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Abstract
Local protein synthesis in mature axons may play a role in synaptic plasticity, axonal arborization,

or functional diversity of the circuit. To gain insight into this question, we investigated the axonal

localization of translational regulators and associated mRNAs in five parallel olfactory circuits, four

in the main olfactory bulb and one in the accessory olfactory bulb. Axons in all four main olfactory

bulb circuits exhibited axonal localization of Fragile X granules (FXGs), structures that comprise

ribosomes, mRNA, and RNA binding proteins including Fragile X mental retardation protein

(FMRP) and the related protein FXR2P. In contrast, FXGs were not seen in axons innervating the

accessory olfactory bulb. Similarly, axons innervating the main olfactory bulb, but not the acces-

sory olfactory bulb, contained the FXG-associated mRNA Omp (olfactory marker protein). This

differential localization was not explained by circuit-dependent differences in expression of FXG

components or Omp, suggesting that other factors must regulate their axonal transport. The speci-

ficity of this transport was highlighted by the absence from olfactory axons of the calmodulin

transcript Calm1, which is highly expressed in peripheral olfactory neurons at levels equivalent to

Omp. Regulation of axonal translation by FMRP may shape the structure and function of the axo-

nal arbor in mature sensory neurons in the main olfactory system but not in the accessory

olfactory system.

K E YWORD S

FXR2P, olfactory epithelium, olfactory marker protein, olfactory sensory neuron, RRID:

AB_398856, RRID: AB_476964, RRID: AB_664696, RRID: AB_653928, RRID: AB_2149710,

RRID: AB_306884, vomeronasal organ, vomeronasal sensory neuron

1 | INTRODUCTION

The remarkable structural and functional diversity of neurons relies on

precise cell type-dependent regulation of the proteome. One critical

mechanism regulating neuronal protein expression is the transport of

mRNA specifically into axons where this RNA is translated into pro-

teins in response to appropriate stimuli. This local protein synthesis has

been well-characterized in growing and regenerating axons (Korsak,

Mitchell, Shepard, & Akins, 2016). More recent evidence has revealed

that axonal translation also occurs in axons that are integrated into

mature circuits, where local translation can support synaptic plasticity

(Akins et al., 2017; Baleriola et al., 2014; Gumy et al., 2011; Shigeoka

et al., 2016; Taylor et al., 2009; Younts et al., 2016). A key question is

how differences in local axonal translation contribute to functional and

structural diversity of neurons. Insight into this question can be gained

by determining how similar classes of neurons differ in the axonal local-

ization of identified mRNAs and the RNA binding proteins that associ-

ate with these mRNAs.

Fragile X granules (FXGs) are attractive candidates for supporting

such diversity in the axonal arbor of mature neurons. These granules,

which are only found in axons that have finished growing and have

integrated into circuits, are composed of RNA binding proteins and

associate with both ribosomes and mRNA (Akins, LeBlanc, Stackpole,

Chyung, & Fallon, 2012; Akins et al., 2017; Christie, Akins, Schwob, &

Fallon, 2009). FXG constituent proteins include Fragile X mental retar-

dation protein (FMRP), a key regulator of activity-dependent protein

synthesis in neurons. Dysregulation of this protein synthesis due to

loss of FMRP leads to the autism-related disorder Fragile X syndrome*Lulu I T. Korsak and Katherine A. Shepard contributed equally to this work.
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(Bassell & Warren, 2008; Bhakar, D€olen, & Bear, 2012; Darnell &

Klann, 2013). FXGs also contain the Fragile X related proteins FXR1P

and FXR2P in a circuit-dependent manner (Christie et al., 2009). While

all three Fragile X related proteins regulate protein synthesis in the

somatodendritic domain of all neurons, these proteins only assemble

into FXGs in axons of a stereotyped subset of neurons (Akins et al.,

2012; Christie et al., 2009). FXGs thus reveal cell type-dependent

mechanisms for regulating the axonal proteome.

A broad survey of FXG expression throughout the juvenile mouse

brain suggested differential expression of FXGs between parallel

peripheral olfactory circuits (Akins et al., 2012). FXGs were found in

olfactory sensory neurons (OSNs) that express odorant receptors (ORs)

and innervate the main olfactory bulb. In contrast, FXGs were not iden-

tified in the pheromone-detecting vomeronasal sensory neurons

(VSNs) that innervate the accessory olfactory bulb (Akins et al., 2012).

In addition to the two examined populations, there are also several

additional classes of peripheral olfactory neurons that can be identified

by their anatomical location in the nasal cavity as well as the signaling

cascades that transduce chemosensory information (Figure 1). These

include classes of OSNs that do not express ORs and that are thought

to mediate stereotyped behaviors (Stowers & Logan, 2010). Whether

FXGs are present in axons of these non-OR-expressing OSN subtypes,

and hence may contribute to potential activity-dependent changes in

axons of these cells, has not been determined. Investigating the differ-

ential utilization of axonal Fragile X proteins by parallel circuits prom-

ises to provide insight into the functional consequence of axonal

translation.

