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Early Odorant Exposure Increases the Number of Mitral and
Tufted Cells Associated with a Single Glomerulus
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The highly specific organization of the olfactory bulb (OB) is well known, but the impact of early odorant experience on its circuit
structure is unclear. Olfactory sensory neurons (OSNs) project axons from the olfactory epithelium to the OB, where they form spherical
neuropil structures called glomeruli. These glomeruli and the postsynaptic targets of OSNs, including mitral and tufted cells (M/TCs) and
juxtaglomerular cells, form glomerular modules, which represent the basic odor-coding units of the OB. Here, we labeled M/TCs within a
single glomerular module of the mouse OB and show that odorant exposure that starts prenatally and continues through postnatal day 25
has a major impact on the structure of the glomerular module. We confirm that exposure increases the volume of the activated glomeruli
and show that exposure increases M/TC number by �40% in a glomerulus-specific fashion. Given the role of M/TCs in OB output and in
lateral inhibition, increasing the number of M/TCs connected to a single glomerulus may also increase the influence of that glomerulus on
the OB network and on OB output. Our results show that early odorant exposure has a profound effect on OB connectivity and thus may
affect odorant processing significantly.
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Introduction
The structure of the mouse olfactory bulb (OB) demonstrates
remarkable regularity from animal to animal. Olfactory sensory
neurons (OSNs) expressing the same odorant receptor (OR) co-

alesce into �two glomeruli per OB, with relatively low positional
variance across animals, the amplitude of which is related to OR
identity (Mombaerts et al., 1996; Strotmann et al., 2000; Schaefer
et al., 2001; Feinstein and Mombaerts, 2004; Zapiec and Mom-
baerts, 2015). Although location is determined by OR identity,
odorant conditioning increases the rate of coalescence and the
precision of axonal targeting (Kerr and Belluscio, 2006; Dias and
Ressler, 2014), suggesting that both genetic and experience-
dependent mechanisms govern the development of reliable
OB glomerular patterns. However, the role of experience-
dependent mechanisms in shaping other components of olfac-
tory circuitry is unknown.

OSN axons reach a targeted location in the OB by approxi-
mately embryonic day (E) 15, and the formation of early glomer-
ular structures is observed by E16 –E20 (Royal and Key, 1999;
Blanchart et al., 2006), but other glomeruli may form in early
postnatal days (P) (Potter et al., 2001). Mitral cell (MC) apical
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Significance Statement

Experience shapes neural circuits in a variety of ways, most commonly by changing the strength of activated connections. Rela-
tively little is known about how experience changes circuitry in the olfactory system. Here, we show that for a genetically identified
glomerulus in the mouse olfactory bulb, early odorant exposure increases the number of associated mitral and tufted cells by 40%
and 100%, respectively. Understanding the structural changes induced by early odorant experience can provide insight into how
bulbar organization gives rise to efficient processing. We find that odorant experience increases the number of projection neurons
associated with a single glomerulus significantly, a dramatic and long-lasting structural change that may have important func-
tional implications.
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dendrites infiltrate the glomerular layer by E17, with some ne-
urons initially sending apical dendrites to multiple glomeruli
(Blanchart et al., 2006). Pruning of these apical dendrites occurs
by P10, at which point each cell has one branched apical dendrite
receiving OSN input in a single glomerulus (Malun and Brunjes,
1996; Matsutani and Yamamoto, 2000; Blanchart et al., 2006) and
may be influenced by activity (Lin et al., 2000). Therefore, the
assignment of mitral and tufted cells (M/TCs) to specific glomer-
ular modules is determined early in development through a
pruning process. Figure 1D depicts a very basic schematic of mul-
tiple glomeruli and a few of their postsynaptic targets, including
periglomerular cells located in the glomerular layer, TCs in the
external plexiform layer (EPL), and MCs in the mitral cell layer
(MCL). Both OR identity and activation play major roles in glo-
merular development (Wang et al., 1998); prenatal and early
postnatal odorant exposure increases the volume of activated
glomeruli, increases the incidence of supernumerary glomer-
uli, and biases odorant preference toward the exposed ligand
(Todrank et al., 2011; Valle-Leija et al., 2012). As a result, early
odorant exposure may also influence the development of other
OB neurons, such as by increasing the number of projection neu-
rons connected to activated glomeruli.

