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SUMMARY

Motherhood is accompanied by new behaviors
aimed at ensuring the wellbeing of the offspring.
Olfaction plays a key role in guiding maternal behaviors during this transition. We studied functional
changes in the main olfactory bulb (OB) of mothers
in mice. Using in vivo two-photon calcium imaging,
we studied the sensory representation of odors by
mitral cells (MCs). We show that MC responses to
monomolecular odors become sparser and weaker
in mothers. In contrast, responses to biologically
relevant odors are spared from sparsening or
strengthen. MC responses to mixtures and to a range
of concentrations suggest that these differences between odor responses cannot be accounted for by
mixture suppressive effects or gain control mechanisms. In vitro whole-cell recordings show an increase in inhibitory synaptic drive onto MCs. The
increase of inhibitory tone may contribute to the general decrease in responsiveness and concomitant
enhanced representation of specific odors.
INTRODUCTION
The transition to motherhood is a dramatic event that is accompanied by the emergence of maternal behaviors to enhance
parental reproductive success. Maternal care and protection
are hallmarks of many species and are particularly prominent
in mammals (Dulac et al., 2014). In mice, for example, maternal
behaviors are reflected in nest building, pup retrieval and licking,
heightened alertness, and aggression toward intruders. Such
behavioral changes are most likely associated with plastic
changes in specific neuronal circuits across the brain, but these
are not well characterized.
Multiple brain regions have been implicated in controlling
maternal behaviors, including the amygdala, the hypothalamus,
and the nucleus accumbens (Numan, 2006; Poindron, 2005; Wu
et al., 2014; Zilkha et al., 2017). Changes in these brain regions

are most likely a result of the combined effects of intrinsic (endocrine) and extrinsic (environmental) factors. Sensory systems are
likely to be nodes of plasticity because the information conveyed
by them to downstream targets is behaviorally salient. Olfaction,
audition, and somatosensation are particularly relevant for
maternal changes because sensory cues and contingencies,
which arise from the novel environment of mothers, are carried
by these senses (Elyada and Mizrahi, 2015).
The olfactory system has been shown to be essential in
plasticity paradigms like enrichment and learning (Chu et al.,
2016; Gschwend et al., 2015) as well as for the early interactions between the mother and offspring (Lévy and Keller,
2009; Poindron, 2005; Dulac et al., 2014). Accumulating
evidence suggests that the olfactory bulb (OB) in mothers is
a primary site of plasticity. For example, several studies have
described plasticity of neuromodulatory circuits as well as
local circuits in the OB following parturition (Dickinson and Keverne, 1988; Kopel et al., 2012; Shingo et al., 2003; Lévy et al.,
1990; Kendrick et al., 1992). Moreover, a study performed
in sheep showed that the OB output neurons, the mitral
cells (MCs), undergo marked changes in their responsiveness
to the scent of their offspring versus the scent of food after
parturition (Kendrick et al., 1992). Recent years have seen an
increase in our understanding of odor processing in the OB
under normal conditions (Uchida et al., 2014; Murthy, 2011a;
Schaefer and Margrie, 2007), paving the way for a better
mechanistic understanding of how the bulbar circuitry is
involved in maternal plasticity.
Here we asked whether and to what extent odor processing
of general (non-salient) monomolecular odors and behaviorally
relevant (salient) odors changes in mothers.

RESULTS
To explore functional changes in the OB following parturition, we
compared the odor response profiles of MCs in naive females
with those of age-matched primiparous lactating mothers
3–5 days after parturition. We imaged MCs using in vivo
two-photon calcium imaging in transgenic mice expressing
the genetically encoded calcium indicator GCaMP3 under the
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Figure 1. MC Response Profiles Become Sparse Following the Transition to Motherhood
(A) Confocal micrograph of labeled MCs in a Thy1-GCaMP3 mouse. GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; GCL, granule cell
layer. Scale bar, 70 mm.
(B) In vivo two-photon micrographs of a Thy1-GCaMP3 mouse showing GCaMP3 labeling at 80, 180, and 280 mm from the dura. Scale bars, 70 mm.

(legend continued on next page)

