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Differences in peripheral sensory 
input to the olfactory bulb between 
male and female mice
Marley D. Kass, Lindsey A. Czarnecki, Andrew H. Moberly & John P. McGann

Female mammals generally have a superior sense of smell than males, but the biological basis of 
this difference is unknown. Here, we demonstrate sexually dimorphic neural coding of odorants by 
olfactory sensory neurons (OSNs), primary sensory neurons that physically contact odor molecules 
in the nose and provide the initial sensory input to the brain’s olfactory bulb. We performed in vivo 
optical neurophysiology to visualize odorant-evoked OSN synaptic output into olfactory bub glomeruli 
in unmanipulated (gonad-intact) adult mice from both sexes, and found that in females odorant 
presentation evoked more rapid OSN signaling over a broader range of OSNs than in males. These 
spatiotemporal differences enhanced the contrast between the neural representations of chemically 
related odorants in females compared to males during stimulus presentation. Removing circulating sex 
hormones makes these signals slower and less discriminable in females, while in males they become 
faster and more discriminable, suggesting opposite roles for gonadal hormones in influencing male 
and female olfactory function. These results demonstrate that the famous sex difference in olfactory 
abilities likely originates in the primary sensory neurons, and suggest that hormonal modulation of 
the peripheral olfactory system could underlie differences in how males and females experience the 
olfactory world.

Though sex differences in olfaction can be complicated by factors like sensory experience1,2, age3–5, and stimulus 
identity5–8, the female olfactory system is generally more effective than the male olfactory system9. Females tend 
to exhibit enhanced sensitivity to odors6,10–14 as well as better discrimination and identification abilities15,16 than 
males.

The biological basis of these sensory differences could be partly related to differences in endocrine status. 
Experimentally-induced alterations in hormonal status can influence odor detection thresholds in males13,17, 
and olfactory sensitivity in females can also vary with fluctuations in sex hormones18–21. Olfactory dysfunction 
can develop in women during menopause, and these deficits can be ameliorated by sex hormone therapy22,23. 
Analogously, 17β -estradiol treatment in gonadectomized mice enhances the retention of an odor memory24 and 
also ameliorates olfactotoxicant-induced discrimination deficits25.

Despite the clear linkage between sex hormones and olfaction, it has been difficult to determine where in the 
olfactory system these hormones are acting. A growing body of work shows that peripheral chemosensory sig-
naling can be modified by experience and internal state2,26–28, as well as by the activity of structures that process 
multisensory information29. The main olfactory epithelium expresses α - and β -type estrogen receptors30, and 
estrogen replacement can protect against olfactory sensory neuron (OSN) loss in gonadectomized mice31,32, sug-
gesting that sex and hormone effects could have a peripheral locus. Similarly, the vomeronasal organ undergoes 
state-dependent filtering in which sex hormones influence the responses of peripheral sensory neurons to specific 
chemical cues and consequently also behavioral responses to those cues33,34. We thus hypothesized that sex dif-
ferences in olfaction could be at least partly mediated by sexually dimorphic sensory processing in the peripheral 
olfactory system.

Olfactory transduction occurs in the olfactory epithelium, where odorant molecules stimulate neural activity 
by binding to G protein-coupled odor receptors in the cilia of OSNs. The OSNs project their axons to the brain’s 
olfactory bulb, where they segregate by receptor type, such that all the OSNs expressing a given receptor converge 
into one or two glomeruli on the surface of the olfactory bulb. Because each OSN expresses only one out of a large 
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repertoire of odor receptors, a given odorant activates only a small subset of OSNs and thus drives neural input 
to a corresponding subset of glomeruli in the olfactory bulb. The brain’s initial neural code for the identity of an 
odorant in the nose is thus the spatiotemporal pattern of olfactory bulb glomeruli receiving synaptic input from 
OSNs. These patterns of odorant-evoked neurotransmitter release from OSN axon terminals in the olfactory 
bulb can be visualized in a line of gene-targeted mice that express the fluorescent exocytosis indicator synap-
topHluorin (spH) under the control of the olfactory marker protein (OMP) promoter35. We performed in vivo 
optical neurophysiology to visualize these spatiotemporal patterns in gonad-intact, adult OMP-spH mice of both 
sexes to see if there was a sex difference in odor representations at the initial sensory input to the brain. We then 
tested whether circulating sex hormones influenced these initial neural representations of odors by performing 
the same in vivo optical imaging procedures in control and gonadectomized mice of both sexes.

Results
Odors evoke OSN input to more olfactory bulb glomeruli in females than in males. Gonad-
intact male (N =  8) and female (N =  11) OMP-spH mice were each implanted with a bilateral cranial window 
overlying the dorsal surface of the olfactory bulbs. Subjects remained anesthetized while the synaptic output 
of OSNs was visualized by fluorescence microscopy during 4 6-sec presentations of each stimulus in the odor 
panel, which consisted of 3 separate concentrations of 4 monomolecular odorants. Because spH is a cumulative 
measure of exocytosis from OSNs, these long presentations permit odor-evoked responses to be detected even 
in weakly activated OSN populations35. The number of olfactory bulb glomeruli exhibiting a measurable odor-
ant-evoked fluorescence response was quantified for each odorant in the panel in each mouse. These numbers of 
odorant-evoked glomerular responses were then analyzed via a mixed, 3-way ANOVA to evaluate potential sex 
differences in the number of olfactory bulb glomeruli receiving OSN input.

As shown by the representative methyl valerate (MV)-evoked difference maps in Fig. 1A,B and the dot plot in 
Supplementary Fig. S1, the overall number of odorant-evoked glomerular responses observed in these unmanip-
ulated female subjects was significantly greater than that observed in unmanipulated male subjects (Fig. 1C, inset, 
main effect of sex, F(1,17) = 11.199, p =  0.004, η p2 =  0.397). Additionally, the observed difference between sexes 
was larger at higher odorant concentrations (Fig. 1C; sex ×  concentration interaction, F(2,34) =  3.876, p =  0.030,  
η p2 =  0.186). Post hoc analyses evaluating the 2-way interaction confirmed that there was an effect of concentra-
tion in both sexes, as expected. However, this effect was larger in females (F(2,20) =  21.172, p <  0.001, η p2 =  0.679) 
than in males (F(2,14) =  10.997, p =  0.001, η p2 =  0.611), indicating that concentration-dependent glomerular 
recruitment36 is augmented in females.

The sex difference in the number of glomeruli receiving measurable odorant-evoked OSN input (Fig. 1A–C) 
could be caused by a difference in odorant response selectivity, such that the OSNs projecting to each glomerulus 
respond to more odorants in females than in males. To test this possibility, we assessed the odor tuning of each 
responsive glomerulus by quantifying the number of odorants in the panel that evoked a measurable response in 
that glomerulus. For example, the two sample glomeruli in Fig. 1D,E only received input from OSNs that were 
stimulated by a single odorant from the 4-odor panel. On average, glomeruli from females responded to slightly 
(8.6%) but significantly more odorants than glomeruli from males (Fig. 1F; t(df = 632.9) =  − 2.855, p =  0.004). Even 
a slight shift in tuning would be sufficient to cause a robust difference in the number of odorant-evoked glomer-
ular responses because certain glomeruli might exhibit no response to our odor panel in more narrowly tuned 
male OSNs, but might respond to just one of the odorants in more broadly tuned female OSNs. We employed 
4 structurally- and perceptually-disparate odors in our main odorant test panel, but we note that a much larger 
number of odorants would need to be screened to determine if the sex-dependent tuning of OSN output might 
differ depending on odor identity.