Whether the same glomerular module recruits a specific num-
ber of M/TCs across animals consistently has not been explored,
but may be an important feature for odor coding. The number of
M/TCs associated with a specific glomerulus could affect the cod-
ing capacity of glomerular modules and alter the functional rele-
vance of particular glomeruli. Glomerular modules with more
M/TCs may exert more lateral inhibition (Egger and Urban,
2006) and provide more output to olfactory cortical areas. Un-
derstanding the influence of experience on M/TC number and
glomerular module composition will provide insight into how
experience affects odorant representation in the OB.

Here, we used in vivo electroporation to label and quantify the
M/TCs connected to the M72 glomerulus (M72 M/TCs). We
used the M72-IRES-tauGFP mouse line, in which M72-OR-
expressing OSNs also express GFP, allowing for the targeting of a
single genetically identified glomerulus across animals (Potter et
al., 2001). After prenatal and early postnatal odorant exposure
with methyl salicylate, a strong M72 ligand (Zhang et al., 2012),
we analyzed M72 M/TC number and location, as well as glomer-
ulus volume as defined by the spread of M72-expressing OSN
axons and food preference as measured by sniffing time. We show
that, in addition to increasing the size of the M72 glomerular
module and the preference for methyl-salicylate-scented food,
the number of M72 M/TCs can be increased by prenatal and early
postnatal methyl salicylate exposure.

Materials and Methods
Subjects. Homozygote male and female M72-IRES-tauGFP mice were
used for the majority of experiments except for one control behavior
experiment, in which heterozygote male and female M72-IRES-ChR2-
YFP mice were used. Control and methyl-salicylate-exposed mice com-
pleted the methyl-salicylate-scented versus control food behavior task
at P24 and were killed at P25 for anatomical studies. Two additional
groups of mice (control and odor-exposed) also completed the methyl-
salicylate-scented versus control food behavior task between P24 and P26
and were used for in vivo electroporation studies from P25 to P40. There
was no effect of age or sex on these measured parameters, so data were
pooled. A third cohort of animals was exposed to hexanal-scented food,
completed the hexanal-scented versus control food behavior task at P24,
and was killed at P25–P35 for anatomical studies. A fourth cohort of
M72-ChR2-YFP mice that had not undergone odorant exposure com-

pleted the hexanal-scented versus control food behavior task between
P26 and P36.

Odorant exposure. Prenatal and postnatal odorant exposure were per-
formed on M72-IRES-tauGFP mice as described previously (Todrank et
al., 2011). Briefly, food was mixed with either methyl salicylate or hexanal
(1% by volume) and dried for 3 d in a glass dish under a fume hood.
Breeding pairs were fed exclusively with scented food immediately after
establishment and after litter birth throughout nursing until litters were
weaned at P22–P24. Odorant-exposed litters were fed continuously with
methyl-salicylate- or hexanal-odorized food until they were killed for
anatomical studies at P25–P36 or had their OBs electroporated at P25–
P40. Mice were weighed for the first 3 d of odorant exposure to ensure
normal growth while on the scented food.

In vivo electroporation. The in vivo electroporation procedure was
adapted from the procedures detailed previously (Nagayama et al., 2007,
Hovis et al., 2010, and He et al., 2012). Briefly, P25–P40 mice were anes-
thetized using a ketamine/xylazine intraperitoneal injection and a crani-
otomy 0.75 mm in diameter was made above each OB. Target glomeruli
were visualized using two-photon microscopy. Monopolar glass elec-
trodes (5–7 M� resistance) were back-filled with dye-containing solu-
tions composed of Alexa Fluor 594 hydrazide or Alexa Fluor 594 dextran
in PBS (for theta-glass double-label experiments, the dyes used were
Alexa Fluor 594 dextran and Alexa Fluor 488 dextran in PBS and elec-
trodes were pulled using theta capillary glass). After electrode placement
in the center of the target glomerulus, 150 current pulses were delivered
(0.01 mA in amplitude, 500 ms in duration, interpulse interval of 1.5 s).
After electroporation, mice were killed using cardiac perfusion with cold
4% paraformaldehyde. Criteria for successful electroporation were as
follows: (1) glomerulus boundaries as defined by GFP-expressing OSN
axons were completely filled by dye, (2) the perimeter of labeled juxta-
glomerular cells (JGCs) surrounded the targeted glomerulus, and (3)
apical dendrites of filled M/T cells could be followed clearly back to the
targeted glomerulus.