352 Cell Reports 21, 351–365, October 10, 2017

Thy1 promoter (Chen et al., 2012; Figures 1A and 1B). GCaMP3
was previously shown to be a reliable reporter of spiking activity
in various brain regions, including the OB (Akerboom et al., 2012;
Chen et al., 2012; Kato et al., 2012; Tian et al., 2009; Wachowiak
et al., 2013). To characterize the responsiveness of MCs to general odors, we presented to anesthetized naive females or
mothers a panel of 6 pure odorants that activate the dorsal surface of the OB (Figures 1C and 1D, naive females; Figures 1E
and 1F, mothers; Adam et al., 2014; Livneh et al., 2014). GCaMP
fluorescence values (DF/F) were normally stable throughout an
experiment, and calcium transients in response to odor stimulation were reliable across trials (Figures 1D and 1F). Calcium
responses to the different odors were heterogeneous across
the MC population. All six odors normally induced calcium responses at one or multiple fields.
MC Response Profiles Become Sparser following the
Transition to Motherhood
Brief (2-s) odor stimulation readily evoked robust GCaMP responses in the MCs of naive females. 83% of MCs responded
to at least one odor in our stimulus set (n = 10 mice, 1,348 cells).
In contrast, odor responses in MCs of mothers were substantially
sparser. Only 37.8% of MCs from mothers responded to at least
one odor (n = 12 mice, 2,178 cells). Notably, the peak amplitude
of odor-evoked calcium transients per cell was reduced in
mothers (mean ± SEM; naive females, 0.50 ± 0.01; mothers,
0.46 ± 0.01; p = 0.01; Mann-Whitney U test; Figure 1G). To further
quantify the changes in MC response profiles, we scored their
odor selectivity by plotting the number of odors activating each
odor-responsive neuron. Individual MCs of naive females responded to significantly more odors compared with MCs of
mothers (Kolmogorov-Smirnov test, p = 6:6x1018 ). More than
half of the MCs in mothers (58.3%) responded to only a single
odor, whereas, in naive females, only 22.5% showed such high
selectivity (Figure 1H). The reduced responsiveness of MCs in
mothers was also evident when the data were analyzed per
odor. Each of the 6 odors drove responses from fewer MCs
in mothers (Figure S1C; binomial proportion test, for all odors
p < 0.001). These data show that MCs become more selective
for this set of pure odors.
Temporal dynamics have been shown to be important for
odor coding. Thus, we tested MC responses to persistent
odor stimuli (15 s, n = 6 mice, 529 cells in naive females and
n = 9 mice, 1,385 cells in mothers). Although evoked responses
were diverse, we found a strong effect on the ‘‘latency’’ and
‘‘time to peak’’ of odor responses, both of which were delayed
in mothers (Figures S2B and S2D–S2H). Thus, general odor
responses in mothers are not only weaker and fewer but also
slower to evolve.

Sparsening of MC Response Profiles in Mothers Persists
in the Awake State
Anesthesia has been shown to increase responsiveness in the
OB (Kato et al., 2012; Rinberg et al., 2006). Thus, we examined
whether the response profile of MCs in mothers show similar
differences in the awake state as well (Figures 2A and 2B, naive
females; Figures 2C and 2D, mothers). Consistent with the results in anesthetized mice, the mean peak amplitude of odorevoked responses was lower in mothers (Figure 2E), and MC responses were again sparser (Figure 2F; 44% and 39% responsive MCs in naive females and mothers, respectively). As expected from previous reports, MC activity in naive mice was
weaker in the awake state (Figure 2G). Notably, MCs in mothers
were also affected by anesthesia, but to a lesser extent (Figure 2G; Figure S1; general responsiveness numbers). This result
supports our findings of reduced odor-evoked responses in
mothers.
The sparsening effect we observed under anesthesia was
weaker in the awake state (compare Figure 1H with Figure 2F).
Thus, to further strengthen our claim about sparsening of these
particular odors in motherhood, we conducted a time lapse
experiment. Using chronic imaging, we imaged the exact same
cells before and after parturition in awake mice (Figures S3A–
S3C; n = 2 mice; n = 193 cells). Consistent with the data above,
we found an overall decrease in response magnitude and the
total number of odors to which each MC responded (Figures
S3D–S3G).
Behaviorally Relevant Odors Are Spared from
Sparsening in Mothers
Next we expanded our odor set to other odors that are behaviorally salient. To this end, in a subset of naive females (n = 4
anesthetized mice, 819 cells; n = 4 awake mice, 379 cells) and
mothers (n = 4 anesthetized mice, 793 cells; n = 4 awake
mice, 408 cells), we examined MC responses to behaviorally
relevant odors. Our odor set included male mouse urine,
female mouse urine, and peanut butter, which have been
shown in previous studies to elicit attraction in mice; trimethylthiazoline (TMT), which was documented to elicit aversive
behavior (Root et al., 2014; Kobayakawa et al., 2007); and
nest odors.
Surprisingly, MCs in mothers showed a general trend of
increased responsiveness to this odor set (Figures 3A and 3B)
rather than the decrease predicted by our initial results. Individual MCs in mothers responded to a greater number of natural
odors compared with naive females (Figure 3E; 46% and 48%
responsive MCs in naive females and mothers, respectively)
and showed higher values of peak amplitudes (naive females,
0.26 ± 0.01; mothers, 0.33 ± 0.01; Mann-Whitney U test;

