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Abstract

Activity-dependent processes are important to olfactory sensory neurons (OSNs) in several ways, 
such as cell survival and the specificity of axonal convergence. The identification of activity-
dependent mRNAs has contributed to our understanding of OSN axon convergence, but has 
revealed surprisingly little about other processes. Published studies of activity-dependent mRNAs 
in olfactory mucosae overlap poorly, but by combining these agreements with meta-analysis of 
existing data we identify 443 mRNAs that respond to methods that alter OSN activity. Three hundred 
and fifty of them are expressed in mature OSNs, consistent with the expectation that activity-
dependent responses are cell autonomous and driven by odor stimulation. Many of these mRNAs 
encode proteins that function at presynaptic terminals or support electrical activity, consistent with 
hypotheses linking activity dependence to synaptic plasticity and energy conservation. The lack of 
agreement between studies is due largely to underpowered experiments. In addition, methods 
used to alter OSN activity are susceptible to indirect or off-target effects. These effects deserve 
greater attention, not only to rigorously identify OSN mRNAs that respond to altered OSN activity, 
but also because these effects are of significant interest in their own right. For example, the mRNAs 
of some sustentacular cell enzymes believed to function in odorant clearance (Cyp2a4 and Cyp2g1) 
are sensitive to unilateral naris occlusion used to reduce odorant stimulation of the ipsilateral 
olfactory epithelium. Also problematic are odorant receptor mRNAs, which show little agreement 
across studies and are susceptible to differences in frequency of expression that masquerade as 
activity-dependent changes in mRNA abundance.
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Introduction

Activity-dependent plasticity is a fundamental property of the 
nervous system (Flavell and Greenberg 2008; West and Greenberg 
2011; Ganguly and Poo 2013). During development, it helps deter-
mine which synapses form and persist (Bleckert and Wong 2011). 
For example, the ocular dominance columns and the orientation 
columns in the visual cortex are both refined by visual stimulation 
during a sensitive period in early postnatal life (Wiesel and Hubel 

1974; Stryker and Harris 1986). Spontaneous neural activity can 
also be responsible for refining connectivity during development. 
For example, dorsal lateral geniculate neurons initially receive 
inputs from about 20 retinal ganglion cells but refine this down 
to 1–3 ganglion cells in a process that requires only spontaneous 
neurotransmission (Hooks and Chen 2006). Similarly, the com-
plexity of dendritic arbors of cultured hippocampal neurons and 
axon bouton maturation at Drosophila neuromuscular junctions 
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depend on spontaneous activity (Choi et  al. 2014; Andreae and 
Burrone 2015).

In addition to its role in development, activity-dependent mecha-
nisms alter synaptic strengths and establish patterns of enhanced 
connectivity in the mature nervous system, forming the bases for 
several types of learning and memory. Early hypotheses about the 
possible importance of neural connection strength in learning and 
memory (Cajal 1913) were transformed into a major focus of mod-
ern neuroscience with the discovery of long-term potentiation (Bliss 
and Lomo 1973). We now understand that associative events trig-
gering long term potentiation or long term depression at specific 
synapses strengthen patterns of neural activity that then serve to 
represent these events over long periods of time (Bailey et al. 2004; 
Flavell and Greenberg 2008; Ganguly and Poo 2013).

The alteration of synaptic connectivity between existing neurons 
is not the only way in which activity-dependent plasticity mediates 
learning, however. For example, the turnover of interneurons makes 
possible another form of plasticity in the olfactory bulb and the den-
tate gyrus of the hippocampus where adult neurogenesis continu-
ously provides new interneurons (Whitman and Greer 2009). New 
interneurons survive better when their synapses integrate into cir-
cuits that become strengthened by associative events, thereby allow-
ing new interneurons to contribute to modified circuits that aid the 
learning of olfactory and spatial tasks, respectively (Alonso et  al. 
2006; Jessberger et al. 2009; Sultan et al. 2010; Sultan et al. 2011).

All of these changes in neural connectivity are able to long out-
last the initiating stimuli because they become solidified by altered 
expression of specific genes. Given this fact, the study of changes in 
gene expression provides clues about mechanisms of activity depend-
ence and can also identify previously unrecognized activity-dependent 
phenomena. In this perspective review, we focus on what studies of 
activity-dependent gene expression in the olfactory periphery have 
revealed about the biology of olfactory sensory neurons (OSNs).

Why should OSNs show activity dependence?

Activity-dependence of OSN axon coalescence and 
OSN synapses
The axons of OSNs selectively coalesce into glomeruli in the olfac-
tory bulb according to which odorant receptor (OR) each OSN 
expresses; an organization made possible because each OSN strongly 
expresses only one OR gene (Chess et al. 1994; Mombaerts et al. 
1996; Malnic et al.1999; Rawson et al. 2000; Saraiva et al. 2015; 
Scholz et al. 2016). Activity-dependent, complementary expression 
of the axon guidance factors Kirrel2 and Kirrel3 contributes to 
the specificity of OSN axon coalescence by mediating homophilic 
adhesion (Imai et al. 2006; Serizawa et al. 2006). Forcing mosaic 
expression of Kirrel2 in OSNs increases the number of glomeruli 
innervated by OSNs expressing an OR because the axons of OSNs 
overexpressing Kirrel2 segregate from the axons of unaffected 
OSNs that express the same OR. Activity-dependent, complemen-
tary expression of EphA5 and ephrin-A5, which mediate contact 
repulsion of axons, suggests that these factors may similarly con-
tribute to OSN axon segregation (Imai et al. 2006; Serizawa et al. 
2006). Interpreting the altered expression of these axon guidance 
proteins is complicated by evidence that the coalescence of OSN 
axons into glomeruli is relatively insensitive to odor-stimulated 
electrical activity (Lin et al. 2000; Zheng et al. 2000). This seems 
to argue that these factors play only a minor role in OSN axon 
coalescence. However, a possible explanation is that the constitutive 
activity of ORs (Imai et al. 2006; Reisert 2010) elevates 3',5'-cyclic 

adenosine monophosphate (cAMP) and downstream ion channel 
activity enough to drive activity-dependent mechanisms necessary 
for OSN axon coalescence.

The locations of glomeruli in the olfactory bulb have also 
been reported to depend on OR signaling and activity-dependent 
gene expression. Glomerular position along the anterior-posterior 
axis has been claimed to depend on gradients of expression of the 
activity-dependent gene, Nrp1 (Nishizumi and Sakano 2015). This 
model postulates that differing levels of cAMP signaling charac-
teristic of each OR produce graded amounts of Nrp1, which helps 
determine the anterior-posterior positions of glomeruli (Imai et al. 
2006; Imai et al. 2009). However, recent data reveal that Nrp1 levels 
in OSN axons in olfactory bulb glomeruli have a mosaic pattern 
rather than an anterior-posterior gradient as first reported, and that 
glomerular position in mice lacking Nrp1 is not shifted anteriorly 
as first reported (Zapiec et al. 2016). These findings call into ques-
tion whether activity-dependent expression of Nrp1 and its ligand 
Sema3A in OSNs contributes to determining the anterior–posterior 
positions of glomeruli. If the anterior–posterior position of glomeruli 
is indeed independent of OSN activity, this would parallel what is 
known about position along the dorso-ventral axis. Dorso-ventral 
position is regulated independently of OSN activity by 2 ligands 
repulsive to axons, Sema3F interacting with Nrp2 and Slit ligands 
interacting with Robo2 (Nishizumi and Sakano 2015).

Looking more closely at the connections individual OSNs make 
with bulbar neurons inside olfactory bulb glomeruli, substantial 
evidence supports the conclusion that these synapses are modulated 
in an activity-dependent fashion. Unilateral naris occlusion (UNO), 
which greatly reduces odor stimulation of the ipsilateral olfactory 
epithelium, does not affect the number of ipsilateral OSN presyn-
aptic terminals but does decrease their rate of turnover (Cheetham 
et al. 2016). UNO also causes ipsilateral increases in the probability 
of glutamate release at these synapses and increased amplitude of 
quantal synaptic currents mediated by glutamate receptors; effects 
that are detectable 3 days after UNO and continue for at least a few 
weeks (Tyler et al. 2007).