Tissue processing. After fixation, tissue was cryoprotected (30% sucrose
solution) and cut into 100-�m-thick sections. Targeting of GFP glomer-
uli was performed under two-photon imaging in vivo, but confocal im-
aging was performed on sectioned, fixed OB tissue to enable the clearest
identification of M/TC apical dendrites targeting the M72 glomerulus.
Z-stacks (2 �m optical sections) were obtained for each tissue section
using a Zeiss LSM 510 Meta DuoScan Spectral Confocal Microscope.
Image analysis and measurements were performed in FIJI (RRID:
SCR_002285) and Matlab (RRID: SCR_001622).

Food preference assessment. Mice were tested for food preference as
described previously (Todrank et al., 2011) after P24. Mice were placed
into a 38.1-cm-diameter circular arena with two different food pellets
placed into wire mesh containers at opposite sides of the arena. Behavior
was recorded for 3 min starting from time mouse began exploring the
arena. Food preference was assessed by comparing time spent sniffing a
scented food pellet versus a control food pellet. Mice were excluded from
analysis if they climbed on top of and became entangled with the wire
mesh containers (n � 3).

M/TC identification. After electroporation, the number of M72 M/TCs
was determined through the z-stack of each OB section, avoiding double
counting of cell bodies that span physical sections (data are presented as
mean � SD, p-values were determined by unpaired t test). Labeled cells
with cell somata larger than �10 �m and located �50% within the MCL
were counted as MCs; labeled cells with cell somata larger than �10 �m
and located within the EPL were counted as TCs. External TCs were not
analyzed. The locations of M/TCs were mapped on a coordinate system
determined by anatomical landmarks (the M72 glomerulus center and
the MCL below the glomerulus) to create a glomerulus-centric 3D map
of M/TC spatial distribution that could be compared across animals. For
each cell, we measured: A, the absolute distance from the center of the
soma to the glomerulus center, and B, the angle between the perpendic-
ular line from the MCL to the glomerulus center and the line formed by
the glomerulus center and the soma center. x and y Cartesian coordinates
were obtained by the following equations: x � �A � sin(B) and y � A �

cos(B). The z cartesian coordinate was the distance of the cell from the
optical section that contained the maximum glomerular diameter. The
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distance from the MCL to the glomerular layer was used to normalize
measurements between physical sections and animals. Glomerular vol-
ume was measured by tracing the outline of the GFP-expressing axons in
the glomerular layer within each optical Z-stack section.

Results
Early methyl salicylate exposure increases M72 glomerulus
volume and changes food preference
When mice were fed food odorized with methyl salicylate (mint),
a strong M72 ligand, the size of the M72 glomerulus increased in
M72-IRES-GFP mice (Fig. 1). This confirms previous work
showing that similar exposure to isopropyl tiglate, another strong
M72 ligand with a mint-like smell, also increases M72 glomerulus
volume (Todrank et al., 2011). We used methyl salicylate because
it activates M72 more selectively, at least compared with some
other nearby glomeruli (Zhang et al., 2012). Methyl salicylate
exposure (from E0 to P25) increased the volume of both the
medial and lateral glomeruli (Fig. 1A,B; one-way ANOVA with
Tukey’s multiple-comparisons test; Control vs Mint; Mean �
SD; lateral 0.89 � 0.34 vs 1.93 � 0.30 10 5 �m 3, n � 9 vs 10,
adjusted p � 0.0001; medial 0.86 � 0.19 vs 1.60 � 0.68 10 5 �m 3,
n � 10 vs 10, adjusted p � 0.0062). At P24 –P26, these same
odor-exposed mice showed a preference for mint-scented food as
opposed to control food (Fig. 1C; Kruskal–Wallis test with

Dunn’s multiple-comparisons test; Control � M vs Mint � M;
mean � SD of ratio of time spent sniffing mint-scented food to
total time spent sniffing food: 0.39 � 0.15 vs 0.57 � 0.09, n � 15
vs 22, adjusted p � 0.0170).