Within OSN axons, FXGs associate with the mRNA Omp, which

encodes olfactory marker protein, a broadly conserved regulator of

olfactory-induced intracellular signal transduction that is also implicated

in olfactory plasticity (Buiakova et al., 1996; Kass, Moberly, Rosenthal,

Guang, & McGann, 2013; Keller & Margolis, 1975; Lee, He, & Ma, 2011;

Reisert, Yau, & Margolis, 2007). In these cells, FMRP regulates the axonal

translation of OMP protein, but is not required for the axonal transport

of the Omp mRNA (Akins et al., 2017). In addition to OSNs, OMP is also

expressed by VSNs. However, whether VSN axons contain the Omp

mRNA has not been explored to our knowledge. This question is of par-

ticular interest since axonal localization of Omp to VSN axons, which do

not contain FXGs, would reveal cell type-dependent regulation of trans-

lation of the same mRNA. Conversely, if VSN axons do not contain Omp

mRNA, this would suggest that these cell types differ in their require-

ment for axonally synthesized OMP protein.

To investigate these questions, we explored the extent to which

axons of chemosensory neurons contain FXGs and the Omp mRNA.

Consistent with past results, we found that OSNs contained FXGs in

their axons. In contrast, FXGs were not found in VSN axons at any

examined age. Expression in OSN axons was consistent across several

subclasses of OSNs that mediate responses to distinct chemosensory

cues, even those that mediate stereotyped behaviors. We also found

the FXG-target Omp mRNA in OSN axons innervating the main olfac-

tory bulb but not within VSN axons innervating the accessory olfactory

bulb. Although Omp is a highly abundant mRNA, high mRNA levels are

not sufficient for axonal transport in OSNs as we could not detect axo-

nal localization in these cells of the calmodulin transcript Calm1, which

is expressed in OSNs at levels similar to Omp and which localizes to

axons of cortical neurons (Magklara et al., 2011; Taylor et al., 2009).

Northern blot and PCR analyses indicated that the Omp transcript com-

prised the same sequence in OSN cell bodies, VSN cell bodies, and

OSN axons, suggesting that differences in the Omp mRNA do not

account for the cell type-specific axonal localization. These studies

therefore reveal cell type-specific regulation of the axonal localization

of both Fragile X proteins and mRNAs between parallel chemosensory

circuits. These findings further suggest that local translation contributes

to axonal plasticity in several OSN circuits that respond to diverse envi-

ronmental cues and elicit distinct behavioral responses.

FIGURE 1 Overview of mouse olfactory anatomy. Neurons
expressing chemosensory receptors are located in the main
olfactory epithelium (MOE, green), Grueneberg ganglion (GG, blue),
and vomeronasal organ (VNO, red). These neurons all project axons
to the olfactory bulb (OB). Axons from the MOE and GG form
glomeruli in the main olfactory bulb (MOB, green) whereas axons

from the VNO form glomeruli in the accessory olfactory bulb
(AOB, red). OSNs expressing odor receptors (ORs, orange) form
glomeruli throughout the MOB. The subpopulation of OSNs in the
MOE that express trace amine-associated receptors (TAARs, yel-
low) form glomeruli on the dorsal surface of the MOB. Both the
OSNs from the MOE that express guanylyl cyclase D (GC-D, pur-
ple) and the OSNs from the GG form “necklace” glomeruli that
encircle the posterior OB. In addition to their location within the
MOB, the TAAR, GG, and GC-D OSNs can be identified through
their unique molecular characteristics within the OSN population:
TAAR OSNs express olfactory cell adhesion molecule (OCAM), GG
and GC-D OSNs express phosphodiesterase 2A (PDE2A), and GC-
D OSNs express carbonic anhydrase II (CAII)
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2 | MATERIALS AND METHODS

2.1 | Animals

All work with animals was performed in accordance with protocols

approved by the Institutional Animal Care and Use Committee of

Drexel University. C57BL/6 mice were obtained from Charles River

and bred in-house. Male and female animals were used interchangeably

since we observed no effect of sex on any measure. Mice were anes-

thetized by intraperitoneal injection with ketamine/xylazine/aceproma-

zine. Following rapid decapitation, brains and nasal cavity were rapidly

dissected and processed as detailed below.

2.2 | Immunofluorescence

Brains and nasal cavities from 30 day old mice were embedded in OCT

compound (Sakura Finetek), rapidly frozen, and stored at 2808C until

cryosectioning. Slide-mounted coronal sections of OCT-embedded

brains were prepared using a Leica 3050S cryostat at 20 lm and

stained the same day. Tissue sections were fixed with room tempera-

ture PBS (0.1M phosphate, pH 7.4; 150 mM sodium chloride) contain-

ing 4% paraformaldehyde (PFA). Sections were then washed three

times in PBS and incubated with blocking solution [PBST (10 mM phos-

phate buffer, pH 7.4, and 0.3% Triton X-100) and 1% blocking reagent

(Roche Life Science)] for 30 min to occupy nonspecific binding sites.

Sections were then treated with blocking solution containing primary

antibodies (Table 1) overnight at room temperature. These sections

were then washed for 5 min with PBST. Tissue was incubated with

appropriate fluorescent secondary antibodies (Table 1) in blocking solu-

tion for 1 hr, washed for 5 min with PBST, slide mounted in NPG

mounting medium (4% n-propylgallate, 80% glycerol, 5 mM phosphate

pH 7.4), and coverslipped. Sections were imaged using a Leica SPE II

confocal microscope.

