.
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effects of sensory experience have been studied most extensively
in GCs because previous work has shown that prior odor expo-
sure influences GC survival (Lemasson et al., 2005; Saghatelyan et
al., 2005; Alonso et al., 2006), morphology (Saghatelyan et al.,
2005; Yoshihara et al., 2012), and in vivo odor responses (Kato et
al., 2012). Whether experience-dependent changes in interneu-
rons leads to changes in interglomerular lateral inhibition onto
MCs and TCs is unknown.

Although MCs and TCs have distinct morphologies (Mori et
al., 1983; Orona et al., 1984; Burton and Urban, 2014) and send
axons to largely nonoverlapping cortical areas (Haberly and
Price, 1977; Igarashi et al., 2012), only recently have their func-
tional differences been described and their distinct roles in odor
coding hypothesized. For instance, MC and TC odor responses
differ in the timing of activation (Fukunaga et al., 2012; Igarashi
et al., 2012), concentration dependence (Nagayama et al., 2004;
Fukunaga et al., 2012; Igarashi et al., 2012), influence of neuro-
modulators (Kapoor et al., 2016), cortical feedback (Otazu et al.,
2015), and lateral inhibition (Nagayama et al., 2004). Despite this
recent push to consider MCs and TCs as functionally distinct
neuron types, little is known about whether sensory experience
affects MCs and TCs differentially. However, lateral inhibition
affects spiking in MCs and TCs differently in part due to differ-
ences in connectivity to superficial GCs (sGCs) and deep GCs
(dGCs), respectively, two subclasses of granule cells (Geramita et
al., 2016). In addition, early olfactory experience increases the
survival of GCs born in the early postnatal period (P3–P14), the
majority of which are sGCs, but has no effect on the survival of
GCs born later (P14 –P60), the majority of which are dGCs (Le-
masson et al., 2005). Therefore, early postnatal odor exposure
may more strongly affect lateral inhibition onto TCs than onto
MCs.

Here, we show, in M72-ChR2-YFP mice (Smear et al., 2013),
that postnatal exposure to acetophenone (Ace), a ligand of the
M72 glomerulus, increases the strength of M72-mediated lateral
inhibitory currents onto TCs, but not MCs. In addition, we show
that this increase in lateral inhibition onto TCs is specific to ex-
posure to M72 ligands.

Materials and Methods
Odor exposure. As described previously (Kerr and Belluscio, 2006), be-
ginning at P0 and ending at P20, litters of M72-ChR2-YFP mice (Smear
et al., 2013) including pups of both sexes were exposed to one of three
odor stimuli through daily application to the nipples of the dam: (1) 50 �l
of mineral oil (MO), (2) 50 �l of a 1:100 (v/v) dilution of the M72 ligand
Ace in MO, or (3) 50 �l of a 1:100 (v/v) dilution of the non-M72 ligand
hexanal (Hex) in MO.

Slice preparation. P17–P20 M72-ChR2-YFP mice of both sexes were
anesthetized with isoflurane and decapitated. Brains were dissected into
ice-cold oxygenated solution containing the following (in mM): 125
NaCl, 25 glucose, 2.5 KCl, 25 NaHCO3, 1.25 NaH2PO4, 7 MgCl2, and 0.5
CaCl2. Sagittal slices (280 �m thick) of the main olfactory bulb were
prepared using a vibratome (VT1200S; Leica) and recovered for 15–30
min in 37°C oxygenated Ringer’s solution that was identical to the dis-
section solution except for lower Mg 2� concentrations (1 mM MgCl2)
and higher Ca 2� concentrations (2 mM CaCl2). Before recording, slices
were stored in room temperature oxygenated Ringer’s solution until
recording.