(C) Two-photon micrograph of a representative field used for imaging in a naive female. Anes., anesthetized. Scale bar, 20 mm.
(D) Calcium transients elicited by the 12 neurons in the field shown in (C) in response to a 2-s odor stimulation with 6 monomolecular odors. Each trace represents
a single trial. Black asterisks denote statistically significant responses. Vertical bar, 25% DF/F.
(E and F) As in (C) and (D), but data were collected from a mother.
(G) Cumulative distribution of peak odor-evoked responses in naive females (blue) and in mothers (red). Inset: mean ± SEM peak amplitude of odor-evoked
calcium transients per cell in naive females (blue) and mothers (red) (*p < 0.05, Mann-Whitney U test).
(H) Cumulative distribution of the percentages of MCs responding to 1–6 odors in naive females (blue) and in mothers (red). Each dashed line represents an
individual mouse (***p < 0.0001, Kolmogorov-Smirnov test).
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Figure 2. Sparsening of MC Response Profiles in Mothers Persists in the Awake State
(A–F) The same as Figures 1C–1H for awake mice. Scale bars, 20 mm (A and C). Vertical bars, 25% DF/F (B and D). *p < 0.05, Mann-Whitney U test (E); *p < 0.05,
Kolmogorov-Smirnov test (F).
(G) Comparison of average MC selectivity between the awake (solid lines) and anesthetized states (dashed lines), the same data as shown in Figure 1H and in (F)
(***p < 0.0001, Kolmogorov-Smirnov test).

p = 0.008; Figure 3E). Notably, although natural odors induced
similar or larger responses in mothers versus naive females,
these constituted smaller effects compared with the pure odors
(Figure S1B). However, comparing the relative responses to pure
versus natural odors within a group showed that motherhood
induced an inhibitory effect to pure odors and, concomitantly,
a weak positive effect to natural odors (Figure S1). This general
trend of being spared from sparsening was similar in awake
mice (Figures 3G and 3H; Figure S1).
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Differential Maternal Plasticity Is Not due to Differences
in Mixture Suppression or Gain Control Mechanisms
There are several potential explanations for the differential effects of motherhood on ‘‘pure’’ versus ‘‘biologically relevant’’
odors. The natural odors are mostly mixture blends, which may
be processed differently by main olfactory bulb (MOB) circuits,
and were also presented undiluted, raising the possibility of concentration-dependent effects. Leveraging the robust responses
to pure odors and the ability to manipulate them with precision,
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Figure 3. MCs in Mothers Show Increased Responsiveness to Natural Odors
(A–H) The same as Figures 1C–1H for natural odors. Imaging traces are from anesthetized mice. Scale bars, 20 mm (A and C). Vertical bars, 25% DF/F (B and D). (E
and F) Anesthetized mice. (G and H) Awake mice. (E and G) *p < 0.05, Mann-Whitney U test. (F and H) *p < 0.05, Kolmogorov-Smirnov test). Um, male urine; Uf,
female urine; PB, peanut butter; TMT, trimethylthiazoline; Nest, pup + nest.
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Figure 4. Similar Mixture Processing in Naive Females and Mothers
(A) Example of 2 MC responses to two odors and their mixtures (average of 4 trials). Top cell, mixture addition; bottom cell, mixture suppression. Etig, ethyl tiglate;
Eac, ethyl acetate. Scale bars, 5 s, 25% DF/F.
(B) Left: MC responses from naive females to Etig (blue, sorted by amplitude) and the responses of the same MC to the mixture (black, Etig + Eac). Green circles
correspond to the MC in (A). Right: MC responses to Etig and Eac + Etig mixture in mothers.
(C) Changes in DF/F (mean ± SEM) from odor responses to the mixture responses shown in (B). Green circles correspond to the MC in (A) and (B).
(D) Changes in DF/F (mean ± SEM) between all odor mixture combinations (see Experimental Procedures for details). p = 0.6, Mann-Whitney U test.
(E) Cumulative distribution of peak odor-evoked responses in naive females (blue) and in mothers (red) for the subset of mice used for the mixture experiments
(n = 3 naive females, 3 mothers). Inset: mean ± SEM peak amplitude of odor-evoked calcium transients per cell in naive females (blue) and mothers (red) (*p < 0.05,
Mann-Whitney U test).

we tested these questions with pure odor mixtures and different
concentrations.
We tested mixture interaction effects in naive females and
mothers (n = 3 naive females, 500 cells; 3 mothers, 335 cells).
We compared the responses of odors presented in isolation
and as binary mixtures. The responses to mixtures were heterogeneous, showing a full spectrum of responses from
mixture addition to mixture suppression (Figures 4A and 4B).
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The majority of responses to mixtures were suppressive, and
this was similar in naive females and mothers (Figures 4B and
4C). Note that, although the average responses in mothers
were still weaker compared with naive females, the mixture
effects were statistically indistinguishable (Figures 4C–4E).
These data suggest that differences in MC responses to natural
odors in mothers were not due to the fact that they were
mixture blends.
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Figure 5. Similar Processing of Odor Concentrations in Naive Females and Mothers
(A and B) Two-photon micrograph of a representative field used for imaging in a naive female (A) and a mother (B). Scale bars, 20 mm.
(C and D) Calcium transients elicited by the neurons in the field shown in (A) and (B) (cells marked by numbers in A and B) in response to a 5-ppm odor concentration (left) and 500 ppm (right). Each line represents a single trial. Black asterisks denote statistically significant responses. Vertical bars, 25% DF/F.
(E) Cumulative distribution of the percentage of MCs responding to 1–6 odors in naive females (blue) and in mothers (red). Each dashed line represents an
individual mouse. Left:5 ppm; center, 500 ppm; right, 5 ppm (solid lines) and 500 ppm (dashed lines) combined. *p < 0.05, Kolmogorov-Smirnov test.
(F) Cumulative distribution of peak odor-evoked responses in naive females (blue) and in mothers (red). 5 ppm (solid lines) and 500 ppm (dashed lines). Inset:
mean ± SEM peak amplitude of odor-evoked calcium transients per cell in 5 ppm and 500 ppm. *p < 0.05, Mann-Whitney U test.