The increased strength of ipsilateral OSN synapses after UNO can 
be viewed as part of a homeostatic compensatory plasticity response 
in OSNs (Barber and Coppola 2015). In compensatory plasticity, 
OSN sensitivity to odors increases when odor stimulation is blocked. 
For example, within 2 weeks of UNO, the ipsilateral olfactory epithe-
lium becomes more sensitive to odor stimulation (Barber and Coppola 
2015). Importantly, this effect is reversible. It is also correlated with 
changes in the abundance of mRNAs encoding proteins involved in 
olfactory transduction (Coppola and Waggener 2012). These data are 
consistent with activity-dependent expression of these genes and the 
fundamental principle that neurons have mechanisms allowing adjust-
ments in sensitivity according to their history of activity.

Activity-dependent survival of OSNs
Activity-dependent survival of OSNs has been well-documented 
(Zhao and Reed 2001; Watt et al. 2004; Santoro and Dulac 2012; 
Zhao et al. 2013). Silenced OSNs are unable to compete with active 
OSNs for connections to targets in the olfactory bulb, leading to 
loss of silenced OSNs and demonstrating that OSN activity is criti-
cal for organizing and maintaining OSN input patterns to the olfac-
tory bulb (Zhao and Reed 2001). These effects could contribute to 
the development of increased sensitivity to an odorant as stimulated 
OSNs survive longer and accumulate preferentially. Both animals 
and humans can become more sensitive to an odorant and discrimi-
nate it better after training (Wysocki et al. 1989; Wang et al. 1993; 
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Dalton and Wysocki 1996; Mandairon et  al. 2006b; Mandairon 
et al. 2006a; Parma et al. 2015). This idea depends on OSN lifespan 
being relatively brief, and though OSN lifespan has proven difficult 
to measure accurately, this may be true. Lineage tracing data from 
rats suggest that a typical OSN lifespan is about a month (Caggiano 
et al. 1994). Given short OSN lifespans, it does seem possible that 
repeated exposure to an odorant could result in an increase in the 
number of OSNs expressing the ORs responsive to this odorant. 
Stimulation with the Olfr151 (M71) agonist acetophone in a fear-
conditioning paradigm causes increased numbers of OSNs express-
ing Olfr151, but this effect must require feedback to OSNs because 
non-associative stimulation with acetophone fails to evoke the effect 
(Jones et al. 2008). Interestingly, extinction of the conditioned fear 
response causes reversal of the increased frequency of OSNs express-
ing Olfr151 (Morrison et al. 2015).

In summary, OSN survival, the development and maintenance 
of synaptic connections, compensatory plasticity, and increasing 
sensitivity to commonly encountered odors are important reasons 
behind the activity-dependent properties of OSNs. These may not 
be the only reasons for activity-dependent processes in OSNs, how-
ever. Other forms of cellular and tissue homeostasis in the olfactory 
epithelium, as well as energy conservation, might also be sensitive to 
OSN activity.

Methods for generating differences in OSN 
activity

Activity-dependent processes often involve responses that are rela-
tively long-lived and depend on changes in gene expression. In neu-
rons, the mechanisms that lead to changes in gene expression appear 
to depend largely upon calcium influx (Flavell and Greenberg 2008; 
West and Greenberg 2011). In OSNs, calcium influx is normally trig-
gered by odorants, so differential exposure to odorants is one way 
to experimentally manipulate OSN activity. Alternatively, one can 
bypass the odorant-OR interaction and manipulate calcium influx 
by preventing odor-stimulated electrical activity or causing constitu-
tive electrical activity. In actual practice, 4 types of methods have 
been used to experimentally manipulate OSN activity for the pur-
pose of identifying activity-dependent mRNAs (Table 1).

Direct stimulation with odorants has only rarely been used to 
drive activity in OSNs in order to search for activity-dependent 
mRNAs, largely because these experiments are difficult. For example, 
simply stimulating with a complex odor for 4 hrs failed to detect any 
changes in the abundance of well-known activity-dependent mRNAs 
in olfactory epithelium samples from wild-type mice, though some 
changes were detected in Mecp2 mutant mice (Degano et al. 2014). 
Effects of odor exposure in the normal cage environment have been 
tested successfully only when doing RT-PCR analysis of single OSNs 
(Cadiou et al. 2014). To successfully detect odor-stimulated changes 
in mRNA abundance in samples of whole olfactory mucosae one 
must first establish a minimal odor background—housing animals 
under positive pressure using filtered air, for example—against 
which odor stimulation effects can be measured (Bennett et  al. 
2010; Fischl et al. 2014). This is most useful for rapid events, and 

therefore very likely to identify responses driven directly by odor 
stimulation. Only 3 mRNAs have been shown to change rapidly, 
meaning within 30–40 min of odor stimulation: S100a5, Lrrc3b, and 
Kirrel2. Slower events, which may be equally important, are prob-
ably beyond the reach of direct odorant stimulation experiments, so 
other methods are needed. In fact, all other experiments designed 
to identify activity-dependent differences in mRNAs have measured 
mRNA abundance at least 6 days after the initiation of altered OSN 
activity, leaving a 5-day gap in our knowledge of activity-dependent 
responses.

Much easier than direct odorant stimulation, more effective at 
detecting slower effects, and much more commonly used, is UNO. 
UNO is designed to prevent odor stimulation of the ipsilateral 
olfactory epithelium behind a blocked naris while the contralateral 
olfactory epithelium behind the open naris continues to experience 
stimulation. This strategy has several advantages. It is a powerful 
experimental design due to the internal comparison between ipsi-
lateral and contralateral olfactory epithelia. When performed on 
neonates aged 7 days (P7) or younger, it is a very simple surgical 
procedure. With more effort it can be performed on adults, and it 
can also be done in ways that are reversible (Cummings and Brunjes 
1997). Retronasal olfaction requires expiration through the nostril 
for normal concentrations of odor molecules to reach the olfactory 
epithelium (Masaoka et  al. 2010), so the retronasal pathway and 
the septal window, an opening in the septum found in rodents but 
not in most other mammals (Kelemen 1947), appear to allow only 
small amounts of odor molecules to reach the ipsilateral olfactory 
epithelium after UNO. The evidence that detectable levels of odor 
molecules do reach the ipsilateral olfactory epithelium come from 
experiments where rodents subjected to both UNO and a contralat-
eral olfactory bulbectomy prove able to perform olfactory tasks 
(Slotnick and Pazos 1990; Coppola et al. 1994). Nevertheless, the 
evidence is overwhelming that UNO results in greatly reduced odor 
stimulation of the ipsilateral olfactory epithelium, even causing 
effects of the same magnitude as genetic silencing of OSNs (Fischl 
et al. 2014).

UNO does have some disadvantages. Effects on mRNA abun-
dance within the first few days of occlusion have never been meas-
ured, due in part to the risk of confounding effects of the surgery and 
consequent recovery processes. Information on the temporal profiles 
of change in affected mRNAs, whether they are gradual or abrupt, 
is therefore lacking. This absence of temporal information contrib-
utes to a complete lack of understanding of the mechanisms that 
lead to changes in mRNA abundance. Whether most OSN responses 
to reduced activity are cell autonomous and slow, or whether these 
responses are slow because they are indirect effects of secondary pro-
cesses, is unknown. The risk of indirect effects probably increases 
with the length of the survival period after UNO. Foremost among 
these potential indirect effects are changes in the cellular compo-
sition of the olfactory epithelium. The cellular composition of the 
olfactory epithelium is stable in rodents through at least 6 days after 
UNO (Suh et al. 2006; Sammeta and McClintock 2010; Fischl et al. 
2014). After 10 days, the number of mature OSNs decreases accord-
ing to several studies (Maruniak et al. 1990; Cavallin et al. 2010; 
Cummings and Belluscio 2010), but other studies find no change, 
or changes only in the numbers of immature neurons (Benson et al. 
1984; Farbman et al. 1988; Brunjes and Shurling 2003; Cheetham 
et  al. 2016). Another potential indirect effect is altered feedback 
from the olfactory bulb. OSN survival depends on feedback from 
the olfactory bulb (Schwob et al. 1992), and because some bulbar 
interneurons show activity-dependent responses themselves (Baker 
et  al. 1983), including increased cell death when OSN activity is 