Cell classification. TCs were identified as those cells residing completely
in the superficial half of the EPL with large somas (�10 �m in diameter).
All TCs had at least one lateral dendrite and did not display the rhythmic
bursting characteristic of external TCs (Hayar et al., 2004; Antal et al.,
2006; Liu and Shipley, 2008). MCs were identified as large cells located in
the MC layer (MCL). Those cells with somata that only partially reside in
the MCL (“displaced MCs,” Mori et al., 1983; or “internal TCs,” Igarashi

et al., 2012) were excluded from analysis due to the possibility of mis-
identification as MCs or TCs.

Electrophysiology. M/TCs were visualized using infrared differential
interference contrast video microscopy. Throughout the recording pro-
cess, slices were continuously superfused with 37°C oxygenated Ringer’s
solution that contained 0.2 mM Mg 2� to enhance NMDAR activation
and granule-cell-mediated inhibition (Arevian et al., 2008; Abraham et
al., 2010; Dietz et al., 2011). Voltage-clamp recordings were made using
electrodes filled with the following (in mM): 140 Cs-gluconate, 10
HEPES, 2 KCl, 10 sodium phosphocreatine, 3 Mg-ATP, 0.3 Na3GTP, and
0.25 Alexa Fluor 594 (Life Technologies) plus 0.2% Neurobiotin (Vector
Labs). All data were low-pass filtered at 4 kHz and digitized at 10 kHz
using a MultiClamp 700A amplifier (Molecular Devices) and an ITC-18
acquisition board (Instrutech) controlled by custom software written in
Igor Pro (WaveMetrics). M72 photostimulation was provided by a 250
�m multimode optical fiber (Thorlabs) coupled to a high-intensity light-
emitting diode (M470F1; Thorlabs) and driver (DC2100; Thorlabs) con-
trolled by transistor–transistor logic pulses.

Data analysis. Inhibitory currents were measured in seven trials at a
holding potential of �10 mV using a single 10 ms light pulse. Spontane-
ous IPSCs (sIPSCs) in M/TCs were measured in four 30 s trials. Analysis
of M72-mediated inhibitory currents was performed using custom
Matlab (The MathWorks) analysis software. The presence or absence of
IPSCs was calculated by taking the average trace of seven trials and
finding the mean and SD of the trace during the second before photo-
stimulation. Then, the baseline current (mean of the second before pho-
tostimulation) was subtracted from each trace. Lateral inhibitory
currents were present if positive deflections of the current trace exceeded
3*SD for longer than 10 ms in the 500 ms time window after M72 pho-
tostimulation. Lateral inhibitory currents were subsequently split into
early (0 –250 ms) and late (250 –1500 ms) phases and the peak current
amplitude and charge transfer were calculated in each. Charge transfer
was calculated as the integral of the current trace in either the early phase
or late phase after photostimulation. sIPSCs were detected using a stan-
dard template-matching function from Axograph (Clements and Bek-
kers, 1997) that included a 21-ms-long double-exponential template
with a 5 ms baseline, 2 ms rise time, and 10 ms decay constant. All events
were detected with a threshold amplitude of 2*SD of the baseline noise.
Spurious event detections with rise times �5 ms and decay constants
�100 ms or �2 ms were excluded from analysis.

Results
Analyzing experience-dependent changes in brain circuitry is fa-
cilitated by approaches that allow experience-activated regions or
cells to be identified specifically across animals (Barth, 2007; Es-
pinosa and Stryker, 2012). Here, we combined the use of a stim-
ulus (Ace) that activates a known receptor (M72) in animals in
which this receptor is labeled (M72-ChR2-YFP) to achieve selec-
tive activation of a single glomerulus across animals (Smear et al.,
2013). This approach allowed us to measure the strength of M72-
mediated lateral inhibition in M/TCs in acute OB slices. Begin-
ning at P0, M72-ChR2-YFP litters were split into three groups
and exposed to one of three odor stimuli (see Material and Meth-
ods): (1) MO; (2) Ace, an odor that activates the M72 glomerulus
(Feinstein et al., 2004; Zhang et al., 2012); or Hex, an odor that
does not activate the M72 glomerulus (Smear et al., 2013) but
does activate many olfactory receptor neurons targeting the dor-
sal surface of the OB.