To examine the specificity of these anatomical and behavioral
changes, we performed food-based odorant-exposure on a third co-
hort of animals using hexanal, which is known to not activate M72
receptors. Prenatal and early postnatal hexanal exposure did not
increase the volume of either the medial or lateral glomeruli com-
pared with control animals (Fig. 1A,B; one-way ANOVA with
Tukey’s multiple-comparisons test; control vs hexanal; mean � SD;
lateral 0.89 � 0.34 vs 1.08 � 0.39 105 �m3, n � 9 vs 7, adjusted p �
0.9633, n.s.; medial 0.86 � 0.19 vs 1.05 � 0.58 105 �m3, n � 10 vs 7,
adjusted p � 0.9544, n.s.). Comparing mint- and hexanal-exposed
glomeruli revealed a significant difference between the volumes of
mint-exposed and hexanal-exposed glomeruli (one-way ANOVA
with Tukey’s multiple-comparisons test, adjusted p � 0.0038), but
not between mint-exposed and hexanal-exposed medial glomeruli
(one-way ANOVA with Tukey’s multiple-comparisons test, ad-
justed p � 0.1337, n.s.). Hexanal-exposed animals also showed a
preference for hexanal-exposed food as opposed to control food
(Fig. 1C; Kruskal–Wallis test with Dunn’s multiple-comparisons
test; Control � H vs Hexanal � H; mean � SD of ratio of time spent

Figure 1. Prenatal and early postnatal methyl salicylate exposure increases M72 glomerulus volume and changes food preference. A, Prenatal and early postnatal odorant exposure using food
odorized with methyl salicylate (mint, 1% by volume) increases the size of the lateral and medial M72 glomeruli, but food odorized with hexanal (hexanal, 1% by volume) has no effect. *p � 0.01.
B, Maximum projection images of example glomeruli of control and odor-exposed (mint and hexanal) animals at P25–P35. Scale bar, 50 �m. C, Prenatal and early postnatal odorant exposure using
food odorized with methyl salicylate (mint, 1% by volume) or hexanal (1% by volume) increases the ratio of time spent sniffing scented food to total time spent sniffing food. Key: Control � M, Control
mice in preference test between methyl-salicylate-scented and control food; Mint � M, methyl-salicylate-exposed animals in preference test between methyl-salicylate-scented and control food;
Control � H, control mice in preference test between hexanal-scented and control food; Hexanal � H, hexanal-exposed animals in preference test between hexanal-scented and control food. *p �
0.05. D, Schematic of three glomeruli with basic postsynaptic targets comprising three glomerular modules. Example M72 glomerulus is labeled, along with periglomerular cells (PG), TCs (T), and
mitral cells (M). E, Example maximum projection image of electroporation-labeled M72 glomerulus (control) showing GFP-expressing OSN axons coalescing into a single glomerulus and Alexa Fluor
594 hydrazide-filled JGCs and M/TCs. Scale bar, 50 �m.
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sniffing hexanal-scented food to total time
spent sniffing food: 0.23 � 0.25 vs 0.65 �
0.11, n � 10 vs 9, adjusted p � 0.0001).
Mint-exposed animals and hexanal-ex-
posed animals did not demonstrate a signif-
icant difference in time spent sniffing
scented food (Kruskal–Wallis test with
Dunn’s multiple-comparisons test; adjusted
p � 0.9999, n.s.). There was also no signifi-
cant difference in odorant preference be-
tween the cohort of control animals subject
to the test of mint-scented versus control
food (Control � M) and the cohort subject to
the test of hexanal-scented versus control
food (Control � H) (Kruskal–Wallis test with
Dunn’s multiple-comparisons test; adjusted
p � 0.7072, n.s.).