Table 1. Types of methods used to alter OSN activity

Odor stimulation
Unilateral naris occlusion (UNO)
Genetic silencing of OSNs
Genetic activation of OSNs
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reduced (Frazier-Cierpial and Brunjes 1989; Najbauer and Leon 
1995), it is possible that these are linked and lead to indirect effects 
on mRNA abundance in OSNs. Yet other potential sources of indi-
rect effects are signaling events between OSNs and neighboring cells 
in the olfactory epithelium. For example, signaling between OSNs 
and basal cells helps control OSN replacement (Wu et  al. 2003; 
Lander et  al. 2009). Whether this signaling is altered by UNO is 
unknown. Finally, odor molecules are not the only agents whose 
access is blocked by UNO. Damaging agents, especially pathogens 
and particulates, are also blocked. UNO presumably increases the 
amount of air passing over the contralateral olfactory epithelium 
and this would contribute to large differences in the amount of dam-
age experienced by the ipsilateral and contralateral olfactory epi-
thelia. Direct evidence of this effect is a demonstration that OSNs 
of the ipsilateral and contralateral epithelia experience differential 
chemical stress after UNO (Sammeta and McClintock 2010). For 
more detail on UNO, see review articles by Brunjes and Coppola 
(Brunjes 1994; Coppola 2012).

Genetic silencing is also an effective way to investigate the activ-
ity dependence of OSNs. Most often this has been done with mice 
lacking a subunit of the cyclic nucleotide-gated channel; typically 
the Cnga2 subunit (Serizawa et al. 2006; Kaneko-Goto et al. 2008; 
Bennett et  al. 2010; Williams et  al. 2011; Oztokatli et  al., 2012; 
Santoro and Dulac 2012; Fischl et al. 2014). Mice with a germ line 
targeted deletion of Cnga2 have less disorganization in OSN axon 
convergence to glomeruli in the olfactory bulb than other germ line 
mutant mice in which OSNs lack electrical responses to odors, such 
as mice with targeted deletion of Adcy3 (Col et al. 2007; Zou et al. 
2007). Mice lacking Cnga2 also have the advantage that while elec-
trical activity of OSNs is prevented, the biochemical steps in olfac-
tory transduction are intact, so effects must be due to differences in 
electrical activity and the consequent reduction in the flux of calcium 
ions. Because genetic silencing by germ line targeted gene deletion 
is lifelong and male Cnga2(–/0) and female Cnga2(–/–) neonates typi-
cally show delayed growth, these experiments have used juvenile or 
adult mice, so that the period of differential OSN activity is usually 
measured in weeks. The main disadvantages of genetic silencing are 
therefore those related to indirect secondary effects that might arise 
during long periods without OSN activity, disadvantages shared 
with studies that have used UNO. 

Other genetic manipulations that constitutively increase or 
decrease OSN activity are also possible and are effective ways to 
investigate activity-dependent processes in OSNs. A clever strategy 
to alter OSN activity of specific populations of OSNs involved intro-
ducing transgenes causing expression of either an OR deficient in 
G-protein coupling to reduce downstream signaling, or a constitu-
tively active Gαs to force continuous activity in the affected OSNs 
(Imai et al. 2006; Imai et al. 2009). These strategies alter OSN activ-
ity while avoiding differences in external stressors and odor stimula-
tion that might act through confounding mechanisms. As a genetic 
manipulation, these strategies have the disadvantage that effects are 
measured after waiting several weeks for the mutant mice to become 
at least juveniles, if not adults. This increases the possibility that sec-
ondary factors contribute to differences found, or that compensatory 
changes might mask some effects.

Methods used to trigger changes in OSN activity in order to iden-
tify activity-dependent mRNAs need to reliably generate differences 
in activity without introducing confounding variables or allowing 
indirect processes that cause changes masquerading as activity-
dependent effects. None of the methods that have been used fully 
satisfy these criteria. We therefore question the reliability of existing 

data and ponder the extent to which these data capture the full set 
of activity-dependent mRNAs in OSNs. We can now begin to more 
carefully evaluate these questions because the breadth and depth of 
data has become sufficient to allow meaningful comparisons across 
multiple studies, and because additional evidence, such as cell type 
expression patterns, can be brought to bear.

Reliable identification of activity-dependent 
mRNAs

In assessing claims of activity-dependent gene expression, the best 
supporting evidence is consistency and repeatability, especially when 
the experiments are done with different methods by different labo-
ratories. A total of 302 mouse mRNAs (not including OR mRNAs) 
have been identified as being activity-dependent in samples from 
olfactory mucosae. Unfortunately, when we compare the mRNAs 
identified by different transcriptome-wide expression profiling stud-
ies, the degree of overlap is poor (Figure 1). When we include data 
from studies targeting subsets of mRNAs to the expression profiling 
data sets depicted in Figure 1, we increase the number of mRNAs 
identified in at least 2 studies from 25 to 35 (Table 2); still a disap-
pointingly small number. The poor agreement between studies indi-
cates that our understanding of activity-dependent gene expression 
in OSNs is insufficient in both rigor and extent. Herein, we explore 
possible explanations and do additional analyses to further evaluate 
consistency and repeatability.

The requirement that mRNA abundance differences are 
detected in multiple experiments would be a stronger measure 
of reliability if it were not for the fact that the data come either 
from underpowered expression profiling experiments or from 
studies that investigated only a small set of mRNAs. Due to the 
high cost of expression profiling experiments, investigators often 
use fewer replications than needed to fully power their experimen-
tal designs, thereby limiting themselves to consistently identifying 

Figure  1. Expression profiling studies that assessed the entire mouse 
transcriptome after altering OSN activity show poor overlap. Only 25 mRNAs 
are differentially abundant mRNAs in more than one data set. Data sets from: 
Bennett et al. 2010; Coppola and Waggener 2012; McClintock data are the merger 
of published data (Fischl et al. 2014) with an RNA-seq data set described herein 
(Gene Expression Omnibus accession number GSE89460). OR mRNAs are 
excluded.
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only the most differentially abundant mRNAs, often along with 
a small subset of the mRNAs that differ less strongly. This makes 
for poor congruence between studies. However, because multiple 
transcriptome-wide expression profiling data sets now exist we 
can improve upon this by taking advantage of the fact that false 
positives have randomly distributed P-values across studies while 
true positives are nonrandomly distributed at the low end of the 
P-value distribution. We analyzed the P-value distributions of all 
302 mRNAs using the 3 UNO expression profiling data sets that 
are available to us: a microarray data set (Coppola and Waggener 
2012), a second microarray data set (Fischl et  al. 2014), and an 
unpublished RNA-seq data set that we had previously generated 
(n = 3 mice; see Supplemental Methods file). As a group, the 302 
mRNAs show nonrandom P-value distributions across the 3 data 
sets, and these nonrandom distributions are weighted toward 
low P-values. To extend this approach to the level of individual 
mRNAs, we required that mRNAs have similar P-values (stand-
ard deviation < 0.2) that are consistently low (average P-value < 
0.2) across studies. This identified 49 additional mRNAs that are 

significant in only one study but have consistently low P-values, 
indicative of nonrandom behavior (Table 3).

Taken together, these analyses bring the total of reliably identi-
fied activity-dependent mRNAs in the olfactory epithelium to 84. 
However, given the importance of activity-dependent plasticity to 
OSNs, this still seems insufficient. We therefore embarked on a meta-
analysis using the 3 UNO data sets described above. Requiring that 
data for each mRNA be represented in at least 2 of the studies, we 
calculated the differences between ipsilateral and contralateral olfac-
tory epithelia in each mouse. We ranked the differences, standard-
ized the ranks, and compared to a null hypothesis of no difference 
by one sample t-tests using P < 0.01 as our criterion for significance, 
which corresponds to an FDR of 4.8% (see Supplementary Methods 
file). This analysis identified 433 differentially abundant mRNAs: 
220 that are higher on the open side (Table  4) and 213 that are 
higher on the occluded side (Table 5). Merging these mRNAs with 
those listed in Tables 2 and 3 produces a list of 443 mRNAs (ORs 
excluded) that show evidence of consistent responses to altered OSN 
activity (Supplementary Table 1).