TABLE 1 Antibodies used in this study

Primary antibody Source Target RRID
Primary
dilution Secondary antibody

Mouse anti-FXR2P Monoclonal 55 from
BD Biosciences
#611330

Raised against human FXR2P amino acids
520–639; recognizes a single band of the
appropriate size by Western in lysates from
mouse brain; gives identical staining as seen
with A42

AB_398856 1:500 Alexa-conjugated
goat anti-mouse IgG2b
(Life Technologies; 1:1,000)

Mouse anti-FXR2P Monoclonal A42
from Sigma

Raised against human FXR2P amino acids
12–426; recognizes a single band of the
appropriate size by Western and does not
cross react with either FMRP or FXR1P
(Zhang et al., 1995); recognizes a single
band of the appropriate size by Western in
lysates from mouse brain

AB_476964 1:500 Alexa-conjugated goat
anti-mouse IgG1
(Life Technologies; 1:1,000)

Goat anti-OMP Polyclonal from
Wako 544-10001

Raised against purified natural Rat OMP;
recognizes a single band at 19 kDa in mouse
olfactory bulb extracts from wild type mice
but not from OMP knockout mice (Buiakova
et al., 1996)

AB_664696 1:1,000 Alexa-conjugated
donkey anti-goat
(Life Technologies; 1:1,000)

Goat anti-PDE2A Polyclonal from Santa
Cruz Biotechnology
#SC17227

Raised against an N-terminal epitope of
human PDE2A; Recognizes a single band of
the appropriate size in Westerns of mouse
olfactory epithelium; Stains the expected
subset of OSNs in the olfactory epithelium
(Hansen & Finger, 2008); Stains the ex-
pected subset of olfactory glomeruli (Figure
3)

AB_653928 1:1,000 Alexa-conjugated
donkey anti-goat
(Life Technologies; 1:1,000)

Goat anti-OCAM Polyclonal from
R&D Systems
#AF778

Raised against recombinant mouse OCAM
amino acids 20–700; Recognizes a single
band of the appropriate length in mouse
olfactory epithelial lysates; Recognizes the
expected OSN populations in the olfactory
epithelium (Murdoch & Roskams, 2008);
Stained the expected subset of olfactory
glomeruli (Zou et al., 2007) (Figure 3)

AB_2149710 1:100 Alexa-conjugated
donkey anti-goat
(Life Technologies; 1:1,000)

Sheep anti-CAII Polyclonal from
Abcam #ab8953

Raised against Human Carbonic Anhydrase
II, purified from human erythrocytes.
Recognizes a single band of the appropriate
size in lysates from porcine retinal M€uller
glia cells (Merl, Ueffing, Hauck, & von
Toerne, 2012); Stained the expected subset
of olfactory glomeruli (Figure 3)

AB_306884 1:1,000 Alexa-conjugated
donkey anti-sheep
(Life Technologies; 1:1,000)
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2.3 | Quantification of FXG abundance

Confocal micrographs of FXR2P, CAII, OCAM, and PDE2A immuno-

staining collected without pixel saturation were processed using

ImageJ. FXG abundance and glomerular area were quantified in glo-

meruli identified using a combination of their anatomical location and

molecular phenotype as described in results. FXGs were identified

based on their FXR2P signal. In brief, we used confocal images with a

resolution of 1024 3 1024 pixels and 0.179 lm/pixel corresponding to

an image of approximately 183 3 183 lm. These images were proc-

essed using the ImageJ rolling ball background subtraction command

with a radius of 5 pixels, which subtracts from each pixel the mean

intensity value of a circle of radius 5 centered on that pixel. We then

identified structures that were more than 1.5 standard deviations

brighter than the surrounding pixels to accentuate structures that were

the approximate size of FXGs. Images were then autothresholded using

the built-in Max Entropy setting. Macro-based FXG identification did

not work for images with few to no FXGs. In these cases, granules

were counted manually using previously described criteria (Akins et al.,

2012; Christie et al., 2009). Graphs and statistical analyses were pro-

duced using Prism 6.0 (Graphpad). Quantifications are expressed as

mean6 SEM.

2.4 | In situ hybridization

Brains from 30-day-old mice were embedded in OCT compound

(Sakura Finetek), rapidly frozen, and stored at 2808C until cryosection-

ing. Brains were sectioned at 20 lm, mounted on slides, and stored at

2208C until use. All subsequent steps were performed at room tem-

perature unless otherwise noted. On the day of staining, slides were

allowed to warm to room temperature, fixed in PBS containing 4% PFA

for 10 min, and washed 3X in PBS. Sections were treated in 0.01M

sodium citrate (pH 6) for 30 min at 758C followed by incubation for 10

min in 0.2M HCl followed by 2 min in PBS containing 1% Triton X-

100. Sections were then rinsed twice for 1 min each in PBS before a

10-min equilibration in 2X SSC110% formamide. Sections were incu-

bated overnight at 378C in hybridization solution (10% dextran sulfate,

1 mg/ml E. coli tRNA, 2 mM Vanadyl Ribonucleoside, 200 lg/ml BSA,

2X SSC, 10% deionized formamide) containing 250 nM Stellaris

fluorophore-labeled oligonucleotide probes (Biosearch Technologies;

sequences in Supporting Information Table S1) along with the A42

anti-FXR2P antibody (Sigma; 1:500). Sections were then rinsed two

times for 30 min each at 378C in 2X SSC110% formamide followed

by 2X SSC and then PBST. Sections were then incubated in blocking

solution plus a secondary antibody for 1 hr to detect A42, washed

three times in PBST, mounted in NPG, and imaged using a Leica SPE II

confocal microscope.