An alternative explanation would be that the sex difference in the number of glomerular inputs is an artifact 
of our optical detection threshold, which might arise if, for instance, females exhibited larger spH responses 
that were easier to detect optically. To evaluate this possibility, we measured total odorant-evoked OSN synaptic 
output into each olfactory bulb glomerulus by subtracting 1 sec of pre-odor baseline frames from 1 sec of frames 
centered on the approximate peak of the spH signal (Fig. 1G–I). The average odorant-evoked Δ F was calculated 
across all glomeruli per odor map for each subject, and then the resulting data were analyzed via mixed-model 
ANOVA. On average, there was no difference between sexes in the peak odorant-evoked Δ F (Fig. 1J, inset; main 
effect of sex, F(1,17) =  0.119, p =  0.734, η p2 =  0.007). Increasing the odorant concentration resulted in a correspond-
ing increase in peak odorant-evoked response amplitudes (F(2,34) =  56.891, p <  0.001, η p2 =  0.770), as expected. 
However, this concentration-dependent increase in peak odorant-evoked Δ Fs was comparable between sexes 
(Fig. 1J, main; non-significant sex ×  concentration interaction, F(2,34) =  0.965, p =  0.391, η p2 =  0.054). This result 
suggests that the noticeably different patterns of OSN synaptic input to the brain (Fig. 1A,B and G,H) are not 
attributable to differences in response magnitudes, and, perhaps more importantly, that the magnitude of OSN 
input to olfactory bulb glomeruli is similar in individual male and female subjects (Supplementary Fig. S1) despite 
the difference in the number of glomeruli receiving input.

Odor-evoked OSN output is faster in females than in males. Odor information is not only encoded 
by the static pattern of activity that is mapped across the glomerular layer of the bulb, but also by the temporal 
dynamics of that activity36–38. To test whether the degree of the female-specific enhancement (Fig. 1A–C) varies 
across the duration of the odorant presentation we separated the spH signals into 4 1-sec time bins (Fig. 2A,B), 
and then analyzed the data via a mixed, 4-way ANOVA and additional planned post hoc tests. There were a 
larger number of glomeruli receiving OSN input in females, not only at the peak of the spH response (Fig. 1A–C 
and time 4 in Fig. 2A,B), but also during all earlier response times (Fig. 2A–C; time 1, F(1,17) =  8.985, p =  0.008,  
η p2 =  0.346; time 2, F(1,17) =  9.763, p =  0.006, η p2 =  0.365; time 3, F(1,17) =  10.242, p =  0.005, η p2 =  0.376).
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Figure 1. Odorant-evoked glomerular response maps contain a greater number of glomeruli receiving 
synaptic input in unmanipulated females than in unmanipulated males. (A,B) Resting light intensity (RLI) 
images through the cranial window and pseudocolored difference maps showing the peak responses evoked by 
3 concentrations of MV from representative male (A), M01) and female (B), F01) subjects. The circled callouts 
indicate the example glomeruli in (D,E). (C) Mean ±  SEM number of odorant-evoked glomerular responses plotted 
as a function of odorant concentration. The inset shows the main effect of group pooled across concentrations 
and is scaled to the same y-axis as (C). (D,E) Individual male (D), M01) and female (E), F01) glomeruli showing 
sample odorant response selectivity patterns. The pseudocolored difference maps that were evoked by MV, BA, 
2HEX, and 2M2B are shown (top) with all 4 corresponding fluorescent records superimposed per glomerulus 
(bottom). Individual traces represent 4-trial averages per odorant and the boxed portion of the traces indicates 
the frames that were used to generate the response maps in (A,B and D,E) and the analyses in (C and F). (F) The 
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As illustrated by Fig. 2A–C, the number of glomeruli receiving measurable OSN input increases with the time 
elapsed since odorant onset (main effect of time bin, F(3,51) =  110.030, p <  0.001, η p2 =  0.866). This likely reflects 
the gradual increase in spH fluorescence as OSNs release neurotransmitter over time, which rapidly exceeds our 
optical detection threshold for strongly activated glomeruli and more slowly exceeds our optical detection thresh-
old for very weakly activated glomeruli. However, there was also a significant sex ×  time bin interaction (Fig. 2C; 
F(3,51) =  7.428, p <  0.001, η p2 =  0.304), showing that the number of responsive glomeruli increased faster in females 
than in males (which cannot be the result of an optical detection threshold). To test whether the increased num-
ber of responsive glomeruli in females developed over time, we calculated the ratio of odorant-evoked glomerular 
responses in females relative to that in males for each response time bin. This qualitative analysis shows that even 
though the number of glomeruli receiving measurable OSN input increased throughout the odor presentation, 
this number was proportionately larger for females than males during all 4 measured time points (Fig. 2D), aver-
aging 48% ±  0.1% more responsive glomeruli overall (Fig. 2E).

Even though the magnitude of the peak spH responses was the same between sexes (Fig. 1J), the time 
course-dependent sex differences in static spatial maps (Fig. 2A–E) suggested that there might be subtle dif-
ferences in the temporal dynamics of those signals. There is precedent in this, where odorant-evoked spH sig-
nals in OMP knockout mice eventually reach comparable peak magnitudes to that in OMP-expressing mice39, 
despite having relatively slowed OSN response kinetics and decreased sensitivity40. Careful inspection of the 
fluorescence records in Fig. 1I suggests that similar differences in response time course might exist between sexes 
because the peak amplitudes (boxed portion of traces) are comparable, but the slopes of the signals appear to 
differ during earlier (pre-peak) response times. While spH does not clearly illustrate the dynamics of individual 
inhalations, it does usefully report on the cumulative total odorant-evoked OSN output within each glomerulus 
over the course of an odorant presentation. To further evaluate potential sex differences in the time course of 
odorant-evoked nerve output, particularly during the relatively early, pre-peak part of the responses, fluorescence 
traces from all glomerular ROIs were normalized to their individual minima and maxima. To visualize the timing 
of odorant-evoked spH signals, the normalized traces were separately pooled across glomeruli per odorant within 
a mouse, and the average odorant-evoked spH waveforms that were evoked by a given odorant in individual mice 
were plotted together for qualitative evaluation (as in Fig. 2F).

Odorant-evoked OSN output appeared to increase slightly faster in females than in males (Fig. 2F), reaching 
the plateau of the response slightly earlier. We quantified the latency (in sec) to onset of the peak response plateaus 
(which are relatively prolonged; e.g., Figs 1I and 2F) and looked for group differences between individual animals 
(Fig. 2G; NMale =  8, NFemale =  11) as well as between distributions of latency values pooled across glomerular fluo-
rescence records from all animals (Fig. 2H). On average, the onset of peak odorant-evoked response magnitudes 
occurred ~0.31 sec earlier in females than in males (Fig. 2G; F(1,17) =  9.861, p =  0.006, η p2 =  0.367). This subtle dif-
ference in timing exceeds behaviorally-relevant timescales because sensory processing that is sufficient to support 
odor detection and discrimination occurs in under 200 ms41–43.