Table 2. Transcripts found to be activity-dependent in multiple studies.

Gene Symbol Cell type Earliest response Activity response Reference #

Bace1 mOSN 10 days Down 12,14
Calb2 mOSN 6 days Down 1,2,11,13
Cdh15 mOSN >14 days Down 4,13
Chil3 ? 25 days Down 1,13
Cnga2 mOSN 10 days Up 1,12
Cyp26b1 mOSN 2 days Up 6,10,11,12
Dlg2 mOSN 25 days Up 1,13
Efna5 mOSN 2 days Down 1,5,6,8,11,13
Entpd2 mOSN 6 days Down 11,13
Epha5 mOSN 2 days Up 8,11
Etv3 mOSN 6 days Down 1,11
Etv5 mOSN 25 days Up 4,13
Fos mOSN 6 days Up 11,13
Gpr158 mOSN 6 days Up 2,13
Kirrel2 both 30–40 min Up 2,4,5,6,8,9,11,13
Kirrel3 mOSN 2 days Down 1,2,8, 9,11,13
Lrrc3b mOSN 30–40 min Up 1,2,11,12,13
Nphs1 mOSN 6 days Up 2,11
Nrp1 both 2 days Up 3,4,6,11
Nxph3 mOSN 6 days Up 3,11
Pcdh10 mOSN 6 days Up 2,9,11,13
Pcp4l1 mOSN 6 days Up 1,2,3, 4,11,13
Plxna3 mOSN >14 days Up 3,4
Ppp3ca mOSN 25 days Down 1,13
Ptchd1 mOSN 6 days Up 1,11,13
Ptprn mOSN 6 days Up 2,3,4,11
Rasgrp4 mOSN 6 days Up 2,11
Rims3 mOSN 6 days Down 11,13
S100a5 mOSN 30–40 min Up 1,2,4,8,11,12,13
Sema3e mOSN 6 days Up 11,13
Sema7a mOSN 6 days Up 1, 11
Slc8a1 mOSN 6 days Up 1,2,11,13
Slc17a6 mOSN 6 days Up 1, 2
Snca mOSN 25 days Up 1,13
Syt4 mOSN 6 days Up 4,11,13

The mRNAs from these genes are significant in at least 2 independent studies. Cell type: both, immature and mature OSN; mOSN, mature OSN; Other, cell 
types other than OSNs;?, unknown. References: 1. (Bennett et al. 2010), 2. (Fischl et al. 2014), 3. (Imai et al. 2006), 4. (Imai et al. 2009), 5. (Kaneko-Goto et al. 
2008), 6. (Oztokatli et al. 2012), 7. (Santoro and Dulac 2012), 8. (Serizawa et al. 2006), 9. (Williams et al. 2011), 10. (Login et al. 2015b), 11. Unpublished UNO 
RNA-seq data (W.B. Titlow and T.S. McClintock; Gene Expression Omnibus accession number GSE89460), 12. (Login et al. 2015a), 13. (Coppola and Waggener 
2012), 14. (Cao et al. 2012).
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Using the NIH DAVID bioinformatics tool (https://david.ncifcrf.
gov/gene2gene.jsp) we assessed the functional relationships between the 
proteins encoded by these 443 mRNAs. Specifically, we used the gene 
functional classification tool at the high stringency setting and the whole 
mouse genome as the background for comparison to analyze 3 groups 
of mRNAs: (1) The 350 mRNAs expressed in mature OSNs, (2) the 236 
mRNAs that increase with OSN activity, and (3) the 207 mRNAs that 
decrease with OSN activity. Table 6 summarizes the significant clusters 
of over-represented categories detected in these analyses.

The annotation terms most strongly affected by experiments 
designed to alter OSN activity revolve around synapses and func-
tions critical to synapses and axons, such as exocytosis, ion channels, 
transporters, calcium handling, and signaling pathways. Examples of 
the mRNAs in these categories include synaptotagmins, Rims3, syn-
apsins, a synaptojanin, synuclein, the vesicular glutamate transporter 
Slc17A6 (Vlgut2), the synaptic glutamate transporter Slc1a2, the 
sodium/calcium exchanger Slc8a1 (Ncx1), sodium channel regula-
tory subunits, and the potassium channels Kcnn2 and Kcnq1. These 

Table 3. Transcripts that have consistently low P-values across expression profiling studies.

Gene symbol Cell type Earliest response Activity response Reference #

1500017E21Rik mOSN 6 days Up 11
1700012B09Rik mOSN 6 days Up 4
2410004P03Rik mOSN 25 days Down 13
Adcy3 mOSN 25 days Down 13
Ano2 mOSN 6 days Up 13
Atp8b3 mOSN 6 days Down 13
B830017H08Rik mOSN 6 days Down 11
Bglap3 ? 6 days Down 11
Bmp6 mOSN 6 days Down 13
Ccdc126 mOSN 6 days Down 13
Cdh22 mOSN 6 days Down 13
Cfap69 mOSN >30 days Down 1
Chil4 ? 6 days Up 13
Cntn2 ? 25 days Up 13
Cntnap4 mOSN 6 days Up 13
Dcdc2a mOSN 6 days Down 11
Ear2 Other 6 days Up 13
Edn2 Both 25 days Up 13
Ephx4 ? 6 days Up 11
Fam221a mOSN 6 days Down 13
Fam78a Both 6 days Down 13
Galnt15 mOSN 6 days Up 4
Hcn1 mOSN 6 days Up 13
Hcn2 mOSN 6 days Down 13
Ildr2 ? 25 days Up 13
Impdh1 mOSN 25 days Down 13
Inpp5f mOSN 6 days Up 13
Jph3 mOSN 6 days Down 13
Kcnn2 mOSN 6 days Up 2
Mgst2 Other 25 days Up 13
Necab3 mOSN 6 days Down 11
Ntf3 mOSN 6 days Up 13
Nwd1 mOSN 25 days Down 13
Olfm1 mOSN 25 days Up 1
Pappa mOSN 6 days Up 13
Pcgf5 mOSN 25 days Down 13
Pde4a mOSN 6 days Down 13
Pde7b mOSN 6 days Down 13
Pigr ? 25 days Up 13
Retnlg ? 6 days Up 13
Rgs7 mOSN 6 days Up 11
S100A3 mOSN 6 days Up 11
Scgb1b27 Both 6 days Up 13
Scn3b mOSN 6 days Up 1
Scn4b mOSN 6 days Up 1
Sh3glb2 mOSN 6 days Down 13
Trim45 mOSN 6 days Up 13
Tusc5 mOSN 6 days Down 13
Usp21 mOSN 6 days Down 13

The mRNAs from these genes are significant in only one study (Reference column) but have consistently low P-values across UNO expression profiling data sets. 
Cell type: both, immature and mature OSN; mOSN, mature OSN;?, unknown. References: 1. (Bennett et al. 2010), 2. (Fischl et al. 2014), 4. (Imai et al. 2009); 11. 
Unpublished UNO RNA-seq data; 13. (Coppola and Waggener 2012)
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Table 4. Meta-analysis: Increased with OSN activity

Gene Symbol P-value Cell type Gene symbol P-value Cell type Gene symbol P-value Cell type