2.5 | Northern blotting

For Northern blotting, the vomeronasal epithelium (VNO), olfactory

epithelium (OE), main olfactory bulbs (MOBs), prefrontal cortex (Ctx),

and cerebellum (Cbm) were rapidly dissected from 2 to 3-month-old

mice and flash frozen in liquid nitrogen and stored until the RNA was

extracted with TRIzol reagent. Nine animals were pooled for the VNO

sample, three for the OE and OB, and two for the Ctx and Cbm. 20 lg

of RNA was loaded per lane. Since the OE expresses Omp at high lev-

els, 2 lg of OE RNA was combined with 18 lg of Ctx RNA (pilot stud-

ies indicated no detectable Omp in the cortex sample). 20 lg of sample

RNA or 9 lg of Millenium RNA ladder (Ambion AM7151) were each

mixed with 1X MOPS buffer [20 mM 3-morpholinopropane-1-sulfonic

acid (MOPS), 5 mM sodium acetate, and 1 mM ethylene-diamine-

tetraacetic acid (EDTA)], 4% PFA, 5 M formamide, and RNA loading

dye (800 mM urea, 2 mM Tris-HCl, 100 lM EDTA, 0.005% xylene cya-

nol, and 0.005% bromophenol blue) denatured at 658C for 5 min and

immediately removed to ice. RNA was run on a 1.5% agarose gel (con-

taining 1X MOPS and 3% PFA) in MOPS buffer at 40 volts for 6 hr,

rinsed twice in 20X SSC (3 M sodium chloride, 0.3 M sodium citrate)

for 15 min each, then transferred to nylon membrane overnight via

capillary action using 20X SSC.

2.6 | Membrane-based detection of total RNA

The following incubations were performed at room temperature with

gentle rocking. The membrane was rinsed in 6X SSC for 5 min, dried

on blotting paper for 5 min, then crosslinked with UV light (wavelength

254 nm, 1.5 J over 1 min). To identify total RNA, the membrane was

stained for 5 min with 0.2% methylene blue (Sigma M9140-25G) in

300 mM sodium acetate. This signal was then imaged with a Gel Doc

XR1 system (Bio-Rad) using standard bright field settings. The mem-

brane was then destained in 0.2X SSC 1% sodium dodecyl sulfate

(SDS) for 15 min and washed twice in deionized water for 5 min.

2.7 | Preparation of Omp Northern probe

The full-length mouse Omp sequence comprising 50 UTR, coding

sequence, and 30 UTR was cloned from pCMV-Sport6.1-OMP (Open

Biosystems) into pCRBlunt II-TOPO (Invitrogen 450245). Antisense

RNA probe was prepared using biotin-labeled uridine with the Thermo

Fisher MEGAscript T7 Transcription Kit AM1334 as per manufacturer’s

instructions. Immediately before use, Omp probe was denatured at

708C for 5 min and transferred to ice.

2.8 | Membrane-based detection of Omp mRNA

The following incubations were performed with gentle rocking at room

temperature unless otherwise stated. Following total RNA detection,

membranes were incubated for 1 hr in preheated DIG EasyHyb (Roche

Life Science 11603558001) at 688C. The membrane was then incu-

bated overnight at 688C in EasyHyb solution containing 100 ng/ml of

biotinylated Omp probe. The membrane was washed twice for 5 min

each in 2X SSC containing 0.1% SDS followed by two 15 min washes

in preheated 0.1X SSC 0.1% SDS at 688C. The membrane was then

stained with horseradish peroxidase (HRP)-conjugated streptavidin

(Thermo Fisher N100, diluted in EasyHyb, final concentration 250 ng/

ml) for 1 hr. The membrane was washed twice for 5 min in 2X SSC

containing 0.1% SDS and twice for 5 min in 0.1X SSC 0.1% SDS. The

membrane was then incubated for 5 min without rocking in
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SuperSignal West Femto Maximum Sensitivity Substrate (Pierce

34095, prepared per manufacturer’s instructions). The membrane was

then imaged on a Bio-Rad Gel Doc XR1 using the standard chemilumi-

nescent protocol.

2.9 | PCR

Tissue was dissected from 75-day-old mice, and RNA was prepared

using Trizol (Thermo Fisher). 1 lg of RNA from each tissue was con-

verted to cDNA using the QuantiTect Reverse Transcription Kit (Qia-

gen). PCR from each cDNA sample was performed as indicated in

Results using OneTaq (New England Biolab) for 30 cycles as per the

manufacturer directions. Primers, designed to specifically target the Omp

sequence using NCBI Primer-BLAST, were as follows: OMP 6 forward,

ATTCCCTGACGCTGGTGGTAG; OMP 608 reverse, AAGGAGATCC

AGGCAAGGGA; OMP 506 forward, TGGAGCCTGCCAACCTAAAG;

OMP 2119 reverse, AGGGCACACAGTCTTTATTGTGA. PCR products

were size fractionated using agarose gel electrophoresis. The resulting

gels were then imaged using a Bio-Rad Gel Doc XR1 using the standard

ethidium bromide protocol.