(legend continued on next page)
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Next we tested odor responses in naive females and mothers
(n = 4 naive females, 461 cells; 4 mothers, 420 cells) to a difference in concentration of two orders of magnitude (5 ppm and
500 ppm) (Figures 5A and 5B). The maternal sparsening of
odor-evoked responses was again evident in these experiments.
However, there were slight quantitative differences compared
with the responses to the 50 ppm odors shown above. Specifically, under the lower odor concentration condition, responses
in mothers were sparser but not weaker (Figures 5E and 5F;
responsiveness: naive females, 38%; mothers, 30%). Under
the high odor concentration condition, the responses had similar
sparseness but weaker peak responses (Figures 5E and 5F;
responsiveness: naive females, 42%; mothers, 39%). Because
low and high odor concentrations were tested on a per-neuron
basis, we could evaluate the direct changes in responsiveness
as a result of concentration, adapting the gain control analysis
carried out by Kato et al., 2013. Both naive mice and mothers
show a perfect fit to the exact same linear transformation in
the transition from low to high odor responses, suggesting that
gain control mechanisms operate similarly in both experimental
groups. The experiments confirm that responses are sparsened
across a range of concentrations and also rule out the explanation that differences between natural and pure odor plasticity
are due to changes in how the OB processes mixtures or
concentrations.
Direct Synaptic Inhibition onto MCs Is Upregulated in
Mothers
A robust effect we routinely measured in the different experiments is a generally weaker or sparser MC response to pure
odors (Figures 1, 2, 4, and 5; Figures S1–S3). One possible
way of accounting for these responses in mothers is elevated
synaptic inhibition onto MCs. Thus, we next measured
GABAergic inputs received by MCs in naive females and
mothers. First, we made whole-cell recordings from MCs in brain
slices taken from naive females and mothers and measured
miniature inhibitory postsynaptic currents (mIPSCs) isolated
by incubation with tetrodotoxin (TTX), 2,3-dihydroxy-6-nitro7-sulfamoyl-benzo[F]quinoxaline-2,3-dione (NBQX), and (2R)amino-5-phosphonopentanoate (APV) (Figures 6A and 6B;
1 mM, 5 mM, and 50 mM, respectively). The mean amplitude
of mIPSCs was indistinguishable between the groups (Figures
6C–6E; naive females, n = 14 cells in 4 mice; mothers, n = 15 cells
in 4 mice). However, mIPSC frequency was greatly increased
in mothers, by approximately 2-fold (Figures 6F and 6G). These
data suggest either a change in presynaptic components
and/or the addition of new synapses to inhibitory circuits in
the OB.
We also examined the relative contribution of synaptic inhibition to responses evoked by stimulating the olfactory nerve adjacent to the MC parent glomerulus (n = 8 cells in 5 mothers, n = 5
cells in 3 naive mice). At reversal potential for inhibitory currents

(75 mV), olfactory nerve layer stimulation evoked a long-lasting
inward current reflecting both monosynaptic input from the olfactory nerve and intraglomerular excitation from other MCs (Figure 6H; Gire et al., 2012; Carlson et al., 2000). Our stimulation parameters generated similar excitatory input in naive females and
mothers (quantified either as peak current or integrated charge).
The magnitude of inhibitory currents measured at +5 mV, however, was dramatically increased in mothers. Because complete
reversal of excitatory input was prevented by local coupling between MCs (Gire et al., 2012), we quantified the excitatory-inhibitory balance as an index reflecting the product of amplitude and
frequency of individual outward currents (rather than the integral
of amplitude or charge; Figure 6H, inset, arrowheads). This revealed that the ratio of inhibition to excitation was greatly and
significantly increased in mothers (Figure 6I).
Our findings of increased inhibition in the OB following
parturition were further corroborated by evaluating the levels of
RNA expression of molecules associated with inhibitory synapses. We observed a consistent and significant upregulation of
GAD1, Gephyrin, and the delta subunit of the gamma-aminobutyric acid-A (GABAA) receptor in OBs from mothers in comparison with naive females. Expression of GAD1 and Gephyrin
increased on average by 65% and 35%, respectively (Figures
S4A and S4B) (t test; p < 0.001 and p < 0.01, respectively). The
GABAA-delta subunit also increased, but more modestly (Figures S4A and S4B; t test, p = 0.026). Importantly, the strong
transcriptional induction of GAD1 and Gephryin was consistent across all individual bulbs tested (Figure S4A). GAD1 is a
gamma-aminobutyric acid (GABA) biosynthetic enzyme,
whereas Gephyrin acts postsynaptically to localize and stabilize
GABA receptors at the postsynaptic membrane. These results
therefore indicate that both presynaptic as well as postsynaptic
enhancement of GABA transmission may be occurring within OB
of mothers.
Improved Coding of Natural Odors in Mothers
Finally, to evaluate coding in response to the different odor sets
more directly, in a subset of anesthetized mice, we collected
responses from MCs that were stimulated by all 11 odors,
including 6 pure odors and 5 natural odors (n = 4 naive females,
n = 819 MCs; n = 4 mothers, n = 793 MCs). In both mothers and
naive females, the responses of single cells to pure odors were
stronger than to natural odors, but the responses to natural
odors were stronger compared with naive females (Figure 7A).
By normalizing the maximum response of the cell to all 11 odors
tested, the increase in the relative response to natural odors
was also higher in mothers (p = 0.0002, Mann-Whitney U test;
Figure 7B). To test how consistent the response of neurons in
the OB is, we calculated pairwise signal correlations among
neighboring neurons from the same mice (Figures 7C and
7D). Interestingly, signal correlations in mothers increased for
pure odors but decreased for natural odors (Figure 7E). This