4732456N10Rik 0.0003 mOSN Abcg1 0.0001 Both Snca 0.0000 both
6430548M08Rik 0.0023 mOSN Adam9 0.0021 Both Spata6 0.0008 both
Acoxl 0.0005 mOSN Ahcyl2 0.0000 Both Spty2d1 0.0000 both
Akap3 0.0072 mOSN Amica1 0.0099 Both Ssx2ip 0.0000 both
Ankrd33b 0.0005 mOSN Ank1 0.0007 Both Stk38l 0.0000 both
Bcl6 0.0000 mOSN Btc 0.0067 Both Syngr3 0.0017 both
Chgb 0.0003 mOSN Cadps2 0.0080 Both Tle3 0.0014 both
Cntnap4 0.0002 mOSN Cask 0.0013 Both Tm7sf3 0.0067 both
Cyp26b1 0.0000 mOSN Cldn12 0.0032 Both Trafd1 0.0000 both
Dgkg 0.0001 mOSN Cplx2 0.0090 Both Uap1l1 0.0031 both
Dgkk 0.0004 mOSN Cxadr 0.0012 Both Vat1l 0.0028 both
Dlg2 0.0000 mOSN Daam1 0.0092 Both Xrcc5 0.0003 both
Dyrk4 0.0000 mOSN Ddx31 0.0019 Both Cxcr4 0.0021 iOSN
Eno2 0.0022 mOSN Dio2 0.0002 Both Dclk1 0.0081 iOSN
Epha5 0.0082 mOSN Dtna 0.0013 Both Dlx6 0.0011 iOSN
Epha7 0.0014 mOSN Dtx3l 0.0089 Both Tlcd1 0.0002 iOSN
Fetub 0.0000 mOSN Dus4l 0.0011 Both Zfp39 0.0100 iOSN
Fgf12 0.0012 mOSN Dusp1 0.0002 Both Atp6v1c2 0.0052 other
Gpr158 0.0000 mOSN Dusp16 0.0001 Both Cyp2a4 0.0008 other
Gpr162 0.0078 mOSN Emb 0.0033 Both Cyp2g1 0.0001 other
Jph4 0.0030 mOSN Etv4 0.0006 Both Ghr 0.0081 other
Kcnn2 0.0000 mOSN Etv5 0.0003 Both Lmo7 0.0007 other
Kirrel2 0.0000 mOSN Exoc6b 0.0027 Both Maf 0.0083 other
Lrrc3b 0.0000 mOSN Exoc8 0.0004 Both Rnase4 0.0001 other
Mustn1 0.0007 mOSN Hcn1 0.0001 Both Slc14a1 0.0010 other
Ndrg3 0.0003 mOSN Hexim2 0.0045 Both Tbc1d8b 0.0021 other
Nphs1 0.0000 mOSN Inpp5f 0.0000 Both Tmprss2 0.0074 other
Nppa 0.0013 mOSN Ints8 0.0047 Both Adamdec1 0.0006 ?
Nppc 0.0067 mOSN Itpkb 0.0019 Both Adamts20 0.0036 ?
Nptx2 0.0000 mOSN Klhl9 0.0097 Both Alox12e 0.0000 ?
Nrn1l 0.0004 mOSN Lmbr1 0.0017 Both Aloxe3 0.0100 ?
Olfm1 0.0000 mOSN Lmtk2 0.0024 Both Aox1 0.0002 ?
Palm2 0.0002 mOSN Lsg1 0.0026 Both Arsj 0.0089 ?
Pappa 0.0049 mOSN Mbl2 0.0043 Both BC016548 0.0004 ?
Pcdhb4 0.0009 mOSN Mcoln3 0.0019 Both Cbln4 0.0089 ?
Pcp4l1 0.0000 mOSN Mllt11 0.0000 Both Ccdc129 0.0074 ?
Pcsk1 0.0029 mOSN Nap1l3 0.0084 Both Cd48 0.0071 ?
Ppa1 0.0000 mOSN Nckap1 0.0014 Both Chrnb1 0.0018 ?
Ppargc1a 0.0000 mOSN Ndfip2 0.0001 Both Crhbp 0.0085 ?
Psen2 0.0011 mOSN Nfatc2 0.0001 Both Crybb3 0.0010 ?
Ptchd1 0.0061 mOSN Nipa2 0.0064 Both Dnajc25 0.0032 ?
Ptprn 0.0000 mOSN Nkiras1 0.0001 Both Dnase2b 0.0077 ?
Rasgrp4 0.0000 mOSN Nmnat3 0.0039 Both Dsc3 0.0029 ?
Rasl11a 0.0000 mOSN Nsf 0.0000 Both Dusp9 0.0024 ?
Rgs7 0.0000 mOSN Nsg2 0.0001 Both Eda 0.0026 ?
S100a3 0.0008 mOSN Ntf3 0.0000 Both Edaradd 0.0042 ?
S100a5 0.0000 mOSN Nyx 0.0054 Both Fxyd4 0.0020 ?
Scn3b 0.0000 mOSN Parp9 0.0010 Both Gngt1 0.0070 ?
Scn4b 0.0000 mOSN Pcsk2 0.0000 Both Grhl3 0.0071 ?
Sdr42e1 0.0003 mOSN Pgrmc1 0.0039 Both Hsf4 0.0058 ?
Sema3e 0.0016 mOSN Phactr1 0.0006 Both Iapp 0.0056 ?
Sema7a 0.0008 mOSN Polg2 0.0028 Both Krt80 0.0008 ?
Serinc2 0.0002 mOSN Ppapdc2 0.0083 Both Maml2 0.0009 ?
Slc17a6 0.0000 mOSN Ppfia2 0.0010 Both Mbtps2 0.0060 ?
Slc24a2 0.0001 mOSN Prepl 0.0003 Both Muc15 0.0001 ?
Slc8a1 0.0000 mOSN Prkacb 0.0000 Both Nr1i2 0.0030 ?
Spin1 0.0008 mOSN Psme4 0.0038 Both Pde6h 0.0071 ?
Srxn1 0.0017 mOSN Pten 0.0021 Both Pkp1 0.0050 ?
Syn1 0.0001 mOSN Pvrl3 0.0024 Both Pla1a 0.0018 ?
Syn2 0.0003 mOSN Qrich1 0.0056 Both Pnliprp2 0.0016 ?
Syngr4 0.0091 mOSN Rab10 0.0009 Both Saa2 0.0048 ?
Synj2 0.0050 mOSN Rab30 0.0065 Both Scrg1 0.0080 ?
Syt3 0.0015 mOSN Rell1 0.0009 Both Sdcbp2 0.0000 ?
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Table 5. Meta-analysis: decreased with OSN activity

Gene Symbol p-value Cell type Gene symbol P-value Cell type Gene symbol P-value Cell type