2.10 | Figure preparation

Images used in figures were adjusted for brightness, contrast, and

gamma using Photoshop CS6 13.0.6 (Adobe). Figures were prepared

using Corel Draw X7 (Corel).

3 | RESULTS

3.1 | FXGs are found in OSN axons but not VSN
axons

As a first step toward understanding potential roles for axonal transla-

tion in peripheral olfactory neurons, we explored the potential differen-

tial expression of FXGs between axons in the main and accessory

olfactory systems. To identify FXGs, we immunostained for FXR2P fol-

lowed by standardized image processing and analysis (Akins et al.,

2012, 2017; Christie et al., 2009). We have previously shown that

FXGs are found throughout life in OSN axons innervating the main

olfactory bulb, both in the olfactory nerve layer as well as in their glo-

merular targets (Akins et al., 2012, 2017; Christie et al., 2009). Consist-

ent with these past studies, we found that FXGs were present in OSN

axons innervating glomeruli in the main olfactory bulb (Figure 2a).

FXGs were not previously identified in axon terminals of VSNs in a

broad survey of FXG expression throughout the brain of 15-day-old

mice, the age of peak FXG expression in most circuits in the mouse

brain (Akins et al., 2012). However, in contrast to axons in the rest of

the brain, mouse OSNs exhibit peak FXG expression in 30-day-old

mice that continues throughout life (Akins et al., 2017; Christie et al.,

2009). We therefore asked whether VSN axons contain FXGs and simi-

larly exhibit peak expression at ages later than 15 days old. However,

we did not detect FXGs in VSN axon terminals in the accessory olfac-

tory bulb in either 30 day old mice (Figure 2b) or in adult mice (not

shown). This lack of FXG localization in terminals could potentially

reflect inefficient axonal transport of these complexes in VSNs. To

investigate this possibility, we asked whether FXGs are found in more

proximal portions of VSN axons by examining the vomeronasal nerve

as it courses along the medial aspect of the main olfactory bulb. We

were unable to detect FXGs in the vomeronasal nerve at any position

(Figure 2c,d). Importantly, in all sections in which we did not detect

FXGs in VSN axons, we could readily detect FXGs in nearby OSN

axons in both the olfactory nerve layer and glomeruli within the main

olfactory bulb. The inability to detect FXGs in VSN axons therefore did

not reflect technical limitations. Instead, our findings indicate that

FXGs are specifically localized to axons of OSNs but not VSNs.

The absence of FXGs in VSN axons could reflect lack of expression

of FMRP and FXR2P by the VSNs. To test this possibility, we investi-

gated the expression of these proteins in both OSN cell bodies in the

main olfactory epithelium as well as in VSN cell bodies in the vomero-

nasal organ. As expected, we detected both FMRP and FXR2P in OSN

cell bodies (Figure 2e). We also detected expression of both FMRP and

FXR2P in VSN cell bodies (Figure 2f). The absence of FXGs in vomero-

nasal axons therefore does not reflect lack of expression by VSNs of

the FXG constituent proteins FMRP or FXR2P.

3.2 | FXGs localize to axons of multiple classes of

OSNs mediating distinct chemosensory modalities

OSNs are subdivided into several subpopulations that detect different

classes of chemical cues. These subpopulations can be identified based

both on their molecular phenotype as well as the anatomical location

of their glomerular targets within the olfactory bulb (Figure 1). The larg-

est subpopulation comprises those that detect volatile odorant mole-

cules using ORs. These OSNs innervate glomeruli throughout the

olfactory bulb and, based on this anatomical location, are the cells

whose axons were analyzed above (Figure 2). Whether FXGs are also

found in other subpopulations of OSNs has not been investigated.

We first asked whether FXGs are found in axons of OSNs that

detect biogenic amines using trace amine-associated receptors (TAARs)

rather than ORs. Axons of TAAR-expressing OSNs contain OCAM

(olfactory cell adhesion molecule) and innervate the dorsal olfactory

bulb (Johnson et al., 2012). In contrast, other classes of OR-expressing

OSNs that express axonal OCAM innervate the ventral olfactory bulb

(Treloar, Gabeau, Yoshihara, Mori, & Greer, 2003). We therefore asked

whether dorsal glomeruli innervated by OCAM-positive axons contain

FXGs. We could readily detect FXGs in these glomeruli that are inner-

vated by TAAR-expressing OSNs (Figure 3a). Further, FXG abundance

in this population of OSNs was indistinguishable from that seen in the

population of OR-expressing OSNs (Figure 3d). TAAR-expressing OSNs

thus contain FXGs in their axons.