Higher contrast between odorants in the primary sensory odor representations of females than 
males. What could be the functional significance of the spatiotemporal sex differences in odorant-evoked 
OSN activity that were observed here (Figs 1 and 2)? Fundamentally, the spatial pattern of OSN input across 
glomeruli is the initial representation of odor identity in the brain. The degree of difference between these spatial 
patterns of glomerular activity predicts the perceptual differences between odors44,45, so we quantified the differ-
ences between the representations of different odor pairs within male and female mice.

Differences between odorant-evoked glomerular response maps were quantified as Euclidean distances (EDs) 
in N-dimensional vector space, where N was equivalent to the number of glomerular ROIs identified in each 
mouse. Smaller EDs indicate that neural representations of stimuli within a pair are more similar to each other, 
whereas larger EDs indicate that the stimulus representations are more dissimilar. We calculated the pairwise ED 
for all 4 odors in our panel, yielding 6 possible odor pairs: BA-MV, BA-2HEX, BA-2M2B, MV-2HEX, MV-2M2B, 
and 2HEX-2M2B. Figure 3A,B shows BA-, MV-, 2HEX-, and 2M2B-evoked response maps that were generated 
for time bin 1 (the first rising phase of the odor response – see Fig. 2A,B) from representative male and female 
subjects. Pairwise comparisons across odor maps within each subject show that all pairs are discriminable by this 
time point (Fig. 3C; EDs greater than 0), but that the maps are more easily distinguished in the female mouse 
than in the male mouse (Fig. 3C; F11 has larger EDs for all 6 odor pairs). We analyzed the 6 pairwise EDs for 
all subjects during time bin 1 with a sex ×  odor pair ANOVA and confirmed that, on average, odor maps were 
more dissimilar in females than in males during this relatively early response time bin (mean ±  SEM ED between 
odor maps; female group =  0.707 ±  0.015, male group =  0.637 ±  0.019, main effect of sex F(1,16) =  7.942, p =  0.012,  
η p2 =  0.332).

mean ±  SEM number of odorants that evoked a measurable response in each glomerulus are plotted for male 
and female glomerular populations. Ns indicate the number of glomeruli per group. The y-axis ranges from 1–4 
because each individual glomerulus was categorized as responding to 1–4 odorants in the panel. (G,H) Glomerular 
response maps that were evoked by 15 au 2HEX in a representative male mouse (G), M06) and a representative 
female mouse (H, F10). (I) Fluorescent records that correspond to the glomerular callouts in (G,H). The boxed 
portion of the fluorescent records indicates the frames that were used to generate the peak response maps in (G,H) 
and the analyses that are summarized in (J). Solid lines ±  shaded regions represent the mean ±  SEM fluorescent 
record across 4 repeated trials for each glomerulus. Each trace is scaled relative to its individual maximum. (J) 
Mean ±  SEM odorant-evoked change in fluorescence (Δ F) plotted as a function of odorant concentration. The inset 
shows the main effect of group pooled across concentrations and is scaled to the same y-axis as J.
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Figure 2. Temporal evolution of odorant-evoked OSN activity in unmanipulated females compared to 
unmanipulated males. (A–E) Sex-dependent differences in the temporal evolution of spatial odor maps. (A,B) 
RLIs and odorant-evoked difference maps that were measured during 4, 1-sec time bins from a representative 
male mouse (A), M03) and a representative female mouse (B), F02). Timelines illustrating the 4, 1-sec time bins 
(shaded regions; t1-t4, response times 1–4) relative to stimulus presentation (yellow stimulus bar) are shown to the 
right. Example traces are superimposed on each timeline and correspond to the glomerular callouts (white arrows) 
in (A,B). Each trace represents the average fluorescent record for that glomerulus across 4 trials of 15 au 2M2B. 
(C) Odorant-evoked glomerular responses plotted as a function of time relative to stimulus presentations (yellow 
bar). Times are plotted to correspond with the middle of each 1-sec bin. For example, data corresponding to time 
1 (which was an average of 7 frames acquired during 1–2 sec after odorant onset) is plotted at 1.5 sec. These data 
are calculated across all concentrations (7.5 au, 15 au, and 30 au) of all odors (BA, MV, 2HEX, and 2M2B). (D) To 
show proportional differences in the number of odorant-evoked glomerular responses throughout the stimulus 
presentation, the data in C were normalized relative to the male group within each bin and are plotted as the percent 
of males as a function of response time. (E) Overall ratio of glomerular responses relative to males, pooled across 
all 4 time bins. Dashed lines in (D,E) indicate 100% of male activity. (F–H) Odorant-evoked spH signals reach 
maximum response magnitudes slightly faster in intact-females than in intact-males. (F) BA-evoked spH signals 
compared between representative male (M04, cyan) and female (F05, magenta) subjects. Solid lines ±  shaded 
regions, mean ±  SEM BA-evoked response across glomerular responses per subject; Ns, number of BA-responsive 
glomeruli per subject. (G) Overall, when averaged across odorants and between sexes the mean ±  SEM latency to 
peak onset is ~0.31 sec faster in intact-females than in intact-males. (H) Cumulative probability plot showing the 
male and female distributions of peak latency values pooled across individual fluorescent records.
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Because individual maps for a given odorant evolve over time throughout the duration of a stimulus presenta-
tion (e.g., Fig. 2A,B), we extended this analysis and calculated EDs between odor pairs over 64 consecutive frames 
that began at time =  0 sec relative to stimulus onset (Fig. 3D). While the ED between odor pairs got larger over 
time for all subjects (main effect of frame number; F(63,1008) =  389.539, p <  0.001, η p2 =  0.961), overall the odor rep-
resentations were more dissimilar in females than they were in males (Fig. 3F; group means ±  SEMs pooled across 
64 frames, F(1,16) =  8.844, p =  0.009, η p2 =  0.356). Additionally, the enhanced contrast between sensory maps that 
was observed in females occurred relatively early in the trial and became larger over time (Fig. 3D; sex ×  frame 
interaction, F(63,1008) =  7.200, p <  0.001, η p2 =  0.310). In fact, this frame-by-frame analysis reveals that the sex dif-
ference was detectable in these data as early as ~0.75 sec after odorant onset (Fig. 3E). The more numerous, faster 
OSN outputs in females thus enhance the differences between odor representations.

The number of glomeruli receiving odorant-evoked OSN input is influenced by circulating 
gonadal hormones in males and females. The sexually dimorphic odor-evoked activation of olfactory 
bulb glomeruli that we observed in unmanipulated males and females could be the result of organizational differ-
ences that are differentiated early in life, or it could alternatively be attributed to activational effects of circulating 
sex hormones on the peripheral olfactory system. To test these possibilities, we performed the same in vivo optical 
imaging procedures on an additional 43 mice 2 weeks after those subjects underwent bilateral gonadectomy or 
sham-control surgical procedures (Supplementary Fig. S2). If the observed sex differences (Figs 1, 2 and 3) are 
attributable to structural differences in the organization of this olfactory pathway, then the removal of circulat-
ing sex hormones through gonadectomy should have no effect on odorant-evoked glomerular response maps. 
Conversely, if odorant-evoked OSN neurotransmitter release is susceptible to hormonal modulation, then gona-
dectomy should induce changes in odor-evoked OSN activity between sham-manipulated and gonadectomized 
mice of each sex. If circulating sex hormones are the only cause of the difference between male and female OSN 
responses, then gonadectomy should make the response maps in male and female mice equivalent.