(G) Gain control analysis for the transition from 5 ppm to 500 ppm odor-evoked responses. Odors were ranked for each cell according to the response amplitude
during 5-ppm trials, and the same order was kept for each cell in the 500-ppm trials. The tuning curves are averaged across all cells from 5 ppm (naive female and
mother, blue and red dotted lines, respectively) and 500 ppm (blue and red solid lines) that showed responses to at least one of six tested odors (n = 4 naive
females, 382 MCs; 4 mothers, 343 MCs). The black line represents a curve based on the same linear transformation (1.40 3 5 ppm response + 0.09) both for naive
females and mothers.
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Figure 6. Whole-Cell Slice Recordings Show Increased mIPSCs onto MCs of Mothers
(A) An MC filled with fluorescent dye during recording.
(B) Pharmacologically isolated mIPSCs recorded from naive females (top, blue) and mothers (red, bottom).
(C) Average ± SEM of all mIPSC events from naive females and mothers.
(D and E) Cumulative histograms (D) and averages ± SEM for mIPSC amplitudes (C) in naive females and mothers. Amplitudes were not significantly different in
both groups (47.4 ± 3.6 pA and 54.9 ± 4.7 pA for mothers and naive females, respectively; p > 0.2, t test).
(F and G) Cumulative histograms of inter-event interval (F) and averages of mean ± SEM mIPSC frequency (G). The frequency was greatly increased in mothers
(4.1 ± 0.6 Hz versus 2.1 ± 0.3Hz; **p < 0.01, t test).
(H) Synaptic currents evoked by stimulation of the olfactory nerve.
(I) Average ± SEM of the ratio of inhibition to excitation. Inhibition/excitation (I/E) ratios were significantly enhanced in mothers compared with naive females
(56.39 ± 16.98 versus 12.25 ± 5.01, respectively; *p < 0.05, t test).

suggests that mothers have a more redundant population code
for pure odors and a less redundant representation for natural
odors.
To analyze how MC ensembles compute different odors in the
OB of mothers versus naive females, we described each population response to one odor in each mouse as a vector with a

!
given angle and size (illustrated in Figure 7F; !
a; b; !
c ), where
each element represents the response of each MC to that
odorant. We assessed the similarity in population responses to
distinct odors quantitatively using Euclidean distances and
cosine similarities (Figures 7F–7H, top and bottom, respectively)
and qualitatively using principle-component analysis (PCA).

Cell Reports 21, 351–365, October 10, 2017 359

A

B

D

C

F

G

E

Naive

Mother

H

N

P

N

P

I
Naive

Mother

Figure 7. Pairwise Correlations Carry More Information to Natural Odors
(A) Scatterplots of maximum response amplitudes in individual MCs responding to both natural and pure odors, normalized to the maximum response. Blue, naive
females; red, mothers.
(B) Scatterplot of the difference in calcium response to natural and pure odors in all cells responding both to pure and natural odors (**p < 0.001, Mann-Whitney
U test). The line marks the mean ± SEM.

(legend continued on next page)
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The pairwise Euclidean distance values between all odor pairs
clearly shows that the stronger responses elicited by pure odors
are better separated from natural odors that evoked a weaker
response (Figure 7G, top). The normalized average distance for
pure odors was higher compared with natural odors in the naive
females group (0.76 compared with 0.45, a ratio of 0.59). Interestingly, mothers showed an increase in the distances between natural odors but no change in the distances between pure odors,
considerably attenuating this ratio from 0.59 in naive females to
0.73 in mothers (Figures 7G and 7H, top). Cosine similarity analysis of the same data complemented the distance analysis. The
average cosine similarity of pure odor responses was not different
between mothers and naive females, and natural odors were
slightly higher in mothers (Figures 7G and 7H, bottom). This suggests that the increased separation of natural odors in mothers
can more likely be contributed by changes in response amplitudes. PCA, which provides a good visual representation of the results, showed that MC population ensembles separate pure odors
better compared with natural odors in both groups (Figure 7I).
Notably, however, and in agreement with the vector analysis,
the responses to natural odors are better separated from the blank
and among this group of odors in mothers (Figure 7I).
In summary, mothers have a distinct profile of neural representations for different types of odorants. Despite the sparser responses in mothers to pure odors, the population similarity
was neither improved nor deteriorated. Natural odors, however,
which show increased responsiveness in mothers, have better
separation by the populations of MCs compared with the pure
odor set, suggesting a substrate for improved coding of natural
odors in mothers.
DISCUSSION
Distinct Changes to Different Odors
In search for neuronal circuits involved in the repertoire of
maternal behaviors, the OB has already been identified as a potential locus of change. A large body of work was performed with
sheep and focused mainly on the neurochemical changes in the
OB following parturition. Those studies revealed that parturition
and exposure to the newborn ewes modulates OB levels of
nitric oxide, oxytocin, aspartate, noradrenaline, acetylcholine,