1700001L19Rik 0.0002 mOSN E2f1 0.0076 Both Spsb1 0.0004 Both
1700012B09Rik 0.0004 mOSN Pigb 0.0000 Both Stk11 0.0042 Both
1700023F06Rik 0.0015 mOSN 1500011B03Rik 0.0000 Both Tars2 0.0034 Both
4430402I18Rik 0.0001 mOSN 9130401M01Rik 0.0033 Both Tas1r1 0.0017 Both
4933413G19Rik 0.0000 mOSN Adam15 0.0012 Both Tbrg4 0.0003 Both
9530077C05Rik 0.0078 mOSN Adprhl2 0.0027 Both Thap7 0.0000 Both
Acsl6 0.0030 mOSN Alkbh7 0.0000 Both Timm22 0.0021 Both
Adam23 0.0033 mOSN Arfip2 0.0054 Both Tmem14a 0.0088 Both
Art5 0.0000 mOSN Arhgef3 0.0038 Both Tmem55b 0.0079 Both
Atp2c2 0.0045 mOSN Arl3 0.0072 Both Tpd52 0.0055 Both
Atp8b3 0.0000 mOSN Bace1 0.0001 Both Tpd52l2 0.0036 Both
B830017H08Rik 0.0000 mOSN Bbs10 0.0001 Both Vstm2a 0.0022 Both
C130036L24Rik 0.0020 mOSN BC025920 0.0015 Both Xrcc6 0.0005 Both
Cacnb3 0.0003 mOSN Bhlhe41 0.0043 Both Alox5 0.0000 Other
Capn8 0.0001 mOSN Bmp6 0.0004 Both Cox6b2 0.0013 Other
Ccdc126 0.0000 mOSN Bok 0.0002 Both E2f2 0.0009 Other
Ccdc151 0.0071 mOSN Calb2 0.0000 Both Ifrd2 0.0001 Other
Cngb1 0.0078 mOSN Ccdc32 0.0067 Both Ngp 0.0001 Other
Dcdc2a 0.0021 mOSN Ccdc74a 0.0012 Both Smyd2 0.0042 Other
Dhrs7b 0.0001 mOSN Cd274 0.0001 Both 1700106J16Rik 0.0035 ?
Efna3 0.0000 mOSN Cdh22 0.0070 Both Adamtsl2 0.0072 ?
Elmod1 0.0079 mOSN Cmpk2 0.0018 Both Amtn 0.0059 ?
Eml1 0.0002 mOSN Crcp 0.0001 Both Apbb1ip 0.0040 ?
Entpd2 0.0000 mOSN Dcbld2 0.0057 Both Bglap2 0.0072 ?
Epb4.1l4b 0.0000 mOSN Ddx41 0.0067 Both Chid1 0.0018 ?
Fam178b 0.0005 mOSN Dtnb 0.0021 Both Chodl 0.0058 ?
Fam179a 0.0000 mOSN Edn2 0.0096 Both Cstad 0.0005 ?
Fbxo44 0.0003 mOSN Efna5 0.0001 Both Glp1r 0.0090 ?
Fn3k 0.0007 mOSN Etv3 0.0004 Both Gngt2 0.0048 ?
Gbgt1 0.0001 mOSN Fam78a 0.0080 Both Hcls1 0.0010 ?
Glb1l2 0.0008 mOSN Farsa 0.0054 Both Mylk2 0.0086 ?
Glo1 0.0001 mOSN Fbxo16 0.0054 Both Ninj1 0.0000 ?
Gramd1c 0.0000 mOSN Fis1 0.0003 Both Nme6 0.0001 ?
Hfe 0.0000 mOSN Fpgt 0.0033 Both Nostrin 0.0085 ?
Hmox1 0.0021 mOSN Galt 0.0003 Both Npas3 0.0003 ?
Hrasls 0.0084 mOSN Gins4 0.0031 Both Ntf5 0.0022 ?
Hs6st3 0.0000 mOSN Inpp5k 0.0002 Both Papolb 0.0018 ?
Htatip2 0.0006 mOSN Iqcd 0.0062 Both Pgf 0.0000 ?
Impdh1 0.0002 mOSN Jam3 0.0052 Both Smox 0.0008 ?
Ipo13 0.0078 mOSN Kctd17 0.0010 Both Timm10 0.0075 ?
Itpka 0.0000 mOSN Kptn 0.0000 Both
Jakmip1 0.0004 mOSN Lrwd1 0.0039 Both
Jph3 0.0002 mOSN Lypla2 0.0027 Both
Kcnq1 0.0093 mOSN Metap1 0.0060 Both
Kif9 0.0090 mOSN Mgat4b 0.0002 Both
Klhl5 0.0082 mOSN Mrpl43 0.0071 Both
Lrrn2 0.0076 mOSN Muc13 0.0009 Both
Macrod1 0.0000 mOSN Mvk 0.0000 Both

Gene Symbol P-value Cell type Gene symbol P-value Cell type Gene symbol P-value Cell type

Syt4 0.0000 mOSN Rgs7bp 0.0099 Both Serpinb10 0.0063 ?
Tmem163 0.0040 mOSN Rragd 0.0001 Both Sim2 0.0066 ?
Tmtc1 0.0072 mOSN Sec23ip 0.0018 Both Slc27a3 0.0040 ?
Trim45 0.0000 mOSN Sec31a 0.0062 Both Slc39a5 0.0045 ?
Ubl3 0.0000 mOSN Senp6 0.0003 Both Slc6a19 0.0037 ?
Ubl4b 0.0010 mOSN Sgpp2 0.0003 Both Sorcs3 0.0061 ?
Vsnl1 0.0001 mOSN Slc20a2 0.0061 Both Spp2 0.0055 ?
Wdr17 0.0009 mOSN Slc22a17 0.0001 Both Tktl1 0.0064 ?

Slc6a17 0.0000 Both Tnfaip3 0.0094 ?
Slc7a3 0.0002 Both Trp73 0.0006 ?

Table 4. Continued
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molecular responses are consistent with functional and anatomical 
data showing that OSN presynaptic terminals respond to the level 
of activity in OSNs (Tyler et al. 2007; Kikuta et al. 2015; Cheetham 

et al. 2016). The membrane protein, glycoprotein, and differentia-
tion/development categories consist of many of these same synaptic 
and axonal proteins genes, so their over-representation also appears 
to be driven by the activity-dependence of synaptic functions, ion 
channels, and transporters.

At the other pole of the OSN, olfactory transduction occurs and 
it is represented by the cyclic nucleotide-related protein category. 
These include ion channels gated or regulated by cyclic nucleotides, 
phosphodiesterases, and the adenylyl cyclase Adcy3. These mRNAs 
do not respond similarly to conditions that alter odor stimulation; 
some are increased by UNO (e.g., Adcy3, Cng1), others decreased by 
it (Cnga2), so this category is not over-represented when we sepa-
rately analyze the mRNAs increased or decreased by OSN activity. 
Whether this should raise doubts about the concept of compensatory 
plasticity in OSNs (Barber and Coppola 2015) is uncertain. Perhaps 
only certain rate-limiting components of the olfactory transduction 
pathway, such as Adcy3 and Cngb1, need be upregulated in the 
absence of OSN activity in order to support compensatory plasticity.

The over-represented calcium binding protein category in the 
mature OSN list results from a group of calcium binding pro-
teins either involved in diverse functions such as modulating neu-
ronal excitability (Calb2, Tesc, Vsnl1), cilia (Spef2), lipid signaling 
(Dgkg), amyloid protein precursor metabolism (Necab3), linking 
the cytoskeleton to the extracellular matrix (Dtna, Dtnb), regu-
lating hormone release (Scgn); or having poorly known functions 
(1700023F06RIK, Capn8, S100a5, S100a3). The majority of these 
calcium binding protein mRNAs increase with OSN activity, so 
this group of mRNAs has little overlap with the calcium binding 
proteins whose mRNAs comprise the over-represented category 
under mRNAs decreased by OSN activity. Perhaps the appropriate 

Table 6. Over-represented annotation ontologies.

Ontology term Enrichment score # of genes

Expressed in mature OSNs
 Synapse (5) 4.3 36
 Membrane proteins (10) 2.8 200
 Phosphatidylinositol signaling (4) 2.5 9
 Cation channels, transporters (21) 2.0 47
 Calmodulin binding (3) 1.9 11
 Calcium binding proteins (12) 1.7 15
 Endoplasmic reticulum (3) 1.7 33
 Nucleotydiltransferase (3) 1.6 6
 Cyclic nucleotide-related proteins (31) 1.5 10
Increased by OSN activity
 Synapse (5) 6.5 32
 Membrane glycoproteins (19) 3.7 160
 Cation channels, transporters (21) 1.9 39
 Axon guidance (3) 1.9 11
 Differentiation/development (4) 1.6 27
 MAPK signalling (11) 1.6 10
 Sterile alpha motif domain (4) 1.6 5
Decreased by OSN activity
 Calcium binding proteins (13) 1.4 22
 Endoplasmic reticulum (5) 1.3 18

DAVID functional bioinformatics analysis. Enrichment scores >1.3 identify 
significantly overrepresented clusters of annotation terms. Numbers in paren-
theses are the number of related terms grouped together under one heading.