Between P17 and P20, we cut OB slices from M72-ChR2-YFP
mice and optogenetically activated the M72 glomerulus (10 ms
light pulse) while recording inhibitory currents in MCs and TCs
that innervate nearby glomeruli (Fig. 1a, c). M72 photostimula-
tion evoked reliable and long-lasting inhibitory currents onto
MCs and TCs (Fig. 1d). We quantified the strength of lateral
inhibition by measuring light-evoked inhibitory currents in MCs
and TCs at early (�250 ms) and late (�250 ms) times after stim-
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ulus onset. MCs from MO-exposed animals received stronger
lateral inhibitory currents than TCs from MO-exposed animals
(Fig. 1e–h). The peak amplitude (MC: 34.9 � 11.9 pA; TC: 24.2 �
6.0 pA; p � 0.026, unpaired t test), but not the charge transferred
(MC: 2.45 � 0.92 pA*s; TC: 2.32 � 0.69 pA*s; p � 0.72, unpaired
t test), of early phase inhibition was significantly larger in MCs
than in TCs from MO-exposed animals. In addition, both the
peak amplitude (MC: 30.9 � 13.1; TC: 19.4 � 7.98; p � 0.036,
unpaired t test) and charge transferred (MC: 7.30 � 3.39 pA*s;
TC: 4.16 � 1.54 pA*s; p � 0.021, unpaired t test) of late phase
inhibition was significantly larger in MCs than in TCs from MO-
exposed animals. Together, these data and our previous work
(Geramita et al., 2016) demonstrate that M72-mediated lateral
inhibition is stronger onto MCs than onto TCs.

In Ace-exposed, but not Hex-exposed, animals, the strength
of M72-mediated lateral inhibition onto TCs, but not MCs, was
increased. In TCs from Ace-exposed animals, the amplitude
(early phase: MO, 24.19 � 6.0 pA; Ace, 45.59 � 10.64 pA, Hex,

24.08 � 8.03 pA, p � 1.5e-6; late phase: MO, 19.44 � 7.98 pA,
Ace, 32.16 � 12.0 pA, Hex, 19.94 � 9.69 pA, p � 9.5e-3; one-way,
ANOVA; Fig. 1e) and charge transferred (early phase: MO,
2.32 � 0.69 pA*s, Ace, 4.90 � 1.92 pA*s, Hex, 2.53 � 1.28 pA*s,
p � 4.0e-4; late phase: MO, 4.16 � 1.54 pA*s, Ace, 8.01 � 3.73
pA*s, Hex, 3.74 � 1.92 pA*s, p � 0.0019; one-way ANOVA; Fig.
1g) of the early and late phases of inhibition were significantly
larger compared with currents from TCs in MO-exposed or Hex-
exposed animals. In contrast, neither the amplitude (early phase:
MO, 34.96 � 11.97 pA, Ace, 29.61 � 9.97 pA, Hex, 31.20 � 9.29
pA, p � 0.53; late phase: MO, 30.95 � 13.06 pA, Ace, 26.45 �
12.23 pA, Hex, 19.94 � 9.69 pA, p � 0.68 one-way ANOVA) nor
charge transferred (early phase: MO, 2.45 � 0.92 pA*s, Ace,
2.43 � 1.44 pA*s, Hex, 2.18 � 0.72 pA*s, p � 0.83; late phase:
MO, 7.30 � 3.39 pA*s, Ace, 7.57 � 2.30 pA*s, Hex, 7.64 � 2.54
pA*s, p � 0.96 one-way ANOVA) of the early or late phases of
inhibition onto MCs changed after exposure to Ace. Therefore,