GABA, and even glutamate (Kendrick et al., 1988, 1992, 1997).
Noradrenaline has also been shown to be necessary for maternal
plasticity in mice (Dickinson and Keverne, 1988). The effect of
these changes on functional output for different odors and
odor coding in general remained largely unexplored, particularly
at the population level. We show that changes in mothers are
2-fold. On one hand, there is general dominance of inhibition
that sparsens MC representations of simple monomolecular
odors. On the other hand, odors that are behaviorally relevant
are spared from this general reduction of odor-evoked activity.
How can these two phenomena occur simultaneously?
We tested two hypotheses to explain these different effects.
First, we examined the hypothesis that inhibitory activity will
behave differently at different concentrations in mothers and
naive females. For example, inhibition could be driven non-linearly in mothers. Our results argue against this idea (Figure 5). Second, mixture suppression is a well-known phenomenon in olfactory processing that is probably mediated by inhibition (Shen
et al., 2013; Davison and Katz, 2007; Giraudet et al., 2002; Olsen
et al., 2010). Thus, we examined whether the differential response
to natural odors in mothers is the result of a basic difference in
processing of mixtures versus pure odors. This idea was also
ruled out (Figure 4). One alternative explanation we favor is that
there may be specific changes in particular OB regions encoding
behaviorally relevant odors. Future studies are needed to identify
the loci of differential changes and the cellular factors that regulate which MCs are affected and which are spared.
Differential Plasticity of Behaviorally Relevant Odors
Different odors are routed into the OB through different functional channels that are spatially segregated (Buck and Axel,
1991; Mombaerts, 2006). This anatomical and molecular segregation allows, at least potentially, a simple way to regulate
specific channels by virtue of local mechanisms. In the OB,
each receptor is activated by several odors. Thus, the plasticity
of specific ‘‘sensory channels’’ is expected to change specific
regions of the receptive range of MCs. This is supported by
our analysis of neurons responding to both natural and pure
odors within their receptive range.
The literature on plastic changes in the main OB is diverse.
There is evidence that plasticity induces odor-specific changes