We next asked whether FXGs are found in axons of OSNs that

innervate “necklace” glomeruli in the caudal olfactory bulb. These

OSNs include two subclasses, both of which express the cyclic nucleo-

tide metabolism protein PDE2A (phosphodiesterase 2A) (Juilfs et al.,

1997; Liu, Fraser, & Koos, 2009). One of these subclasses also

expresses guanylyl cyclase-D (GC-D) and mediates detection of learned

social cues such as foods eaten by other members of the same species
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(Munger et al., 2010). The second subclass of PDE2A-expressing OSNs

are located in the rostral nasal cavity in the Grueneberg ganglion, rather

than in the main olfactory epithelium. Grueneberg ganglion OSNs

detect several stimuli including cues from stressed members of the

same species as well as temperature (Brechb€uhl, Klaey, & Broillet,

2008; Schmid, Pyrski, Biel, Leinders-Zufall, & Zufall, 2010). FXGs were

readily detected in PDE2A-containing necklace glomeruli (Figure 3b).

Further, FXGs were as abundant in these OSNs as in the OR- and

TAAR-expressing OSNs (Figure 3d).

To determine if FXGs are found at equivalent levels in both popu-

lations of necklace glomeruli, we assessed FXG abundance in glomeruli

receiving input from GC-D OSNs. The axons of these OSNs are unique

FIGURE 2 FXGs localize to OSN axons but not VSN axons. (a–d) FXGs were identified by immunostaining for FXR2P (green) and location
in the olfactory bulb was determined by identifying cells using somatic FXR2P signal as well as DAPI (magenta). (a) In glomeruli of the main
olfactory bulb (MOB), FXR2P is expressed in the cell bodies of periglomerular cells (open arrow) and in FXGs of OSN axons (solid arrow).
(b) In glomeruli of the accessory olfactory bulb (AOB), FXR2P is only expressed in periglomerular cells (open arrow). (c, d) FXGs are
expressed in OSN axons coursing through the olfactory nerve layer (ONL) of the MOB, but not VSN axons coursing through the
vomeronasal nerve (VN). (e, f) OSNs in the main olfactory epithelium (MOE) as well as VSNs in the vomeronasal organ (VNO) express OMP
protein (blue), FMRP (red), and FXR2P (green). Scale bar: 40 lm in a, b; 60 lm in c; 15 lm in d; 55 lm in e, f
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in the OB as the only ones that contain carbonic anhydrase II (CAII)

(Hu et al., 2007). We thus performed double immunofluorescence for

CAII and FXR2P and assessed FXG abundance in the GC-D glomeruli.

We found that FXGs are as abundant in GC-D glomeruli as they are in

the total population of necklace glomeruli as well as in glomeruli inner-

vated by OR- and TAAR-expressing OSNs (Figure 3d). Unfortunately,

FIGURE 3 FXGs localize to axons of multiple OSN subtypes. OSN subtypes were identified in the main olfactory bulb by immunostaining for
molecular markers (red): OCAM for TAAR-expressing OSNs (a), PDE2A for the mixed population of GC-D-expressing OSNs and OSNs from the Grue-
neberg ganglion (GG) (b), and CAII for GC-D-expressing OSNs (c). Axons of all OSN subtypes examined expressed FXGs, indicated by FXR2P (green,
arrows) (a–c). (d) FXG abundance differed among the five olfactory neuron subtypes (ANOVA, p< .0001). The OSN subtypes did not differ from each
other (pairwise Tukey’s post hoc comparisons, p> .05). All OSN subtypes differed from VSNs (pairwise Tukey’s, p< .0001). FXG densities as granules
per 100 lm2: OROSNs: 1.960.06 (n5750 images, five mice); TAARs: 1.560.05 (n5331 images, five mice); GC-D: 1.460.07 (n5264 images, five
mice); GG & GC-D: 1.660.07 (n5313 images, five mice); VSNs: 0.003660.0014 (n545 images, four mice). Scale bar: 50 lm; 15 lm in inset images
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we were not able to identify immunostaining conditions that allowed

us to selectively label axons of Grueneberg ganglion OSNs. However,

the observation that all necklace glomeruli, including those specifically

identified as GC-D glomeruli, contain FXGs at equivalent levels sug-

gests that axons of Grueneberg ganglion neurons also contain a similar

abundance of FXGs. Together with the data presented above, our find-

ings indicate that FXGs are found in axons of multiple classes of OSNs

that mediate detection of a wide variety of chemosensory cues.

3.3 | Selective localization of Omp mRNA to OSN

axons

Because OSNs and VSNs differ in their axonal localization of FXGs,

which contain RNA binding proteins and associate with both ribosomes

and mRNA (Akins et al., 2017), we asked whether they also differ in

their axonal mRNA content. As a first step toward addressing this

question, we investigated the axonal localization of the mRNA encod-

ing OMP, a broadly conserved protein that is expressed in all of the

chemosensory subsystems investigated here. Omp mRNA localizes to

OSN axons, where it associates with FXGs (Akins et al., 2017; Ressler,

Sullivan, & Buck, 1994; Vassar et al., 1994; Wensley et al., 1995). We

therefore asked whether we could detect Omp mRNA in VSN axons.