Figure 1. Postnatal exposure to the M72 ligand Ace increases the strength of M72-mediated lateral inhibition onto TCs, but not MCs. a, b, Schematic and example of recording from a MC that
projects to a glomerulus near the M72 glomerulus in M72-ChR2-YFP mice. GL, Glomerular layer. Photostimulation of the M72 glomerulus (10 ms light pulse) evokes inhibitory currents. c, Litters were
exposed to MO, Ace, or Hex beginning at P0 by daily application of the odor to the nipples of the dam. Experiments measuring M72-mediated lateral inhibition are performed between P17 and P20.
d, Examples of M72-mediated lateral inhibition onto MCs (top) or TCs (bottom) from MO-exposed mice (left; black), Ace-exposed mice (middle; red), or Hex-exposed mice (right; blue). Inhibitory
responses were grouped into early phase (�250 ms) and late phase (�250 ms) responses. e–h, Both the peak amplitude (e) and charge transferred (g) of early and late phases of inhibition are
increased in TCs, but not MCs, from Ace-exposed animals (“x” indicates cells lacking an apical dendrite). The MC/TC ratio of the peak amplitude (f ) or charge transferred (h) between cells recorded
sequentially in the same slice was significantly reduced in Ace-exposed animals. Data were taken from 24 MCs (MO: 10 cells, 8 animals, 2 litters; Ace: 9 cells, 9 animals, 3 litters; Hex: 9 cells, 8 animals,
2 litters) and 30 TCs (MO: 9 cells, 8 animals, 2 litters; Ace: 14 cells, 10 animals, 3 litters; Hex: 8 cells, 5 animals, 2 litters). *p � 0.05, **p � 0.01, ***p � 0.001. Data are presented as mean � SEM.
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postnatal exposure to a ligand that acti-
vates the M72 glomerulus specifically in-
creased the strength of M72-mediated
lateral inhibition onto TCs, but not MCs.

We next explored other factors that
may influence the strength of lateral inhi-
bition. To control for slice-to-slice vari-
ability in the strength of lateral inhibition,
we examined the ratio of MC/TC inhibi-
tion in pairs of cells recorded sequentially
in the same slice. This ratio was signifi-
cantly reduced in Ace-exposed animals
(Fig. 1f; amplitude: early phase: MO,
1.60 � 0.36, Ace, 0.50 � 0.20, Hex, 1.42 �
0.27, p � 3e-4, late phase: MO, 1.38 �
0.18, Ace, 0.86 � 0.27, Hex, 1.53 � 0.24,
p � 0.003; Fig. 1h; charge: early phase:
MO, 1.05 � 0.14, Ace, 0.25 � 0.17, Hex,
0.97 � 0.24, p � 1e-4, late phase: MO,
1.75 � 0.19, Ace, 0.98 � 0.31, Hex, 1.64 �
0.21, p � 0.001; one-way ANOVA). There
were no differences in the proportion of
MCs (MO, 10/18, 56%; Ace, 9/18, 50%;
Hex, 9/20, 45%) and TCs (MO, 9/15,
60%; Ace, 14/25, 56%; Hex, 8/14, 57%)
that received lateral inhibition between
the 3 odor-exposed groups. Moreover, the
MCs (MO: 123 � 86 �m; Ace: 148 � 97
�m; Hex: 135 � 75 �m, p � 0.72; one-
way ANOVA) and TCs (MO: 84 � 62 �m;
Ace: 73 � 56 �m; Hex: 77 � 46 �m, p �
0.82; one-way ANOVA) recorded in the 3
groups were similar distances from the
M72 glomerulus. In addition, the strength
of lateral inhibition did not depend on
whether the apical dendrite was intact, as described previously
(Geramita et al., 2016). TCs without apical dendrites from Ace-
exposed mice showed similar increases in the amplitude and
charge of lateral inhibition compared with TCs with apical den-
drites from Ace-exposed mice (amplitude: early phase: with api-
cal, 46.3 � 11.72 pA, without apical, 43.80 � 8.5 pA, p � 0.71; late
phase: with apical, 32.11 � 13.25 pA, without apical, 32.3 � 9.83
pA, p � 0.98; charge: early phase: with apical, 5.02 � 2.21 pA*s,
without apical, 4.60 � 1.03 pA*s, p � 0.73; late phase: with apical,
8.27 � 4.14 pA*s, without apical, 7.38 � 2.85 pA*s, p � 0.70,
unpaired t test). Therefore, either GCs or other EPL-INs are the
most likely source of the experience-dependent increases in lat-
eral inhibition described here.