We established that early odorant expo-
sure with methyl salicylate, a known M72
ligand, increases M72 glomerular volume
and changes food preference. Use of a non-
M72 ligand, hexanal, for odorant exposure
did not increase M72 glomerular volume,
but did change food preference. We next
chose to investigate whether methyl salicy-
late odorant exposure induced additional
anatomical changes to the M72 glomerular
module. Specifically, we used in vivo electro-
poration to label and compare the popula-
tion of M/TCs contained within the M72
glomerular module (Fig. 1E).

Early odorant exposure with an M72
ligand increases the number of M/TCs
in the M72 glomerular module
We used in vivo electroporation to label
the postsynaptic targets of the M72 glom-
erulus in both control M72-IRES-GFP
mice and in mice that had been prenatally
and postnatally exposed to methyl salicy-
late. This type of odorant exposure caused
a remarkable increase in the number of
M/TCs connected to the glomerulus (un-
paired t test; control vs mint; mean � SD;
6.82 � 1.08 vs 10.0 � 1.07 MCs; 2.91 �
0.94 vs 6.63 � 1.41 TCs; n � 8 vs 11, p �
0.0001 for both cell types), which demon-
strates that early odorant exposure has a
profound impact on OB circuit structure
beyond affecting glomerulus volume (Fig.
2A). The ratio of TCs to MCs within a
single M72 glomerular module also in-
creased, showing that odorant exposure
increased TC number more than MC

Figure 2. Prenatal and early postnatal methyl salicylate exposure increases the number of M72 M/TCs. A, Number of M/TCs
connected to the lateral M72 glomerulus increases after methyl salicylate exposure. Black-filled and open circles indicate electro-
poration of control animals with Alexa Fluor 594 hydrazide; gray-filled and open circles indicate electroporation of control animals
with Alexa Fluor 594 dextran; and red-filled and open circles indicate electroporation of methyl-salicylate-exposed animals with
Alexa Fluor 594 dextran. Data are shown as means � SD. *p � 0.0001. B, C, Spatial distribution of MCs and TCs corresponding to

4

control (black circles, 11 animals, 74 total MCs, 32 total TCs)
and odor-exposed (mint) animals (red circles, 8 animals, 80
total MCs, 51 total TCs). Green circle indicates M72 glomerulus
location. Histograms of cell position are next to the corre-
sponding axes. Black-outlined bars indicate control; red solid
bars indicate mint. B, Sagittal view. C, Horizontal view. Com-
parison of median spatial locations was nonsignificant.

Liu et al. • Structural Plasticity of the M72 Glomerular Module J. Neurosci., November 16, 2016 • 36(46):11646 –11653 • 11649



number and suggesting that chronic early odorant exposure may
have differential impacts on these two parallel pathways (un-
paired t test; control vs mint, mean � SEM; TC:MC number;
0.43 � 0.04 vs 0.66 � 0.03; n � 11 vs 8, p � 0.0011). In these mice,
early odorant exposure also increased glomerulus size (data not
shown) and food preference for methyl-salicylate-scented food
(data pooled in with behavioral study), corroborating the find-
ings shown in Figure 1. Age at the time of electroporation (P25–
P40) had no effect on measured glomerulus size.

Odorant exposure does not change the spatial distribution of
M/TCs postsynaptic to the M72 glomerulus
In addition to examining the numbers of M/TCs connected to the
M72 glomerulus, we also analyzed the location of M/TC somata
relative to the M72 glomerulus. An increase in M72 M/TCs dis-
tributed over a larger area in the OB may predict a broader range
of lateral inhibition. Therefore, we measured the spatial distribu-
tion of principal neurons by plotting the locations of the labeled
M/TCs relative to the location of the M72 glomerulus (Fig.
2B,C). M/TCs from control and odor-exposed groups were lo-
cated in similar areas around the M72 glomerulus. All MCs from
both groups were found in an area within the MCL described by
an ellipse with length 450 �m and width 300 �m. Previous mea-
surements indicate that MC density in the dorsal OB is �56 MCs
per millimeter (Richard et al., 2010), so an ellipse of this size
contains a total �345 MCs. TCs from both groups were found at
a mean distance of 126 �m below the glomerular layer in an area
within the EPL, with all cells located in an ellipse with length 350
�m and width 300 �m. There was no statistical difference be-
tween control and odor-exposed mean MC and TC location in all
three coordinates (Kolmogorov–Smirnov test to compare distribu-
tion in each dimension separately resulted in a significant p-value of
0.045 when comparing the y-dimension coordinates for MCs
(mean � SD; control vs mint; 164 � 21.8 vs 170.6 � 23.6), but a
Kruskal–Wallis test with a Dunn’s multiple-comparisons test
yielded no significant differences between the median locations of
MCs and TCs from control and odor-exposed groups. Therefore, we
conclude that odorant exposure increases the number of recruited
M72 M/TCs, but does not meaningfully affect their locations relative
to the M72 glomerulus.