The number of glomeruli receiving measurable OSN input was quantified for each odorant and concen-
tration per mouse and analyzed via a mixed, 4-way ANOVA and additional post-hoc tests. Comparison of 
Sham-manipulated females and Sham-manipulated males replicated our initial findings (Fig. 1A–C), revealing a 
greater number of glomeruli receiving odorant-evoked nerve input in Sham-females than in Sham-males (com-
pare Fig. 4A and B; F(1,21) =  16.104, p <  0.001, η p2 =  0.434). Critically, we also observed an interaction between 
sex and surgical treatment (Fig. 4I, F(1,39) =  23.250, p <  0.001, η p2 =  0.373; and see Supplementary Fig. S3). 
Regardless of the odorant being presented (Supplementary Fig. S4), in females the removal of the ovaries resulted 
in a significant reduction in the number of glomeruli receiving measurable odorant-evoked OSN input (Fig. 4I 
and also compare Fig. 4B and D; F(1,19) =  15.577, p <  0.001, η p2 =  0.451), causing the Gnx-females to have odor 
maps that were similar to those observed in the Sham-manipulated males (Fig. 4I and also compare Fig. 4A 
and D; non-significant difference in odorant-evoked glomerular responses, F(1,20) =  0.222, p =  0.642, η p2 =  0.011). 
Interestingly, orchiectomy had the opposite effect on males, such that Gnx-males had a greater number of 
odorant-evoked glomerular responses than Sham-manipulated males (Fig. 4I and also compare Fig. 4A and C; 
F(1,20) =  8.744, p =  0.008, η p2 =  0.304), and were thus more similar to Sham-females (Fig. 4I and also compare 
Fig. 4B and C; non-significant difference in odorant-evoked glomerular responses, F(1,19) =  0.019, p =  0.892,  
η p2 =  0.001).

Figure 3. Sex differences in the contrast between the primary sensory representations of different odors. 
(A,B) BA-, MV-, 2HEX-, and 2M2B-evoked difference maps from representative male (A), M07) and female 
(B), F11) mice. (C) Euclidean distance (ED) between 6 pairwise odor map comparisons for the static maps 
that are shown in (A and B). (D) Mean ±  SEM ED between all 6 odor pairs from all male (cyan) and female 
(magenta) subjects across 64 frames that correspond to 0–9 sec relative to odorant onset. The yellow stimulus 
bar indicates the time of odorant presentations and the boxed region of the stimulus bar (t1, time bin 1) notes 
the frames that were used to generate the difference maps in (A,B) and the corresponding ED comparisons 
shown in C. (E) Enlargement of the boxed region of the frame-by-frame ED analysis in (D) shows that odor 
maps are more dissimilar in females than in males by as early as 1 sec into the odorant presentations. (F) Overall 
mean ±  SEM ED between odor representations pooled across 6 odor pairs and 64 frames.
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When we pooled across odorants and looked at odorant-evoked glomerular response maps over a range 
of concentrations we found that higher odorant concentrations tended to recruit more glomeruli than lower 
concentrations (effect of concentration, F(2,78) =  75.476, p <  0.001, η p2 =  0.659). However, we identified a 
sex ×  group ×  concentration interaction (Fig. 4A–D and J; F(2,78) =  5.655, p =  0.005, η p2 =  0.127) that suggested 
concentration-dependent glomerular recruitment was not equivalent among sex ×  surgical treatment groups. 
The largest effects of increasing concentration on glomerular recruitment were observed in Sham-female and 
Gnx-male groups (which were equivalent to each other; non-significant 2-way interaction, F(2,38) =  0.040, 
p =  0.961, η p2 =  0.002), whereas concentration-dependent glomerular recruitment was relatively less-robust in 
both Sham-male and Gnx-female groups (which were equivalent to each other; non-significant 2-way interaction, 
F(2,40) =  0.760, p =  0.474, η p2 =  0.037). Gonadectomy thus appears to attenuate concentration-dependent glomer-
ular recruitment in females, but enhance it in males (Fig. 4J).

We next separated the spH signals into 4 1-sec time bins (Supplementary Fig. S5) and analyzed the data via 
a 5-way ANOVA, which yielded sex ×  surgical treatment (F(1,39) =  19.058, p <  0.001, η p2 =  0.328) and sex ×  sur-
gical treatment ×  time bin interactions (Fig. 4K; F(3,117) =  40.888, p <  0.001, η p2 =  0.512). After performing 

Figure 4. Sexually dimorphic activation of olfactory bulb glomeruli is dependent upon circulating gonadal 
hormones. (A–D) RLI images through the cranial window and pseudocolored difference maps showing the 
peak responses evoked by 3 concentrations of BA from a Sham-male (A, GNX01), a Sham-female (B), GNX13), 
a Gnx-male (C), GNX28), and a Gnx-female (D), GNX04). (E–H) Fluorescent records from individual trials that 
correspond to the glomerular callouts that are noted by white arrows on the 30 au BA-evoked maps in (A–D). 
The boxed portion of the fluorescent records indicates the frames that were used to generate response maps in 
(A–D) and analyses summarized in (I,J,L and M). The example piezosensor recordings that are shown below 
each response amplitude are from a single trial of 30 au BA. Positive and negative portions of each respiration 
trace respectively correspond to inhalation (in) and exhalation (ex) phases of the respiratory cycle. (I) Odorant-
evoked glomerular responses during the peak response phase are pooled across all odorants and concentrations 
and plotted separately for each group. a indicates p =  0.008 when compared with Sham-male and Gnx-female 
groups; b indicates p =  0.001 when compared with Sham-male and Gnx-female groups. (J) Odorant-evoked 
glomerular responses are pooled across odorants and plotted as a function of concentration for each group. 
(K) Odorant-evoked glomerular responses are plotted as a function of time relative to stimulus presentation 
(yellow stimulus bar). (L) The number of odorants that evoked a measurable response in each glomerulus are 
plotted for sex ×  surgical treatment glomerular populations. Ns indicate the number of glomeruli per group. 
Note that each individual glomerulus was categorized as responding to 1, 2, 3, or 4 odorants in the panel, but the 
y-axis is truncated at 2.5 to display an appropriate range for the group means. (M) Peak odorant-evoked change 
in fluorescence (Δ F) pooled across all odorants and concentrations for each group. (N) Inhalation frequency 
during 6 sec odorant presentations for each group. Data are pooled across respiration measurements that were 
recorded during trials from each concentration of each odorant. The data shown in (I–N) are plotted as the 
mean ±  SEM.
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additional post-hoc factorials, we once again confirmed that there were a larger number of odorant-evoked 
glomerular responses in intact females relative to intact males not only at the peak of spH response (Fig. 4I 
and K, time =  7–8 sec), but also during all earlier response times (Fig. 4K; time =  1–2 sec, F(1,21) =  5.614, 
p =  0.027, η p2 =  0.211; time =  3–4 sec, F(1,21) =  14.178, p <  0.001, η p2 =  0.403; time =  5–6 sec, F(1,21) =  15.837, 
p <  0.001, η p2 =  0.376). Notably, this difference was reversed by gonadectomy (Supplementary Fig. S5) because 
the number of odorant-evoked glomerular responses was proportionately reduced in Gnx-females relative to 
Sham-manipulated females throughout the duration of the trial (Fig. 4K; time =  1–2 sec, F(1,19) =  8.724, p =  0.008, 
η p2 =  0.315; time =  3–4 sec, F(1,19) =  12.037, p =  0.003, η p2 =  0.388; time =  5–6 sec, F(1,19) =  13.685, p =  0.002,  
η p2 =  0.419), whereas a proportional enhancement was observed throughout the trial in Gnx-males relative 
to Sham-manipulated males (Fig. 4K; time =  1–2 sec, F(1,20) =  3.818, p =  0.065, η p2 =  0.160; time =  3–4 sec, 
F(1,20) =  7.791, p =  0.011, η p2 =  0.280; time =  5–6 sec, F(1,20) =  9.001, p =  0.007, η p2 =  0.310).