We performed in situ hybridization for the Omp mRNA combined with

immunofluorescence for FXR2P and OMP. Consistent with past stud-

ies, we readily detected Omp mRNA in OSN axons in the main olfac-

tory bulb (Figure 4a; 0.660.14 puncta/100 lm2 in the MOB, n54

animals). As expected from these past studies, Omp mRNA in these glo-

meruli was always found in axons containing OMP protein and fre-

quently colocalized with FXGs. In contrast, we could not detect Omp

mRNA granules in VSN axons in the accessory olfactory bulb (Figure

4b; 0 puncta observed in four animals). The in situ hybridization

approach that we used is highly sensitive (Batish, van den Bogaard,

Kramer, & Tyagi, 2012), suggesting that our failure to detect Omp in

VSN axons reflects an absence of this message from these axons. Fur-

ther, we could readily detect Omp mRNA in OSN glomeruli adjacent to

the accessory olfactory bulb in the same sections. Together, these data

indicate that Omp mRNA is selectively localized to axons in OSNs but

not VSNs.

3.4 | Differential axonal transport of Omp mRNA does

not reflect cell type-specific transcript variants

To begin to address the molecular basis for the cell type-dependent

axonal transport, we asked whether the axonal transport of Omp

mRNA in OSNs but not VSNs reflected differences in the transcript

between these two cell types. Omp mRNA has been shown to be

expressed from a single exon with no splicing events (Danciger,

Mettling, Vidal, Morris, & Margolis, 1989). However, we tested

whether the axonal mRNA may reflect rare alternative transcript

forms that were not detected in these past studies. Such forms

may arise from previously unknown splicing events or usage of

alternative polyadenylation sites and would most likely be different

sizes. Therefore, we first asked whether there was a difference in

Omp transcript length between the two cell types by Northern

blot. Consistent with previous findings (Berghard, Buck, & Liman,

1996), we could detect no difference in Omp transcript

FIGURE 4 Omp mRNA localizes to axons of OSNs but not VSNs. (a) OSN axons in the main olfactory bulb (MOB) contain FXGs (green,
indicated by FXR2P immunostaining, arrows), Omp mRNA (red, indicated by Omp in situ hybridization, arrows), and OMP protein (blue,
indicated by OMP immunostaining). (b) VSN axons in the accessory olfactory bulb (AOB) do not contain FXGs or Omp mRNA, but do
contain OMP protein. Scale bar: 5 lm
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length between RNA preparations from olfactory epithelium and

vomeronasal organ (Figure 5a).

We next asked whether the two tissues express Omp mRNA that

differs in sequence, despite having the same length. We first performed

PCR using primers that uniquely amplify the Omp 50 UTR and coding

sequence from the mouse genome (Figure 5b). As expected from the

observation that the OMP protein is the same length in olfactory epi-

thelium and vomeronasal organ, we could detect no differences in this

portion of the transcript using cDNA prepared from these two tissues

(Figure 5c). We next asked whether there were differences in the

length of the 30 UTR between the two tissues using primers that

uniquely amplify this portion of the transcript (Figure 5b). As with the

50 UTR and coding sequence, we could detect no differences in the

size of the 30 UTR in cDNA prepared from either tissue. Since the pri-

mers used for these studies recognize unique sequences in the mouse

genome, these findings indicate that the OSN and VSN Omp transcripts

have the same sequences. The differences in axonal transport of the

Omp mRNA between OSNs and VSNs therefore do not reflect the

expression of tissue-specific forms of this transcript.

Our results do not rule out the possibility that axonal Omp mRNA

represents a specific form of this transcript that is expressed at low levels

in OSNs and not at all in VSNs. To test this possibility, we asked whether

the axonal Omp mRNA differed from the somatic form. The Northern

blot revealed that the Omp mRNA found in OSN axons in the olfactory

bulb was an equivalent size to the Omp mRNA found in both OSN and

VSN cell bodies (Figure 5a). Further, the PCR-based approach revealed

that both the axonal and somatic mRNAs comprised the same sequences

(Figure 5c). Taken together, these results indicate that the OmpmRNA is

the same in OSN cell bodies, VSN cell bodies, and OSN axons.

3.5 | The highly-expressed Calm1 mRNA does not

localize to OSN axons

The localization of Omp mRNA to axons could merely be a byproduct

of its high expression level in OSNs, although these axons do not con-

tain the relatively abundant OSN mRNA encoding the G protein Gaolf

(Wensley et al., 1995). To further test whether high abundance of an

mRNA is sufficient for axonal localization of that mRNA, we asked

whether the Calm1 mRNA encoding calmodulin localizes to OSN

axons. Calm1 was chosen as a candidate as OSNs express Calm1

mRNA at levels comparable to those seen for Omp mRNA and nearly

twice that seen for the Gaolf mRNA (Magklara et al., 2011). Further,

the Calm1 transcript localizes to axons of cultured cortical neurons

(Taylor et al., 2009) and is an FMRP target (Darnell et al., 2011). Since

the in situ hybridization approach we used here has the potential for

single molecule RNA sensitivity (Batish et al., 2012), we reasoned that

we should be able to detect axonal Calm1 mRNA if OSNs transport

this mRNA into axons. As expected, we could readily detect Calm1

mRNA in OSN cell bodies in the olfactory epithelium (Figure 6c–f). In

the olfactory bulb, Calm1 mRNA was detected in mitral and tufted cells

but not periglomerular or granule cells (Figure 6g–j), consistent with

prior reports (Biffo, Goren, Khew-Goodall, Miara, & Margolis, 1991).