In vivo electroporation reliably labels the postsynaptic targets
of a single glomerulus
In vivo electroporation has been used previously to label the com-
plement of JGCs and principle projection neurons of a single
glomerulus (Nagayama et al., 2007; Sosulski et al., 2011; He et al.,
2012; Ke et al., 2013). To interpret these experiments, it is impor-
tant to confirm that this approach labels cells associated with a
single glomerulus reliably and specifically (Fig. 3). To test label-
ing consistency, we performed sequential electroporations in
control M72-IRES-GFP mice (n � 7) with two colors of dye and
using three separate electroporation protocols. Figure 3A shows
example physical sections (Fig. 3A1, z-stack images) and optical
sections (Fig. 3A2) of an M72 glomerulus and labeled cells after
dual-color electroporation using a stationary theta glass elec-
trode. In this first method, two sequential electroporations were
performed using a single theta glass electrode, in which a glass
septum forms two isolated compartments into which two dyes
(Alexa Fluor 594 dextran and Alexa Fluor 488 dextran) were
back-filled, one in each compartment. A separate silver electrode
wire was placed in each compartment, allowing for isolated
single-color electroporations. The electrode tip position rem-
ained constant between the two electroporations. Figure 3, B and

C, shows example optical sections of M72 glomeruli from two
different animals after dual-color electroporation using a reposi-
tioned theta glass electrode. In this second method, two sequen-
tial electroporations were performed, again with a single theta
glass electrode and two dyes, but here we moved the electrode tip
�20 �m between each single-color electroporation, a substantial
distance within the M72 glomerulus, which is 75–100 �m at its
longest diameter. Finally, Figure 3D shows example optical sec-
tions of an M72 glomerulus after dual-color electroporation us-
ing two separate electrodes made from plain capillary glass, each
backfilled with either Alexa Fluor 594 dextran or Alexa Fluor 488
dextran. Electroporation pulse parameters for all three ap-
proaches were kept constant, as described in the Materials and
Methods section. In all of these experiments, we observed that
both dyes filled the entirety of the glomerulus and identical pop-
ulations of JGCs, M/TCs, and neuronal processes were labeled by
both dyes, demonstrating reliable and complete labeling by the
two electroporations. All dual-color electroporation experim-
ents yielded labeled M/TC numbers within the range of labeled
M/TCs reported in Figure 2. In addition, these data demonstrate
that exact replication of electrode tip position within the glomer-
ulus between electroporations is not necessary to label the same
cohort of cells and cell processes. This evidence allowed us to use
in vivo dye electroporation to compare numbers of labeled
M/TCs connected to the M72 glomerulus between animals and
odor exposure conditions.

Discussion
Early odorant exposure changes the structure of a glomerular
module profoundly
Here, we demonstrate that odorant exposure during the prenatal
and early postnatal period has profound effects on the composi-
tion of the glomerular module. Namely, odorant exposure with
methyl salicylate, an M72 ligand, increases the number of MCs
and TCs connected to the M72 glomerulus by 40% and 100%,
respectively.