In addition, we assessed whether the extent of the increase in
M72-mediated lateral inhibition scaled with the total amount of
M72 activation. To do this, we relied on the fact that the same
odor is painted on the dam at the same concentration each day, so
mice that were killed at P20 for recording received three more
days of odor exposure than mice that were killed at P17. There-
fore, if the strength of plasticity depends on the extent of M72
activation, then TCs from Ace-exposed mice killed at P20 should
receive stronger M72-mediated lateral inhibition than TCs from
Ace-exposed mice killed at P17. Indeed, we found that the ampli-
tude of the early phase of M72-mediated lateral inhibition onto
TCs from Ace-exposed animals was significantly correlated with
the age of the animal when the recording was performed (r �
0.64, p � 0.014; Fig. 2a). This correlation was not due to devel-

opmental increases in the strength of lateral inhibition because
there was no correlation between animal age and the strength of
lateral inhibition onto MCs from Ace-exposed animals (r � 0.22,
p � 0.57; Fig. 2b). In addition, we found no correlation between
animal age and the strength of lateral inhibition onto TCs from
MO-exposed (r � 0.17, p � 0.66; Fig. 2c) or Hex-exposed (r �
0.29, p � 0.49; Fig. 2d) animals. Therefore, our newly described
plasticity of M72-mediated lateral inhibition onto TCs depends
on the amount of activation of the M72 glomerulus.

Finally, we tested an alternative mechanism that could lead to
the increases in M72-mediated lateral inhibition described above.
If the recorded MC/TC projected to a glomerulus that was acti-
vated by Ace and consequently experienced an experience-
dependent increase in the total amount of recurrent inhibition
that it receives, which occurs in vivo (Saghatelyan et al., 2005),
then lateral inhibition originating from all other connected glom-
eruli, including the M72 glomerulus, would increase due to the
reciprocal nature of the dendrodendritic synapse. To examine
this possibility, we measured sIPSCs in MCs and TCs from the
three odor-exposed groups (Fig. 3a) as a measure of the total
amount of recurrent inhibition onto the cell. Neither sIPSC am-
plitude nor frequency differed in MCs (amplitude: p � 0.65;
frequency: p � 0.96; one-way ANOVA) or TCs (amplitude: p �
0.69; frequency: p � 0.95; one-way ANOVA) (Fig. 3b, c) between
the three odor-exposed groups. In addition, after grouping all 3
odor exposure conditions together by cell type, we found that
both sIPSC amplitude (p � 5.08e-5, unpaired t test) and fre-
quency (p � 2.29e-7, unpaired t test) were larger in MCs than in

Figure 2. Extent of the increase in M72-mediated lateral inhibition onto TCs after Ace exposure scales with the total amount of
M72 activation. a, Amplitude of the early phase of M72-mediated lateral inhibition onto TCs from Ace-exposed animals is signif-
icantly correlated with the age of the animal when the recording was performed (r � 0.64, p � 0.014). b–d, This correlation is not
due to developmental increases in the strength of lateral inhibition. b, There is no correlation between animal age and the strength
of lateral inhibition onto MCs from Ace-exposed animals (r � 0.22, p � 0.57). c, d, There is no correlation between animal age and
the strength of lateral inhibition onto TCs from MO-exposed (c; r � 0.17, p � 0.66) or Hex-exposed (d; r � 0.29, 0.49) animals.
Significance was assessed using Pearson’s correlation.

12324 • J. Neurosci., December 7, 2016 • 36(49):12321–12327 Geramita and Urban • Plasticity of Olfactory Bulb Lateral Inhibition



TCs. Therefore, increases in the strength of M72-mediated lateral
inhibition are most likely due to specific experience-dependent
changes in inhibitory circuitry caused by M72 activation.