Gene Symbol p-value Cell type Gene symbol P-value Cell type Gene symbol P-value Cell type

Manea 0.0049 mOSN Ndp 0.0035 Both
Mgmt 0.0014 mOSN Ndufa13 0.0002 Both
Mmp16 0.0078 mOSN Ndufv3 0.0017 Both
Necab3 0.0000 mOSN Ngrn 0.0073 Both
Neu2 0.0000 mOSN Npdc1 0.0047 Both
Olfr9 0.0092 mOSN Pafah1b3 0.0091 Both
Pde4a 0.0022 mOSN Pard6b 0.0038 Both
Pde6d 0.0000 mOSN Pgls 0.0019 Both
Ppp1r1a 0.0000 mOSN Pknox2 0.0006 Both
Ppp2r2b 0.0000 mOSN Pllp 0.0025 Both
Ptp4a3 0.0001 mOSN Pold4 0.0071 Both
Rab11fip5 0.0006 mOSN Ppan 0.0006 Both
Rassf7 0.0023 mOSN Ppp3ca 0.0070 Both
Rfx4 0.0004 mOSN Ppp3r1 0.0001 Both
Ribc2 0.0039 mOSN Psmf1 0.0071 Both
Rnf152 0.0028 mOSN Pygo2 0.0086 Both
Scgn 0.0000 mOSN Rab40b 0.0025 Both
Sgpl1 0.0032 mOSN Rassf4 0.0005 Both
Slc1a2 0.0003 mOSN Rims3 0.0000 Both
Slc23a3 0.0001 mOSN Rit1 0.0016 Both
Spef2 0.0046 mOSN Rnf135 0.0059 Both
Stoml3 0.0002 mOSN Rnf19b 0.0073 Both
Sytl1 0.0000 mOSN Rogdi 0.0028 Both
Tesc 0.0008 mOSN Saal1 0.0026 Both
Tusc5 0.0000 mOSN Sdf2 0.0001 Both
Umodl1 0.0001 mOSN Sec13 0.0096 Both
Usp21 0.0000 mOSN Sh3glb2 0.0096 Both
Xylt2 0.0045 mOSN Siva1 0.0001 Both
Zfp81 0.0027 mOSN Slco3a1 0.0080 Both

Table 5. Continued
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interpretation of these data is that these responses are evidence of 
homeostatic effects related to the central role of calcium influx in 
regulating neuronal functions.

Phosphatidylinositol signaling is a category comprised of 
mRNAs whose response to altered OSN activity is not consistently 
correlated with the functions of the encoded proteins. The mRNAs 
encoding 2 kinases that convert inositol-1,4,5-trisphosphate (IP3) 
into inositol-1,3,4,5-trisphosphate are significant, but they respond 
oppositely to OSN activity. Itpkb increases while Itpka decreases. 
Transcripts that encode phosphatases responsible for dephosphoryl-
ating IP3 show similarly opposite responses. Inpp5f mRNA increases 
with OSN activity but Inpp5k mRNA decreases. Why each of these 
pairs of enzymes should show opposing changes when OSN activity 
is manipulated is unclear. However, Itpka and Itpkb are F-actin bind-
ing proteins whose effects are often restricted to specific subcellular 
locations (Erneux et al. 2016). Different subcellular locations could 
explain their opposing responses to UNO, but this has not yet been 
investigated in OSNs. Interestingly, these 2 enzymes act to antago-
nize phosphoinositide 3-kinase signaling, which has been implicated 
in downregulating odor responses in OSNs (Ukhanov et al. 2016; 
Westernberg et  al. 2016). IP3 phosphatases such as Inpp5f and 
Inpp5k have much higher Vmax values than the IP3 kinases, so their 
activity may help to restrict the effects of Iptka and Iptkb to spe-
cific cellular compartments. Inppf5, which was recently discovered 
to suppresses axon growth and have better activity on phosphate 
at the 4 position rather than the 5 position of the inositol ring, is a 
cytoplasmic protein found throughout neural cell bodies, axons and 
dendrites (Hsu et al. 2015; Nakatsu et al. 2015; Zou et al. 2015). 
We hypothesize that OSNs use phosphoinositide signaling in com-
plex ways, perhaps in ways that are specific to different subcellular 
compartments.

A more consistent regulation of signaling pathways is apparent 
in the over-represented Mapk signaling category that is specific to 
mRNAs that increase with OSN activity. The mRNAs in this cat-
egory include Dusp1, Dusp9, and Dusp16; which negatively regu-
late Mapk, Erk, and Junk, respectively. These data suggest that OSN 
activity broadly downregulates tyrosine kinase signaling pathways.

Overall, the bioinformatics analyses indicate that the relationship 
between neural activity and transcription in OSNs is largely one of 
activity increasing the abundance of mRNAs encoding proteins criti-
cal for synaptic and axonal function. The mRNAs that decrease with 
increased OSN activity are numerous but more functionally diverse, 
such that they form few over-represented functional annotation cat-
egories in our analyses.

Activity-dependent mRNAs should be 
expressed by OSNs

By definition, activity-dependent gene expression occurs in cells 
capable of generating action potentials, meaning neurons and muscle 
cells. In addition, activity-dependent genes must respond specifically 
to changes in the electrical activity of these cells. In the olfactory 
epithelium, we should therefore find that activity-dependent mRNAs 
are located in mature OSNs. To test this hypothesis, we analyzed the 
expression patterns of these mRNAs using data sets from experi-
ments that assess OSN gene expression patterns in 3 different ways. 
(1) Combining expression profiling data on purified mature and 
immature OSNs allowed Nickell and colleagues (2012) to gener-
ate probabilities of expression in 3 categories of cells in olfactory 
mucosal samples: mature OSNs, immature OSNs, and the grouped 
population of all other types of cells. (2) Bulbectomy (OBX) can 

be used to identify mRNAs expressed primarily in mature OSNs. 
The temporary loss of mature OSNs after OBX causes mature OSN 
mRNAs to decrease, while at the same time the proliferation of new 
immature OSNs causes immature OSN mRNAs to increase. We used 
the data of Heron and colleagues (2013) to assess whether putative 
activity-dependent mRNAs are decreased at 5 days after OBX, indic-
ative of expression primarily in mature OSNs. (3) We also generated 
de novo a third measure of mature OSN expression, a mature OSN 
index, from an RNA-seq data set (Saraiva et  al. 2015). RNA-seq 
counts of mRNAs from dissociated cell samples enriched in mature 
OSNs were divided by RNA-seq counts of mRNAs in samples of 
whole olfactory mucosae to generate a simple index where values > 1 
indicate expression primarily in mature OSNs. Taken together, these 
3 measures provide a robust means of assessing whether a mRNA 
is expressed mostly in mature OSNs, immature OSNs, both mature 
and immature OSNs, cell types other than OSNs, or unknown due 
to absent or equivocal data.

We find that the majority of the 443 significant mRNAs either 
are expressed primarily in mature OSNs or approximately equally in 
mature and immature OSNs (Figure 2). This general finding is con-
sistent across all 4 methods used to evoke activity-dependent effects. 
It increases confidence, but does not prove, that the affected mRNAs 
respond directly to changes in OSN activity or OSN damage. Only 
18 of these 443 mRNAs are known to be expressed primarily in non-
neuronal cell types in or near the olfactory epithelium. The expres-
sion patterns of another 75 of these mRNAs are as yet unknown, but 
given the extent of attention given to measuring mRNAs in samples 
enriched in OSNs (Sammeta et al. 2007; Nickell et al. 2012; Saraiva 
et  al. 2015), most are probably expressed in cell types other than 
OSNs. This evidence of effects on mRNAs in cell types other than 
OSNs raises the question of why other cell types might respond to 
manipulations designed to alter OSN activity.

An example of an effect on other cell types that hints of a broader 
response is the ability of UNO to have effects on sustentacular cells. 
Sustentacular cells interact with odorants in order to clear them 
from the olfactory epithelium (Strotmann and Breer 2011), so after 
UNO they unilaterally experience reduced processing of odorant 

Figure 2. Expression patterns of mRNAs identified as differentially abundant 
after altering OSN activity. The majority are expressed primarily in mature 
OSNs (mOSN) or in both mature and immature OSNs (Both). Only 5% are 
expressed primarily in immature OSNs (iOSNs) or in non-neuronal cell types 
(Other). The expression patterns of the remaining mRNAs are not yet known 
(Unknown). OR mRNAs are excluded.
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chemicals through their xenobiotic chemical metabolism networks. 
Quantitative RT-PCR after UNO reveals a significant reduction in 
the abundance of Cyp2a5/Cyp2a4, 2 nearly identical sustentacular 
cell mRNAs encoding xenobiotic metabolism enzymes (Sammeta 
and McClintock 2010). This effect appears to be cell autonomous 
because these mRNAs are not affected when OSNs are genetically 
silenced. Our meta-analysis predicts that Cyp2g1, also expressed 
in sustentacular cells, behaves similarly. Taken together, these data 
argue that at least some elements of the biochemical pathways sus-
tentacular cells use to clear odorants from the olfactory epithelium 
are sensitive to odor stimulation. This conclusion highlights the need 
for renewed attention given to how experimental manipulations 
designed to alter OSN activity affect cells other than mature OSNs. 
Investigating responses in cells other than mature OSNs may reveal 
previously unknown properties of non-neuronal cells in the olfac-
tory epithelium.