The timing of our odorant exposure paradigm suggests that
relevant early olfactory experience may specifically affect the pro-
cess by which M/TC apical dendrites are pruned. Immature MCs
extend multiple apical dendrites and innervate multiple nearby
glomeruli (Pomeroy et al., 1990; Matsutani and Yamamoto,
2000). By P10, the majority of M/TCs complete dendritic prun-
ing such that each M/TC projects a single apical dendrite to a
single glomerulus (Malun and Brunjes, 1996; Matsutani and
Yamamoto, 2000). There is some evidence that this maturation
process is odor dependent (Maher et al., 2009). Our odorant
exposure paradigm begins before birth and continues through
early postnatal development, encompassing this refinement pe-
riod, and our data show that odorant exposure induces the addi-
tion of nearby M/TCs to the M72 glomerular module (Fig. 2).
Therefore, specific odorant experience may stabilize the M72-
glomerulus-projecting apical dendrite of M/TCs, whereas the
apical dendrites projecting to other neighboring glomeruli are
eliminated. This would have the secondary effect of decreasing
the number of M/TCs connected to neighboring glomeruli, al-
though this likely represents a reduction of less than one cell per
nearby glomerulus.

The dense local labeling of dendrites and axons in the glom-
erulus generated by in vivo electroporation precludes a robust
analysis of the structural changes within the glomerulus itself.
The larger glomeruli produced after odorant exposure may be
the product of increased OSN number or increased OSN axon

11650 • J. Neurosci., November 16, 2016 • 36(46):11646 –11653 Liu et al. • Structural Plasticity of the M72 Glomerular Module



Figure 3. In vivo electroporation labels the postsynaptic targets of a single glomerulus reliably. A, Sequential dual-color electroporation of control M72 glomerulus using a theta glass electrode
and no change in electrode tip position between sequential single-color electroporations of Alexa Fluor 594 dextran and Alexa Fluor 488 dextran. A1, Maximum projection image of one physical
section containing the M72 glomerulus and dual-labeled JGCs and M/TCs. A2, Optical section from physical section from A1. White arrowhead indicates dual-labeled TC soma. B, C, Optical sections
from separate sequential dual-color electroporations of two control M72 glomeruli using a theta glass electrode and �20 �m movement of electrode tip position between single-color electropo-
rations of Alexa Fluor 594 dextran and Alexa Fluor 488 dextran. White arrowheads indicate dual-labeled MC somata. D, Optical section from dual-color electroporation of control M72 glomerulus
using two separate electrodes backfilled with either Alexa Fluor 594 dextran or Alexa Fluor 488 dextran. White arrowhead indicates dual-labeled MC. Scale bar, 50 �m.
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branching and odorant exposure could also increase the volume
of intraglomerular processes from JGCs or M/TCs.

In this study, we examined specifically the M72 glomerulus, a
dorsally located glomerulus with a number of known odorant
ligands. These qualities allowed us to perform in vivo electropo-
ration and odorant exposure with an M72 ligand. However, we
believe that these results will likely generalize to other glomeruli.
The M72 glomerulus has been well characterized and these anal-
yses have been broadly applied to other glomeruli (Potter et al.,
2001; Treloar et al., 2002; Feinstein and Mombaerts, 2004; Cav-
allin et al., 2010; Richard et al., 2010; Valle-Leija et al., 2012;
Zapiec and Mombaerts, 2015). However, the relatively late devel-
opment of the M72 glomerulus compared with other, more
rostral glomeruli (Bailey et al., 1999; Potter et al., 2001) may
mean that the effects that we observe may be more or less prom-
inent than in glomeruli that develop earlier.

Anatomical changes to the M72 glomerular module are
ligand specific
Prenatal and postnatal odorant exposure to hexanal-scented food
did not increase M72 glomerular volume significantly. Because
hexanal is not a high-affinity ligand for the M72 odorant recep-
tor, these data indicate that the structural changes induced by
odorant exposure are not a result of global changes across the OB,
but rather are specific to activated glomeruli. Both hexanal- and
methyl-salicylate-exposed mice showed a preference for food
odorized with the exposure odorant, suggesting that the lack of
change in M72 glomerular volume of hexanal-exposed animals
was not due to ineffective odorant exposure. Therefore, we con-
clude that the observed changes in glomerulus volume are acti-
vation specific. Further analysis of the M/TC network of the M72
glomerulus is necessary to investigate whether plasticity of the
M/TC network is also activation specific.