Discussion
Our data provide the first evidence of experience-dependent
changes in interglomerular lateral inhibition onto TCs. We show
that postnatal exposure to the M72 ligand Ace increases the
strength of M72-mediated lateral inhibition onto TCs, but not
MCs. This differential influence of postnatal odor exposure in
TCs is specific to Ace because TCs from mice exposed to Hex did
not show increases in the strength of M72-mediated lateral inhi-
bition. In addition, neither sIPSC frequency nor amplitude was
altered by Ace or Hex exposure, indicating that increases in M72-
mediated lateral inhibition cannot be explained by increases in
the total amount of inhibition onto the recorded M/TC.

Experience-dependent changes to the strength of interglomeru-
lar lateral inhibition onto TCs could have multiple physiological
and/or computational roles. Increasing the strength of lateral inhi-
bition originating from Ace-sensitive glomeruli may serve to silence
weakly activated TCs and thus to increase the sparseness of and/or
decorrelate odor representations encoded by TC populations. Sim-
ilarly, prior odor experience in adulthood reduces the activity of
many individual MCs to experienced odors so that MC representa-
tions of the experienced odor become sparser (Kato et al., 2012). In
addition, increasing the strength of M72-mediated lateral inhibition
may serve to shift spike timing, increase gamma synchrony, or im-
prove decorrelation, all of which are mediated by GCs (Lagier et al.,
2004; Galán et al., 2006; Lagier et al., 2007; Giridhar et al., 2011;

Fukunaga et al., 2014) and play important
roles in olfactory-mediated behaviors (Lep-
ousez and Lledo, 2013). Finally, limiting
experience-dependent changes to TCs, but
not MCs, may lead to other specific behav-
ioral benefits. Prior work has shown that,
due to differences in lateral inhibition, MCs
and TCs are able to best discriminate between
similar odors presented at high and low con-
centrations, respectively, and has suggested
that MCs and TCs are responsible for separate
concentration ranges (Geramita et al., 2016).
Sparser TC odor representations due to
experience-dependent increases in lateral in-
hibition may increase an animal’s odor
detection threshold while leaving MC repre-
sentations unaffected. Ultimately, these dif-
ferential effects of experience on TCs and
MCs may allow the animal to better identify
other odors present in a background of Ace.
These potential benefits can be tested di-
rectly by determining whether Ace-exposed
animals have lower detection thresholds for
Ace or if they are better at identifying other
odors in an Ace background.

Although a variety of specific changes
to the OB circuit could explain the
experience-dependent increases in TC lat-
eral inhibition described here, prior work
suggests that GCs are the most plausible
source of these changes. Multiple aspects
of GC physiology are known to be altered
by olfactory experience: odor deprivation
decreases the probability of GC survival,
the complexity of GC dendritic arbors,

and GC spine density (Saghatelyan et al., 2005), whereas postna-
tal odor exposure increases the probability of GC survival (Le-
masson et al., 2005). Therefore, increases in either the number of
GCs activated by M72 activation or the number of synapses
formed by these GCs could explain the increases in M72-
mediated lateral inhibition. However, changes to other types of
inhibitory interneurons are also possible. In particular, EPL-INs
can mediate inhibition onto M/TCs (Kato et al., 2013; Miyamichi
et al., 2013) and the strength of EPL-IN-mediated inhibition may
be experience dependent. Glomerular layer circuits have also
been shown to play a role in lateral inhibition (Liu et al., 2013;
Whitesell et al., 2013; Banerjee et al., 2015), but these circuits are
unlikely to play a role in the experience dependence of lateral
inhibition reported here because the effects are not influenced by
apical dendrite truncation. However, plasticity in glomerular cir-
cuits may alter the responsiveness of TCs other than the recorded
cell, which may engage GCs that target the recorded TC and
increase the amount of recorded lateral inhibition despite a trun-
cated apical dendrite. Therefore, we cannot rule out the possibil-
ity that glomerular layer circuits contribute to the experience
dependence of lateral inhibition described here. Finally, any
mechanism that increases activity in M72-associated M/TCs
could increase activity in interneurons and consequently lateral
inhibition onto surrounding TCs. These include experience-
dependent increases in the strength of olfactory receptor neuron
input to M72-M/TCs, the intrinsic excitability of M72-M/TCs, or
the number of M72-M/TCs. However, these mechanisms would
be unlikely to affect MCs and TCs differentially. In addition,