Consistent with findings from the first experiment (Fig. 1F), the differences between groups in the spatial 
arrangement of glomerular odor representations may be related to slight changes in odor tuning of individual 
glomeruli. We observed a small but significant interaction of sex and surgical treatment on the number of odor-
ants that evoked a response in each glomerulus (Fig. 4L; F(1,2817) =  7.644, p =  0.006, η p2 =  0.043). The interaction 
suggested that glomerular selectivity was increased by gonadectomy in females since glomeruli from Gnx-females 
tended to respond to slightly fewer odorants than Sham-females (Fig. 4L). By contrast, glomeruli from Gnx-males 
responded to slightly more odorants than from Sham-males (Fig. 4L), suggesting that gonadectomy in males may 
have broadened the tuning of individual glomeruli.

Similar to the first experiment (Fig. 1G–J), there were no overall differences between groups in peak response 
magnitudes (Fig. 4E–H, boxed portion of traces; Fig. 4M, non-significant sex ×  surgical treatment interaction, 
F(1,39) =  1.768, p =  0.191, η p2 =  0.043; Supplementary Fig. S3). Additionally, the effects reported here cannot be 
attributed to differences in respiration because they were identified in anesthetized imaging preparations in 
which depth of anesthesia and respiration frequency were constant throughout the duration of the experiment 
and did not differ between any groups (see sample respiration traces in Fig. 4E–H and group means in Fig. 4N; 
non-significant sex ×  surgical treatment interaction, F(1,37) =  0.802, p =  0.376, η p2 =  0.021).

These data demonstrate that OSN physiology may normally be modulated by circulating sex hormones in 
both female and male mice. It is possible that this modulation could fluctuate in females in correlation with 
the fluctuating levels of sex hormones that are associated with different phases of the estrous cycle. Although 
Sham-manipulated females exhibited normal 4 day estrous cycles (Supplementary Fig. S2), we saw no obvi-
ous relationship between estrous cycle phase and the number of odorant-evoked glomerular responses 
(Supplementary Fig. S3). However, we note that the small number of animals in each phase of the cycle does not 
permit definitive conclusions.

Gonadal hormones modulate the timing and discriminability of odorant-evoked OSN activity.  
To assess the potential influence of circulating gonadal hormones on OSN response timing and the contrast 
between odorant-evoked glomerular response maps, we repeated the analyses shown in Figs 2 and 3 with the data 
from sham-manipulated and gonadectomized mice.

The timing of odorant-evoked OSN neurotransmitter release was compared between Sham-male and 
Gnx-male subjects (Fig. 5A) as well as between Sham-female and Gnx-female subjects (Fig. 5B) (also see 
Fig. 4E–H and compare slopes of traces). Intriguingly, the removal of circulating gonadal hormones resulted in 
opposite effects on temporal properties of OSN physiology in males and females (Fig. 5C; sex ×  surgical treatment 
interaction, F(1,39) =  6.092, p =  0.018, η p2 =  0.135). Regardless of which odorant was presented (non-significant 
odorant ×  sex ×  surgical treatment interaction, F(3,117) =  1.447, p =  0.233, η p2 =  0.036), the onset of peak responses 
in Gnx-females was ~0.18 sec delayed relative Sham-females, whereas the onset of peak responses in Gnx-males 
was ~0.18 sec earlier than that in Sham-males. Though individual latency values from Gnx-females tended to 
be slightly larger (i.e., slower responses) than those from Sham-females (Fig. 5D, right panel; K-S, Z =  1.428, 
p =  0.034), they were equivalent to latency values in Sham-males (K-S, Z =  0.960, p =  0.315), which were also 

Figure 5. Odorant-evoked spH signals are accelerated by gonadectomy in males, but slowed by 
gonadectomy in females. (A,B) BA-evoked spH signals compared between representative Sham-male 
(GNX11) and Gnx-male (GNX10) subjects (A) and also between representative Sham-female (GNX03) and 
Gnx-female (GNX16) subjects (B). The solid lines ±  shaded regions represent the mean ±  SEM fluorescent 
record across all BA-evoked glomerular responses per subject, and the Ns indicate the number of glomeruli that 
are contributing to each subject’s mean BA-evoked spH signal. (C) Mean ±  SEM latency to onset of peak spH 
signal from sex ×  surgical treatment groups. (D) Cumulative probability plots showing the distributions of peak 
latency values pooled across individual fluorescent records. The Ns indicate the number of odorant-evoked spH 
signals pooled across odorants.
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larger than those in Sham-females (K-S, Z =  2.125, p <  0.001). Conversely, individual latency values from 
Gnx-males were smaller (i.e., faster responses) than those from Sham-males (Fig. 5D, left panel; K-S, Z =  1.992, 
p <  0.001), but equivalent to those from Sham-females (K-S, Z =  0.565, p =  0.906). Importantly, these effects were 
not attributable to differences in respiration (Fig. 4N).

When we quantified the ED between pairs of odor maps as above, we found that odor pairs tended to be further 
apart in Euclidean space (i.e, more dissimilar) in Sham-manipulated females than in Sham-manipulated males 
(Fig. 6A, left panel), replicating our previous results (Fig. 3). However, the reverse pattern was observed between 
Gnx-females and Gnx-males (Fig. 6A, right panel), which suggests that while coarse odor discrimination between 
glomerular activity maps that are evoked by different odorants may be better in the gonad-intact female than in 
the gonad-intact male (e.g., Fig. 3A–C), coarse discrimination between glomerular odor maps may be poorer in 
Gnx-females than in Gnx-males. The interactions between sex and surgical treatment (F(1,39) =  5.891, p =  0.020 η 
p

2 =  0.131) and between sex, surgical treatment, and frame number (F(63,2457) =  3.689, p <  0.001 η p2 =  0.086) sug-
gested that this was because odor pairs tended to be slightly more similar to each other in Gnx-females than they 
were in Sham-females (Supplementary Fig. S6), whereas those same odor pairs tended to be slightly more dissim-
ilar from each other in Gnx-males than they were in Sham-males (Supplementary Fig. S6). To illustrate this point, 
we divided the overall ED between all 6 odor pairs across all 64 frames from each Gnx group by the overall ED 
from their corresponding Sham-control group (Fig. 6B). These ratios were plotted as the percent change in ED 
between odor pairs relative to that in Sham-controls, and they show that gonadectomy resulted in increased odor 
map discriminability in males and decreased odor map discriminability in females (Fig. 6B).