(C) Ten MCs and their maximum response to all 11 odors presented (pure + natural) from the same recorded field. Top, naive female; bottom, mother.
(D) Pairwise correlation matrices from the representative MCs in (C).
(E) Mean pairwise correlation for all odors together, all odors shuffled, only pure odors, and only natural odors, respectively. ***p < 0.0001, Mann-Whitney U test.
For each box, the central mark indicates the median and the bottom and top edges indicate the 25th and 75th percentiles, respectively. The whiskers extend to the
most extreme data points.
(F) Diagrammatic representation of how population response profiles were analyzed. For simplification, a network comprised of only 2 neurons is shown
(all neurons were used for each odor response vector in our analysis). Each response to a given odor (here, a, b, c, etc.) was plotted as a vector of the calcium
response magnitude of all responsive neurons (neuron 1, neuron 2, etc.). When the vector for a given odor was constructed, the Euclidean distance (d, top) and
cosine similarity (cos, bottom) between all pairs of vectors was calculated (here, cos/d(a,b), cos/d(a,c), and cos/d(b,c) are shown in gray).
(G) Each matrix shows all pairwise distances between all odors in both groups (mothers, n = 78 pairs from 4 mice; naive females, n = 78 pairs from 4 mice). Dotted
lines denote the pairwise comparisons restricted to pure odors (blue dotted line) and those restricted to natural odors (magenta dotted line). Top: Euclidean
distance; bottom, cosine similarity. Odors: butanal (but), pentanal (pent), ethyl tiglate (e-tig), propanal (prop), methyl propionate (m-prop), ethyl butyrate (e-but),
male urine (Um), female urine (Uf), peanut butter (PB), TMT, nest bedding + pup (nest).
(H) The pairwise similarities and pairwise distances among pure odors are not significantly different between naive females and mothers (Wilcoxon rank-sum test;
distance, p = 0.8; similarity, p = 0.11). The pairwise similarities and distances among natural odors are significantly higher in mothers compared with naive females
(Wilcoxon rank-sum test; distance, **p = 2.4e04; similarity, *p = 0.038).
(I) Principal-component analysis (PCA) showing the three first PCAs for all odors (n = 11 odors + blank) and all trials (n = 4) pooled across MCs of all animals per
group. Left, naive females; right, mothers.
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in MC responses. However, there is also evidence showing
global effects, including inhibition (Kato et al., 2012; Buonviso
and Chaput, 2000; Chaudhury et al., 2010; Fletcher and Wilson,
2003; Wilson, 2000). Our data here favor a unique scenario in
mothers, showing a combined phenotype. We show a global
(non-odor-specific) decrease in MC activity, likely due to, in
part, increased inhibition (Figures 1, 2, and 6; Figures S2 and S4).
Although we found strong evidence for enhanced inhibition in
the MOB of mothers, we note that this is not the only possible
mechanism for sparsening and/or reduced responses in MCs.
Other possibilities include loss of sensitivity at the level of receptor activation (Dey et al., 2015), changes in the strength of synaptic input to postsynaptic neurons (Tyler et al., 2007), and/or
changes in the intrinsic properties of MCs, as recently seen in
the accessory olfactory system (Gao et al., 2017). Alternatively,
MC plasticity may be mediated by changes in cortical feedback,
which largely targets local interneuron populations (Boyd et al.,
2012; Markopoulos et al., 2012). Interestingly, subpopulations
of cells in the piriform cortex selectively express oxytocin receptors that link them to processing of biologically relevant social
odor cues (Choe et al., 2015). Any of these mechanisms could
potentially operate in parallel to enhance local circuit inhibition
in the OB.
Population Coding in the OB of Mothers
We observe sparser representation of general odors in mothers.
What might be the implications of the sparsening to odor coding? Computational and theoretical studies have highlighted
the potential advantages of sparse coding for efficient representation of stimuli in several sensory systems (Barth and Poulet,
2012; Brecht and Sakmann, 2002; DeWeese and Zador, 2006;
Froudarakis et al., 2014; Hromádka et al., 2008; Miura et al.,
2012; Vinje and Gallant, 2000). Sparse coding has been suggested to reduce the overlap between stimulus representations,
thus limiting interference and facilitating accurate comparisons
between stimulus-evoked patterns and stored memories
(Barlow, 1961; Olshausen and Field, 2004; Simoncelli and Olshausen, 2001; but see Spanne and Jörntell, 2015). Recent
studies highlight the computational advantage of sparser coding
and heightened inhibition in the OB (Abraham et al., 2010; Kato
et al., 2012). A natural interpretation of our data could therefore
be that sparsening by increased inhibition is advantageous to
odor discrimination. Our population analysis reveals a different
picture in the OB of mothers. Sparsening did not improve coding
of pure odors, which were separated to begin with. However,
strengthening of the weak responses to the natural odors
improved the separation (Figure 7). One possibility to explore
in future studies is whether the general reduced MC activation
increases the comparative salience of the behaviorally relevant
odors.
Inhibitory Mechanisms of Plasticity in the OB
There are several different types of GABAergic interneurons in
the OB that could contribute to increased inhibition in mothers
(Aungst et al., 2003; Batista-Brito et al., 2008; Kosaka and Kosaka, 2011). The increase in global inhibition could have been
mediated via inhibitory neurons such as dopaminergic periglomerular cells and external plexiform layer interneurons, which
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are known to have global effects (Huang et al., 2013; Uchida
et al., 2014; Kato et al., 2013; Banerjee et al., 2015). However,
our concentration experiment (Figure 5) argues that the mechanisms responsible for gain control seems to stay intact after
parturition and are less likely to be the suspect of the effects
we describe.
The selective effects on behaviorally relevant odors are more
likely mediated via neurons that project locally, like periglomerular
neurons (PGNs) and granule cells (GCs) (Murthy, 2011a; Wilson
and Mainen, 2006). The GC population is a particularly good
candidate in this regard. GCs, the largest interneuron population
in the OB, serve as an inhibitory feedback module driven by
MCs themselves. Surprisingly, only small effects were found on
MC inhibition when silencing large cohorts of these interneurons
with optogenetics (Fukunaga et al., 2014). However, other findings
attributed strong effects of GC inhibition to MC activity and highlighted their importance in MC decorrelation and odor discrimination (Gschwend et al., 2015). Although we still know little about the
role of GCs in vivo, they seem to be perfectly situated for fine-tuning specific pathways because they are continuously replaced
(Adam and Mizrahi, 2011; Sailor et al., 2016; Lledo et al., 2006).
Indeed, selective plasticity by adult-born neurons was recently
shown for associative learning paradigms (Geramita et al., 2016;
Huang et al., 2016). Moreover, pregnancy drives elevated influx
of inhibitory adult-born GCs, which is followed by enhanced integration of these cells into the network during motherhood (Kopel
et al., 2012; Shingo et al., 2003; Sakamoto et al., 2011).
Last, we note that other mechanisms may well play a role in
the changes accompanying the transition to motherhood. These
include, but are not limited to, changes in feedforward inputs to
the MCs by olfactory sensory neurons as well as feedback connectivity from higher brain centers or neuromodulatory centers.
Although our data suggest that the OB in mothers operates in
a different physiological state, the underlying mechanisms are
most likely numerous. Cooperative activity of several sources,
both local and global, will mediate the increased global inhibition
and local excitation reported here.
EXPERIMENTAL PROCEDURES
Animals
For calcium imaging of MCs and RNA extraction, we used Thy1-GCaMP3
(Chen et al., 2012) female mice (10–16 weeks old). Mice were obtained from
The Jackson Laboratory and maintained at the Hebrew University specific
pathogen-free facility. Animal care and experiments were approved by the
Hebrew University Animal Care and Use Committee.
Surgical Procedures
We anesthetized mice with an intraperitoneal injection of ketamine and
medetomidine (100 mg/kg and 0.83 mg/kg, respectively) and a subcutaneous
injection of carprofen (0.004 mg/g). Additionally, we injected mice subcutaneously with dextrose-saline to prevent dehydration. We assessed the depth of
anesthesia by monitoring the pinch withdrawal reflex and added ketamine/
medetomidine to maintain it. We continuously monitored the animal’s rectal
temperature and maintained it at 36 C ± 1 C.
For calcium imaging, we made a small incision in the animal’s skin and
glued a custom-made metal bar to the skull using dental cement. We used
this bar to connect the animal to a custom-made stage to allow precise
positioning of the animal’s head under the microscope for imaging. Next,
we performed a craniotomy (2 3 1 mm) over the OB of one hemisphere.
We placed 2% low-melting agar (type IIIa, Sigma-Aldrich, St. Louis, MO)