Impact of increasing the number of M/TCs connected to a
specific glomerulus
Increasing the number of M/TCs connected to a single glomeru-
lus may have several effects on odor processing. First, because
M/TCs represent the output from the OB, increasing the cohort
of cells specific to the M72 glomerular module will increase the
representation of M72-glomerulus-associated information in
higher cortical areas such as the piriform cortex. Second, increas-
ing the number of M72 M/TCs may also increase the number of
M72 M/TC lateral dendrites and, as a result, the number of recip-
rocal synapses and recurrent inhibitory synapses up to 1 mm
away from the M72 glomerulus (Egger and Urban, 2006). In-
creasing the number of M72 M/TCs could increase the strength
and/or number of lateral inhibitory interactions that M72 ligands
evoke in other glomerular modules.

Third, our data show that odorant exposure increases the
number of M72-associated M/T cells in a spatially confined re-
gion within a few hundred micrometers of the M72 glomerulus.
Therefore, if we assume that all M/T cells extend lateral dendrites
in a radially symmetric way (Mori et al., 1983), then this would
increase the density of lateral dendrites located close to the M72
glomerulus that are activated by M72 ligands. Because these den-
drites form reciprocal connections with nearby granule cells, ac-
tivation of an odor-exposed M72 glomerulus would cause greater
excitation of granule cells close to the M72 glomerulus, leading to
increased granule-cell-mediated lateral inhibition between ho-
motypic M72 M/TCs (Urban and Sakmann, 2002). Such homo-
typic lateral inhibition could also be modulated in the glomerular
layer by periglomerular cells (Najac et al., 2015).

Number of M/TCs associated with a single glomerular
module
Beyond the plasticity that we observed after early odorant expo-
sure, simply knowing the number of M/T cells for a given glom-
erulus is an important step toward understanding the complexity
of the olfactory system. Previous work using stereological esti-
mates to assess the number of glomeruli and MCs in the OB
suggest that, on average, there are as many as 20 – 40 MCs/glom-
erulus in the mouse OB (Thamke et al., 1973; Benson et al., 1984;
Pomeroy et al., 1990), a number and range that far exceeds any of
the cell counts that we observed (maximum 11 MCs and 9 TCs).
Estimates of MCs per single glomerulus also vary significantly in
other species, ranging from 13–16 MCs/glomerulus in rats (Pan-
huber et al., 1985; Royet et al., 1998) to 9 –23 MCs/glomerulus in
rabbits (Allison and Warwick, 1949; Royet et al., 1998). These
values were determined using estimates of the total number of
glomeruli and MCs within the OB and therefore represent aver-
age MC number across all glomeruli. These estimates also vary
significantly between observers, with the early mouse studies
cited above reporting �40,000 MCs and 1800 glomeruli (�21
MCs/glomerulus), whereas a more recent study (Richard et al.,
2010) reported 33,000 MCs and 3600 glomeruli (approximately
9 MCs/glomerulus). Sosulski et al. (2011) also reported an aver-
age of approximately 9 MCs/glomerulus after using in vivo elec-
troporation to label the postsynaptic targets of single glomeruli
located on the dorsal and lateral OB. The M/TC counts reported
by both Richard et al. (2010) and Sosulski et al. (2011) are more
similar to our results (average across both groups: �8 MCs/
glomerulus and �4.5 TCs/glomerulus), suggesting that the range
of M/TCs per glomerulus may be larger than previously thought.
Here, we used an approach similar to that used by Sosulski et al.
(2011) that allowed us to determine the number of M/TCs per
glomerulus for a single, genetically identified glomerulus with
low animal-to-animal variability (Fig. 3). Therefore, although
our M/TC counts are lower than some of those reported previ-
ously, we believe that this may reflect the relative sparsity of M72-
expressing OSNs and that the specificity and reliability of our
approach allow us to make valid comparisons between animals
about the number of M/TCs per glomerulus. Using in vivo elec-
troporation, we show that early odorant exposure to a ligand
odorant changes the structure of both the glomerulus and the
M/TC network of the activated M72 glomerular module sig-
nificantly.
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