In a subset of subjects the odor panel was expanded to include the odorant ethyl valerate (EV) to provide a 
close comparison to the odorant methyl valerate (MV) during in vivo optical imaging. In these subjects there 
was a significant interaction in the effects of sex and surgical treatment on the discriminability between primary 
sensory representations of MV and EV (Fig. 6C–G; F(1,14) =  6.784, p =  0.021, η p2 =  0.326), as well as on the num-
ber of glomerular responses that were evoked by these 2 chemically-similar odorants (Supplementary Fig. S7). 
Specifically, MV- and EV-evoked glomerular response maps tended to be more similar to each other (i.e., harder 
to discriminate) in Sham-males than they were in Sham-females (Fig. 6G). By contrast, MV- and EV-evoked glo-
merular response maps tended to be more dissimilar from each other (i.e., easier to discriminate) in Gnx-males 
than they were in Gnx-females (Fig. 6G). This result demonstrates that neuroendocrine factors can influence 
the representation of odor identity at the input to the brain, such that circulating gonadal hormones likely help 
females in making challenging olfactory discriminations but may make such discriminations more difficult for 
males.

Discussion
In the present experiments we observed a sex difference in odorant-evoked signaling from the OSNs in the olfac-
tory epithelium to the brain’s olfactory bulb. Odorant presentation in unmanipulated female mice elicited OSN 
input into a broader range of olfactory bulb glomeruli than in males. Though responsive glomeruli received the 
same magnitude of OSN input on average between males and females, in females this input occurred earlier in the 
odor presentation. As a result, different odorants evoked more different spatial patterns of OSN input to the brain 
in females than males, even within the first second of odor presentation. Gonadectomy experiments revealed 
that circulating sex hormones may influence these responses. Gonadectomized females exhibited slower OSN 
responses in fewer glomeruli than control females, while gonadectomized males exhibited faster OSN responses 

Figure 6. Odor maps become relatively more discriminable after gonadectomy in males, but relatively 
less discriminable after gonadectomy in females. (A) Odor pairs tended to be further apart in Euclidean 
space (i.e., more dissimilar) in Sham-females than in Sham-males (left panel), and this difference was reversed 
by gonadectomy (right panel). The mean ±  SEM ED between all 6 odor pairs is plotted across 64 frames 
that correspond to 0–9 sec relative to odorant onset. The yellow stimulus bar indicates the time of odorant 
presentations and the boxed region of the stimulus bar (t1, time bin 1) notes the frames that were used to 
generate the difference maps in (C–F). (B) The effects of gonadectomy on primary sensory odor representations 
are plotted as the percent change in ED relative to Sham-control groups. The dashed line indicates no change 
relative to Sham-controls. Values above and below the dashed line respectively note relative increases and 
decreases in odor map discriminability. (C–F) Pairs of MV- vs EV-evoked difference maps from a representative 
Sham-male (C, GNX45), Gnx-male (D), GNX37), Sham-female (E), GNX40), and Gnx-female (F), GNX39). 
(G) Mean ±  SEM ED between MV- and EV-evoked maps across all 64 frames for each subject shown in (C–F).
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in more glomeruli than control males. These results suggest that gonadal hormones may facilitate odor detection 
and discrimination of similar odorants in females but impair it in males.

Gonadectomy did not eliminate the sex difference between males and females but in fact reversed it, suggest-
ing that the functional neuronal circuits underlying the sex-specific peripheral olfactory input to the brain exist in 
both males and females46. Sexually dimorphic activation of sensory pathways presumably underlies many of the 
obvious differences in male and female behavior28,47, and if both sexes are developmentally programmed with the 
same underlying circuitry then they may also be capable of displaying the same sex-specific behaviors in response 
to sensory stimuli46. The reversal of sex-specific olfactory coding after gonadectomy implies a role for hormones 
in dynamically shaping the activity of sexually dimorphic sensory circuitry in the olfactory bulb. The functioning 
of these olfactory pathways could be further modulated by experiential factors2,48 since the within-cage olfactory 
environments of same-sex-housed males and females are different, as are the cage environments of mice with 
different endocrine statuses28,47 (i.e., sham-operated versus gonadectomized).

It is suggestive that these results parallel the common observation that females exhibit superior olfactory capa-
bilities than males1,4,9–14. Sensory performance in a noisy environment is typically modeled as information accu-
mulation over time, as demonstrated by the speed-accuracy tradeoff for odor detection and discrimination42,49. 
The larger number of glomeruli receiving input in females (Fig. 1) means that females receive more total olfactory 
sensory input to the brain, while the more rapid OSN response (Fig. 2) gets that information to the brain earlier 
in females than in males. How would the larger number of glomerular responses in females affect odor discrimi-
nation performance? In principle the modest broadening of glomerular odor tuning could impair discrimination 
by increasing overlap in response maps, but conversely the greatly increased number of responding glomeruli 
in females provides a much richer set of inputs for the brain to interpret. The utility of the Euclidean distance 
metrics reported here is that they quantify the actual difference in neural odorant representations, taking both 
the number of glomeruli and overlap of responses into account, and the larger EDs in females demonstrates that 
the neural response patterns are more different across odorants in females than they are in males. The finding that 
ovariectomy reduces these computational advantages in females is consistent with previous reports that estrogen 
replacement therapy protects against olfactory impairment in post-menopausal women22,23 and also in ovariect-
omized rats with lesions to the olfactory epithelium25.

What is the mechanism of the difference in OSN coding between males and females? Male and female mice 
have the same number of OSNs in the olfactory epithelium50, so the difference presumably arises physiologically, 
potentially from differences in the odor selectivity of OSNs (Fig. 1F) or differences in OSN response kinetics 
(Fig. 2F,H). The results from the gonadectomy-imaging experiment suggest that circulating gonadal hormones 
could influence those aspects of OSN odor processing, albeit in different directions in males and females. Notably, 
in these mice spH is expressed under the OMP promoter and the odor tuning, temporal properties, and sensitivity 
of OSNs are known to be influenced by OMP expression39,40,51. OMP expression might be susceptible to hormonal 
modulation52 that could conceivably result in sex-specific activation of OSNs. Regardless of potential interactions 
with OMP, a neuroendocrine mechanism could only be confirmed through the restoration of individual hor-
mones such as estradiol or dihydrotestosterone. Without performing such a hormone replacement experiment 
we do not know for certain if gonadal hormones cause the differences in olfactory sensory processing that were 
observed here, nor can we rule out the possibility of contributions from other endocrine effects because the gona-
dectomy surgical procedure can also result in several side effects, such as increased secretion of gonadotropins 
and alterations to the hypothalamic-pituitary system53,54. Nonetheless, the locus of these putative neuroendocrine 
interactions could be peripheral. Higher levels of odorant-binding protein genes have been observed in olfactory 
epithelia from female mice than from male mice55, which is consistent with the decreased OSN response latencies 
that we observed in unmanipulated females relative to males and suggests that gonad-intact females may have a 
more efficient odorant-transport system. Such differences may be dynamically regulated by varying levels of sex 
steroids that are synthesized locally in the epithelium56 or that are present in other structures in the mucosa. For 
example, in male mice, relatively high levels of testosterone have been found in the lateral nasal gland57, a struc-
ture that secretes odorant-binding proteins into the epithelium. There could also be an indirect effect of gonadal 
hormones on olfactory transduction via modifications to the anatomy of the olfactory mucosa20,22.