As mentioned above, signaling between OSNs and neighbor-
ing cells could be sensitive to odor stimulation and thereby cause 
changes in mRNA abundance in cells other than OSNs. A poten-
tially related indirect effect might arise from reduced basal cell pro-
liferation after UNO (Farbman et al. 1988; Cummings and Brunjes 
1994), possibly leading to effects on mRNAs sensitive to the state of 
proliferation in the olfactory epithelium. These indirect effects could 
cause some mRNAs to appear to be activity-dependent even though 
they are not expressed in OSNs. However, at present none of the 
affected mRNAs expressed primarily in non-neuronal cell types are 
known to encode proteins whose functions indicate a role in OSN 
replacement by basal progenitor cells.

The special case of OR mRNAs

We believe that OR mRNA abundance should be assessed more cau-
tiously than the responses of most other mRNAs. This is not because 
OR mRNAs cannot be demonstrated to change in abundance in 
samples from olfactory mucosae after experimental manipulations 
that alter OSN activity; indeed, there is substantial evidence that 
they can be sensitive to these manipulations (Zhao et al. 2013; Fischl 
et al. 2014; von der Weid et al. 2015). Instead, we should be cautious 
because the unusual expression patterns of ORs are potential con-
founds in expression profiling experiments, including those testing 
activity-dependent gene expression in OSNs.

One reason for caution arises from the fact that the random-
ness inherent in the choice of a single OR gene for high expression 
in each OSN is a source of variation in mRNA abundance that is 
not possible for genes expressed in all OSNs. Indeed, cell counts 
of OSNs expressing individual ORs show that the frequencies of 
expression of some ORs vary measurably between identically treated 
mice (Bressel et al. 2016). This predicts that OR mRNA abundance 
should be more variable than mRNA species expressed in all OSNs, 
and GeneChip microarray measurements do show that on average 
OR mRNA abundance is more variable than the abundance of most 
other mRNAs in samples of olfactory mucosae (Fischl et al. 2014). 
Greater variation increases the likelihood that OR mRNAs may act 
as false positives relative to other mRNAs in expression profiling 
experiments.

A second reason for caution is that experimentally-induced 
changes in OR expression frequency can be mistaken for activity-
dependent responses of individual OSNs. Due to monogenic expres-
sion of OR genes, an OR mRNA can differ in samples of whole 
olfactory mucosae if the frequency of OSNs expressing an OR 
changes even if the amount of OR mRNA per OSN does not change 

(McIntyre et al. 2008). Given the evidence that differential survival 
of OSNs may be linked to odor stimulation, there is reason to expect 
changes in OR mRNA abundance that arise from differential OSN 
survival in experiments that alter OSN activity. Indeed, this type 
of effect has been observed after UNO. Four weeks after neonatal 
UNO, the frequencies of OSNs expressing several ORs are altered, 
some increasing, others decreasing (Zhao et al. 2013). Altered OSN 
activity might even affect OR expression frequencies by altering 
OR gene choice. The activity-dependent mRNA Cyp26b1 encodes 
an enzyme that inactivates retinoic acid, which has been shown to 
control expression of at least one gene, Bace1, in OSNs (Login et al. 
2015a). When mutant mice that overexpress Cyp26b1 in OSNs were 
made, they proved to have altered frequencies of OR expression, 
including shifts in the patterns of zonal expression of some ORs 
(Login et al. 2015b).

Our meta-analysis identifies 20 OR mRNAs sensitive to manipu-
lations that alter OSN activity, 2 that increase with OSN activity 
and 18 that decrease. Only one of these OR mRNAs was previously 
shown to be sensitive to UNO in multiple experiments: Olfr855, 
which is increased by OSN activity (Fischl et  al. 2014). Whether 
Olfr855 mRNA increases because OSN activity alters its frequency 
of expression or the amount of Olfr855 mRNA per OSN is as yet 
unknown. Altered frequencies of OR expression after altering OSN 
activity by UNO clearly occur, as cited above, but examples of 
changes in OR mRNA abundance within individual OSNs also exist. 
Intermittent exposure to lyral, an odorant agonist for Olfr16, for 
3 weeks caused individual OSNs to increase the amount of Olfr16 
mRNA they contain (Cadiou et al. 2014). Conversely, mouse and rat 
OSNs that respond to an odor show decreases in the OR mRNAs 
they express within hours of odor exposure, rapidly enough that 
altered frequencies of expression are improbable (von der Weid 
et al. 2015). Overall, the diversity of OR mRNA responses to situa-
tions where OSN activity is altered and the poor agreement between 
our meta-analysis and studies that show altered frequencies of OR 
expression after altering OSN activity are worrisome (Zhao et  al. 
2013; Login et al. 2015b). We conclude that measuring OR mRNA 
abundance in whole olfactory mucosal samples is insufficient to 
demonstrate true activity dependence of OR mRNAs. Additional 
experiments that test for changes in frequency of expression and 
amount of OR mRNA per individual OSN are required.

Summary

Experiments seeking to identify activity-dependent mRNAs in OSNs 
have made intriguing discoveries but not yet realized their full poten-
tial for furthering our understanding of olfactory biology. The meth-
ods used thus far to generate differences in OSN activity often fail 
to fully eliminate indirect effects that may be misinterpreted as true 
activity dependence. Furthermore, these studies all too often have 
shortcomings in experimental design. For example, the relatively 
small changes in most activity-dependent mRNAs detected thus far 
and the paucity of reliably identified changes in mRNA abundance 
suggest that previous expression profiling experiments have not been 
sufficiently powered to measure the full extent of activity-dependent 
mRNAs. Our meta-analysis improves this situation, but does not 
solve other reliability issues.

We now identify 443 mRNAs sensitive to manipulations that alter 
OSN activity. They respond consistently across multiple experiments 
and at least 350 of them are expressed in mature OSNs. How many of 
them are activity-dependent in the strict sense of being directly sensi-
tive to odor stimulation is still not known, however. Largely because 
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the period between altered OSN activity and measurement of mRNA 
abundance is several days or weeks in most cases, we cannot be cer-
tain that some are not responding to indirect processes triggered by 
the experimental manipulations. Potential indirect processes include 
changes in OSN survival, altered local signaling within the olfac-
tory epithelium, and altered feedback from the olfactory bulb. These 
homeostatic processes are interesting in their own right and worthy of 
further study. Identifying OSN mRNAs specifically responsive to indi-
rect effects may prove to be the key to understanding these processes.

Except for the activity-dependence of axonal coalescence that 
involves Kirrel2, Kirrel3, and ephrinA5-EphA5 signaling (Nishizumi 
and Sakano 2015), and the related evidence developed herein about 
the activity-dependent expression of synaptic and axonal genes, 
the identification of activity-dependent mRNAs has not had a sig-
nificant impact on our understanding of OSN biology. For example, 
we have little understanding of how OSN activity causes changes 
in mRNA abundance. Furthermore, whether activity-dependent 
changes in mRNA abundance are critical for OSN survival is not 
yet known. Even the 2 mRNAs most strongly affected by altered 
OSN activity and directly responsive to odor stimulation do not 
yet have known functions. Targeted deletion of neither S100a5 nor 
Lrrc3b causes readily detectable deficiencies in OSNs (Bennett et al. 
2010; McClintock et al. 2014). This lack of impact reveals a need 
for further study, especially studies that investigate the full extent of 
activity-dependent gene expression in OSNs and the identification of 
factors necessary for activity-dependent survival of OSNs.
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