over the craniotomy, covered by a glass coverslip that was then secured with
dental cement.
For MC imaging in awake mice, we used chronic window implantation.
For chronic window implantation, a craniotomy was opened over the
OBs of both hemispheres. The exposed brain was covered directly with a
3 3 2 mm square glass (Menzel-Glaser, 22 3 22 mm, #3). The margin
between the coverglass and the intact bone was gently sealed with
Histoacryl glue (B. Braun). After surgery, mice were treated with carprofen
(0.004 mg/g, subcutaneously [s.c.]) until full recovery. All animals were allowed to fully recover before the first imaging session, which started at
least 2 weeks after surgery.
Two-Photon Calcium Imaging
We performed calcium imaging of the OB using an Ultima two-photon microscope from Prairie Technologies (Middleton, WI), equipped with a 163 water
immersion objective lens (0.8 numerical aperture [NA], CF175, Nikon, Tokyo,
Japan). We delivered two-photon excitation at 950 nm using a DeepSee
femtosecond laser (Spectra Physics, Santa Clara, CA). We extended the laser
beam to fill the large back aperture of the 163 objective with an acquisition rate
of 7 Hz. For awake imaging, 2 weeks after window implantation, mice with
detectable MCs were habituated under the microscope in a head-fixed position (once a day, 15 min, 4 days). Awake imaging was performed in habituated
mice that showed no obvious sign of stress. For time-lapse imaging, 1 day after the first imaging session, a male was introduced for 1 week. After 2 weeks
and before parturition, females were isolated.
Data Analysis
We analyzed the data using ImageJ, followed by a custom code written in
MATLAB (MathWorks). We manually drew regions of interest (ROIs) corresponding to individual cell bodies and used ImageJ to extract the mean fluorescence of each cell body used for analysis. Because we triggered odor delivery
at the onset of inhalation, we aligned all trials according to the frame imaged at
odor onset. We calculated relative DF/F using the mean fluorescence over 1 s
before odor onset as the baseline fluorescence (F0). We low pass-filtered the
traces using a square filter with a 3-sample window and phase-filtering by
two passes of the filter using the MATLAB filtfilt function. We defined a response
window equal to the stimulus duration + 4 s (6- or 19-s window). We categorized
calcium transients as odor-evoked responses when at least 2 trials in addition
to the mean trace met the following conditions: 3 consecutive DF/F values
within the response window were found to be above the mean +1.6 SD (4 SD
in awake mice) of the values in the 2 s preceding odor onset and the peak
DF/F amplitude was higher than the DF/F amplitude of the blank trial (1.5 times
higher in awake mice). Response magnitude was defined as the peak DF/F
along the response window, averaged between all trials. Distribution values
of the area under the receiving operating characteristic (ROC) curve yielded
values of 0.96 in anesthetized and 0.94 in awake mouse responses. We defined
response onset as the time where 3 consecutive DF/F values reached 20% of
the maximum response value. For statistical tests on calcium imaging responses, we used non-parametric tests and Kolmogorov-Smirnov test on the
cumulative data. Multiple testing was corrected with Bonferroni correction,
and, when appropriate, the data are presented and analyzed per animal.
Additional procedures on immunohistochemistry and microscopy, data
analysis, respiration-triggered odor delivery, RNA extraction, cDNA preparation, qPCR, and slice electrophysiology can be found in the Supplemental
Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and one table and can be found with this article online at
https://doi.org/10.1016/j.celrep.2017.09.038.
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