Alternatively, the observed effects of gonadal hormones on OSNs could be mediated in the glomerular layer 
of the olfactory bulb, where populations of periglomerular (PG) interneurons and short axon cells (SACs) influ-
ence primary sensory odor coding. PG interneurons directly mediate local gain control on OSN output via 
GABA-mediated presynaptic inhibition of OSN synaptic terminals58. The activity of this intraglomerular inhibi-
tory circuitry is in turn shaped by extensive interglomerular connections that arise from SACs, which co-express 
GABA and TH59,60, and GABAergic61–65 and dopaminergic66,67 signaling in the brain are subject to modulation 
by gonadal steroids.

Neuroendocrine effects in the glomerular layer could, for example, be mediated through estrogen recep-
tors68,69. Aromatase, which is the enzyme necessary for the conversion of androgens to estrogens, is also expressed 
throughout the olfactory bulb70,71, indicating that synthesis of estradiol occurs locally in the bulb. Notably, aro-
matase is broadly expressed in SACs in the glomerular layer71, suggesting that the discriminability of different 
odor maps may indeed be related to estrogen-dependent regulation of interglomerular processing. Consistent 
with this, male olfactory bulbs contain a greater number of TH-positive neurons than female olfactory bulbs in 
both rodents72 and humans73. Additionally, TH mRNA in the olfactory bulb is increased by ovariectomy in female 
mice, and this effect can be reversed when ovariectomized mice are treated with estradiol66. We thus speculate 
that gonadal hormones may play a role in tuning olfactory bulb circuitry by modulating SACs, which could 
potentially include direct effects on OSN synaptic terminals via dopamine receptors74 as well as indirect effects 
on OSN signaling via connections with PG cells. It might also be possible for neuroendocrine effects to directly 
influence PG cell-mediated GABAergic presynaptic inhibition of OSNs. Gonadectomy in females results in an 
increase in GABA content in the rat brain63, whereas GABA content is decreased by gonadectomy in males61. This 
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seems consistent with a system that exhibits relatively decreased presynaptic inhibition in gonad-intact females 
relative to gonad-intact males.

In rodents, there are notable sex differences in the accessory olfactory system that are essential for processing 
pheromone cues that are used to guide normal social and reproductive behaviors47,75. It is increasingly under-
stood that the main olfactory system is also involved in processing biologically relevant odors76–78, though few 
studies have examined sex differences in processing such stimulie.g., refs 79 and 80. The present work demon-
strates that OSN responses to odorants can differ between males and females even in the main olfactory bulb and 
even for non-social odorants, which could influence the interpretation of results from olfactory research and 
potentially the design of flavors and fragrances.

Regardless of the exact mechanisms by which sexually dimorphic OSN signaling emerges, these data are 
the first to demonstrate in vivo sex differences in primary sensory odor coding. These results further demon-
strate that OSN function may normally be influenced by circulating gonadal hormones in both sexes, suggesting 
that sex hormones might underlie some of the differences in how males and females perceive their olfactory 
environments28,34.

Materials and Methods
Subjects. The present experiments used a total of 62 mice that express the synaptopHluorin (spH) exocytosis 
indicator under the control of the olfactory marker protein (OMP) promoter35,39,81. The data that are summarized 
by Figs 1–3 came from 8 unmanipulated (gonad-intact) males and 11 unmanipulated (gonad-intact) females. The 
data that are shown in Figs 4–6 came from an additional 22 males and 21 females that underwent gonadectomy 
(or sham-control) surgical procedures 2 weeks prior to in vivo optical imaging (Supplementary Fig. S2). All sub-
jects were sexually-naïve adults (8–11 months old) that were still of reproductive age. Normal estrous cycles were 
observed in the sham-operated females (Supplementary Fig. S2). All experiments were performed in accordance 
with protocols approved by the Rutgers University Institutional Animal Care and Use Committee.

Gonadectomy surgical procedures. The data shown in Figs 4–6 came from 43 subjects that underwent 
either bilateral gonadectomy (Gnx) procedures (Gnx-male, N =  10; Gnx-female, N =  10) or sham-control (Sham) 
surgical procedures (Sham-male, N =  12; Sham-female, N =  11) 2 weeks prior to in vivo epifluorescence imaging 
(Supplementary Fig. S2).

For orchiectomies, a suprapubic midline incision was made along the lower abdomen, the skin was retracted, 
the linea alba was incised, and the testis, epididymis, and surrounding fat pad was exteriorized. The vas defer-
ens and blood vessels were ligated, the testis and epididymis were excised, the remaining content was replaced 
through the abdominal incision, and then the process was repeated for the second gonad. For ovariectomies, a 
midline dorsal incision was made on the back directly below the rib cage, the skin was retracted, and the perito-
neal cavity was accessed through a small incision in the muscle layer. The cranial portion of the uterine horn and 
vessels was ligated, the ovary and oviduct were severed, the uterus was gently replaced into the abdominal cavity, 
and the process was then repeated on the contralateral side. The same procedures were carried out for Sham 
surgeries, except that the gonads were exteriorized and then placed back into the abdominal cavity. After Gnx or 
Sham surgeries all subjects were singly-housed for the duration of the study. To confirm the efficacy of ovariec-
tomy in GNX females, all subjects underwent daily cytological procedures82 that began 1 week after Sham or Gnx 
surgeries (Supplementary Fig. S2). Note that males underwent a daily “sham-smear” procedure to maintain equal 
treatment across all groups.

In vivo optical neurophysiology recordings. Cranial windows were surgically implanted81,83,84, and 
can be seen in the examples shown in Figs 1A,B, 2A,B and 4A–D. Odorant-evoked spH signals were visual-
ized in freely-breathing, anesthetized subjects81,85,86. In vivo optical signals were recorded on an Olympus BX51 
microscope with a filter set containing HQ480/40 excitation, Q505LP dichroic, and HQ535/50 emission filters 
and illumination provided by a 470 nm LED. Optical signals were acquired via a back-illuminated CCD camera 
(NeuroCCD, SM-256, RedShirtImaging) at a pixel resolution and frame rate of 256 ×  256 and 7 Hz, respectively. 
Respiration was monitored in a subset of subjects (N =  41) by a force-transducing piezosensor strip positioned 
just below the diaphragm27.