Figure 3. Postnatal odor exposure does not affect the frequency or amplitude of sIPSCs in M/TCs innervating glomeruli near the
M72 glomerulus. a, Representative traces (2 s) of sIPSCs and the average sIPSC in MCs (top) and TCs (bottom) from MO-exposed
(black), Ace-exposed (red), or Hex-exposed (blue) mice. Average sIPSCs are calculated from 14,848 events in MO-exposed MCs (9
cells, 8 animals, 2 litters); 13,793 events in Ace-exposed MCs (9 cells, 9 animals, 3 litters); 14,564 events in Hex-exposed (9 cells, 8
animals, 2 litters) MCs. Average sIPSCs are calculated from 11,392 events in MO-exposed TCs (9 cells, 8 animals, 2 litters); 16,458
events in Ace-exposed TCs (14 cells, 10 animals, 3 litters); 9646 events in Hex-exposed TCs (8 cells, 5 animals, 2 litters). b, c, sIPSC
frequency (b) and amplitude (c) do not differ between MCs and TCs from MO-exposed, Ace-exposed, and Hex-exposed mice. “x”
indicates cells lacking an apical dendrite.

Geramita and Urban • Plasticity of Olfactory Bulb Lateral Inhibition J. Neurosci., December 7, 2016 • 36(49):12321–12327 • 12325



prior in vivo work showed that the vast majority of MCs show
reductions in responsiveness after repeated odor exposure (Kato
et al., 2012). However, this prior work exposed mice to odors in
adulthood rather than during neonatal development. Given the
fact that plasticity in many brain areas is enhanced during devel-
opmental critical periods (Erzurumlu and Gaspar, 2012; Espi-
nosa and Stryker, 2012), experience-dependent increases in
M72-M/TC activity during this neonatal period may occur.
Therefore, determining the extent to which either excitatory syn-
aptic input or intrinsic excitability increase in M72-M/TCs after
Ace exposure is an important future direction. Although GCs
remain the most plausible source of experience-dependent plas-
ticity of lateral inhibition, we cannot rule out the possibility that
other cell types may be the source of this effect.

Why is lateral inhibition onto TCs, but not MCs, influ-
enced by postnatal odor exposure? This difference may reflect
anatomical separation between sources of MC and TC lateral
inhibition. The segregation of TC and sGC dendrites in the
superficial EPL and MC and dGC dendrites in the deep EPL
(Mori et al., 1983; Orona et al., 1983; Orona et al., 1984; Mori,
1987), as well as the distinct functional effects of lateral inhi-
bition onto MCs and TCs (Geramita et al., 2016), suggest that
TCs and MCs receive at least partially segregated inhibition
from sGCs and dGCs, respectively. In addition, several lines of
evidence suggest that sGCs are more strongly influenced by
early odor exposure compared with dGCs. First, subsets of
sGCs expressing the glycoprotein 5T4 are known to undergo
experience-dependent changes in dendritic complexity (Yo-
shihara et al., 2012). Second, sGCs and dGCs are born at dif-
ferent times during the animal’s life: sGCs are typically born
during the first few weeks of life (Lemasson et al., 2005),
whereas dGCs are born throughout life (Kelsch et al., 2007).
Importantly, early odor exposure increases the probability of
survival of GCs born in the early postnatal period (P3–P7)
(mainly sGCs), but not GCs born later (mainly dGCs) (Lemas-
son et al., 2005). Therefore, differential effects of activity on
sGCs and dGCs during the early postnatal period provide the
most likely explanation of plasticity of lateral inhibition onto
TCs, but not MCs.
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