Vapor dilution olfactometry was used to present subjects with a panel of 4 monomolecular odorants that 
included n-butyl acetate (BA), methyl valerate (MV), 2-hexanone (2HEX), and trans-2-methyl 2-butenal (2M2B). 
Odorant concentrations were standardized prior to all imaging sessions via a photoionization detector (PID; 
ppbRAE300, RAE Systems). Both the liquid dilution of odorant in mineral oil and the dilution of the nitrogen 
carrier were increased or decreased as needed to achieve 3 target concentrations on the PID for each odorant. 
These measurements are reported here in arbitrary units (au), because they have relative validity within odorants 
but uncertain absolute molar concentration. For example, the three reported concentrations of MV, which were 
7.5 au, 15 au, and 30 au, were achieved by preparing a liquid dilution of MV that ranged from 1:1 to 1:4 and then 
diluting MV saturated vapor to 0.75 ±  0.12%, 1.66 ±  0.26%, and 3.13 ±  0.41%, respectively.

During all imaging preparations, 12 blocks of odorant trials (4 odorants ×  3 concentrations) were presented to 
each subject via a manifold that was positioned ~1 cm in front of the nose. Each odor block consisted of 4, 16-sec 
trials that were presented at 60 sec inter-trial intervals (ITIs). Several blocks of blank (no odorant) trials (2–4 
trials/block, 16 sec/trial, 60 sec ITIs) were also presented, and were then averaged together offline and subtracted 
from each odorant trial to correct for photobleaching. The 4 blank-subtracted odorant trials per block were aver-
aged together to improve the signal-to-noise ratio of the data.
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Quantification and analysis of odorant-evoked optical signals. Imaging data were extracted and 
quantified after the manner of 27,86,87. Data were processed and analyzed in Neuroplex, Matlab, and SPSS, and were 
subsequently plotted in SigmaPlot, Matlab, and Origin.

Peak odorant-evoked response maps were generated by subtracting the average of 7 frames that were collected 
immediately prior to stimulus onset from the average of 7 frames that were approximately centered on the peak 
trace inflection. spH provides a relatively slow, cumulative signal, causing the peak response across most glo-
meruli to occur around the time of odorant offset, so frames 78–84 were used for this subtraction (see Fig. 1D,E 
and I for examples of peak subtractions). We then performed 3 more subtractions and generated a time course of 
pre-peak response maps that were evoked throughout each odorant presentation (see Fig. 2A,B for stimulus dia-
grams showing all subtractions). Specifically, we subtracted the average of 7 pre-odorant baseline frames from the 
average of frames 1) 36–42, 2) 50–56, and 3) 64–70. All difference maps were spatially filtered to separate discrete 
odorant-evoked spH signals from broad changes in tissue reflectance.

Putative glomerular regions of interest (ROIs) were first identified in the peak, spatially high-pass filtered dif-
ference maps, and were then confirmed through a statistical thresholding criterion81,83. If the mean evoked change 
in fluorescence (Δ F) across repeated trials was more than 3 standard errors greater than 0 for a glomerular ROI, 
then it was considered to be a response. The raw data set for the results that are summarized by Figs 1–3 included 
369 glomerular ROIs from 8 unmanipulated males and 679 glomerular ROIs from 11 unmanipulated females. 
The raw data set for the results that are summarized by Figs 4–6 included 718 ROIs from 12 Sham-males, 783 
ROIs from 10 Gnx-males, 852 ROIs from 11 Sham-females, and 604 ROIs from 10 Gnx-females.

The average number of glomerular responses contributing to each odor representation during each response 
time bin were quantified in all 12 spatially high-pass-filtered odor maps from each subject. We also calculated 
peak odorant-evoked Δ Fs for all glomerular ROIs in each subject. Parametric tests, including factorial ANOVAs 
and t tests, were used to evaluate group differences in central tendencies based on means from individual subjects. 
In these analyses, odorant (BA, MV, 2HEX, and 2M2B), concentration (7.5 au, 15 au, and 30 au), and response 
time bin (frames 36–42, 50–56, 64–70, and 78–84) were used as within-subjects factors and sex (male and female) 
and surgical treatment (Sham and Gnx) were used as between-subjects factors.

To perform odorant response selectivity analyses, each individual glomerulus was identified as receiving input 
from OSNs that were stimulated by 1, 2, 3, or 4 odorants in the panel83, with lower numbers indicating relatively 
high odorant response selectivity and higher numbers indicating relatively low odorant response selectivity. These 
data were pooled across glomeruli and analyzed via ANOVAs and t tests that included sex and surgical treatment 
as between-groups factors.

To evaluate the time course of odorant-evoked nerve output, particularly during the relatively early, pre-peak 
part of the responses, traces from all glomerular ROIs were exported through custom software in Matlab. These 
data were extracted from trials corresponding to the moderate concentration (15 au) of all 4 odorants in the 
panel. Each individual trace, which represented a single glomerulus’ fluorescence throughout the length of an 
entire trial, was normalized relative to its own minimum and maximum values. We used the normalized traces to 
quantify the amount of time that it took for each glomerulus to reach its peak response magnitude. The latency 
to peak onset was calculated as time in sec and was constrained to the frame range corresponding to 2–9 sec after 
odorant onset. The mean latency to peak onset across each odor map was separately calculated for each mouse 
by averaging peak onset latencies across glomeruli within each odorant. These data were analyzed via ANOVAs 
that included sex and surgical treatment as between-subjects factors and odorant as a within-subjects factor. 
Additional non-parametric tests, including Kolmogorov-Smirnov (K-S) and Mann-Whitney (M-W) tests, were 
used to evaluate differences in latencies that were pooled across distributions of glomeruli.

To quantify differences in overall odor representations for each individual mouse, the pairwise Euclidean 
distances (EDs) between BA-, MV-, 2HEX-, and 2M2B-evoked glomerular response maps were calculated on a 
frame-by-frame basis. Differences among odorant-evoked glomerular response maps were quantified as EDs in 
N-dimensional vector space, where N was equivalent to the total number of glomerular ROIs identified across 
all 4 odorants in each mouse27. Each mouse’s ROI array consisted of all ROIs (ROI1-ROIN) that were identified as 
glomeruli receiving synaptic input across all 4 odorants in our test panel. For example, a hypothetical array might 
have included 80 ROIs that were identified across both olfactory bulbs and all 4 odorants, but maybe only 20 of 
those ROIs were identified as glomeruli receiving 2HEX-evoked input while the remaining 60 were identified 
as receiving input that was evoked by 1 or more of the 3 remaining odorants in the panel. 2HEX would then be 
represented by an array of ROIs that includes 20 “active” glomeruli that are receiving odorant-evoked OSN input 
and 80 “inactive” (response of zero) glomeruli that are not receiving odorant-evoked OSN input. ED calculations 
for each odor pair were performed on normalized data in which the fluorescence values were normalized relative 
to the maximum fluorescence value across all frames, ROIs, and both odorants within each odor pair. These data 
were analyzed via factorial ANOVAs that included sex and surgical treatment as between-subjects factors and 
also included odor pair (6; BA-MV, BA-2HEX, BA-2M2B, MV-2HEX, MV-2M2B, & 2HEX-2M2B) and frame 
number (64; frames 28–91, which correspond to 0–9 sec relative to odorant onset) as within-subjects factors. 
Additionally, a subset of subjects in the gonadectomy-imaging experiment (N =  18) were presented with 15 au 
ethyl valerate (EV), which is an ester that differs in functional group, but is highly similar to MV (another ester 
that was included in our 4 ×  3 odor panel). The ED between EV- and MV-evoked odor maps was also quantified 
in this subset of mice and analyzed accordingly.
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