However, we were not able to detect Calm1 mRNA in either olfactory

nerve layer or glomeruli (Figure 6g,h) in sections from four different

mice. In contrast, Omp mRNA is evident in OSN axons in olfactory

nerve layer and glomeruli (Figure 6k) but not in mitral or tufted cells

(Figure 6l,m). Therefore, the Calm1 transcript does not localize to OSN

axons. Taken together with the results discussed above, these findings

demonstrate that high transcript abundance is not sufficient for axonal

localization of mRNAs and therefore reveal exquisite selectivity of axo-

nal mRNA transport in olfactory axons.

4 | DISCUSSION

In this study, we demonstrate selective axonal localization in olfactory

neurons of the Omp mRNA as well as translational regulator proteins in

FIGURE 5 Omp transcripts are equivalent in VSN cell bodies,
OSN cell bodies, and OSN axons. (a) Northern blot of RNA from
cortex (Ctx), cerebellum (Cb), vomeronasal organ (VNO), main
olfactory epithelium (MOE), and olfactory bulb (OB). Omp mRNA is
a single size in the VNO (containing VSN cell bodies), MOE
(containing OSN cell bodies), and OB (containing axons of both
VSNs and OSNs). (b) Schematic of the Omp mRNA and primer
locations for detecting possible alternative splicing at a higher
resolution. UTR, untranslated region; CDS, coding sequence. (c)
PCR using the primer pairs indicated in (b) produce products of
equivalent size using cDNA prepared from MOE, VNO, and OB
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FXGs. These molecules are constituents of OSN axons but are not

found in VSN axons either in the vomeronasal nerve or in the acces-

sory olfactory bulb. We cannot rule out the possibility that the Omp

mRNA is present in a supramolecular complex in VSN axons that pre-

vents detection of this RNA by in situ hybridization. However, such a

complex would differ from those localized to OSN axons, which do not

completely mask the Omp mRNA from detection. Therefore, whether

or not Omp mRNA exists in such VSN complexes, our inability to

detect either Omp mRNA or FXGs in VSN axons, reveals fundamental

differences in the control of the axonal proteome between OSNs and

VSNs. In contrast to the cell type-dependent localization in axons, the

Fragile X related proteins are found in the cell bodies of both OSNs

and VSNs in non-FXG complexes. These proteins are therefore likely

to regulate somatic translation in both OSNs and VSNs, while regulat-

ing axonal translation selectively in the OSNs. Our findings suggest

that FMRP-dependent axonal translation is a feature of all OSNs, since

FXGs are present in all four OSN subclasses we examined here. Here,

we discuss the potential regulation of axonal RNA transport and its

functional implications in the olfactory system.

4.1 | Selectivity of axonal transport

The coordinate cell type-dependent localization of Omp mRNA and

FXGs suggests that similar mechanisms regulate the axonal transport

of mRNA and FXGs. This axonal localization to OSN axons could be

the result of active transport or of passive processes such as diffusion.

For example, Omp mRNA and FXGs may be absent from VSN axon ter-

minals simply because VSN axons are much longer than OSN axons.

However, we did not observe FXGs in VSN axons at any point in the

vomeronasal nerve. Further, FXGs are found in terminals of Gruene-

berg ganglion OSN axons, which are substantially longer than VSN

axons. This concept also does not easily fit with observations that

FXGs in hippocampus are expressed in commissural axons but not the

comparatively shorter Schaffer collaterals (Akins et al., 2012). More-

over, the lack of OSN axonal localization of the Calm1 mRNA, which is

expressed at equivalent levels to the Omp mRNA, indicates that axonal

localization does not depend solely on transcript abundance, which

would be the case if passive mechanisms predominated. Localization of

translational machinery to OSN axons must therefore reflect active

transport.

Active RNA localization relies on specific recognition of sequence

motifs by RNA binding proteins associated with motor proteins. One

such RNA motif is the zip code that together with the RNA binding

protein Imp1/Zbp1 mediates axonal transport of the mRNA encoding

b-actin but not the one encoding g-actin (Bassell et al., 1998; Kislaus-

kis, Zhu, & Singer, 1994; Ross, Oleynikov, Kislauskis, Taneja, & Singer,

1997). A similar system is likely operating in OSNs since the Omp

mRNA but not Calm1 mRNA is transported into axons. However, the

Omp transcript does not contain a sequence that is obviously similar to

the b-actin zip code. These findings thus suggest that OSNs regulate

axonal RNA transport using a parallel system.

FIGURE 6 Calm1 mRNA does not localize to OSN axons. (a–f) In the main olfactory epithelium, OSN cell bodies contain both Omp mRNA
(a, b, green in e, f, arrows in b) and Calm1 mRNA (c, d, red in e, f, arrows in d). (g–j) In the olfactory bulb, Calm1 mRNA was not found in
OSN axons (g, h), but was seen in cell bodies of tufted cells (g, i) and mitral cells (g, j). (k–m) In contrast, Omp mRNA was found in OSN
axons (k) but was not seen in resident olfactory bulb cells including tufted (l) and mitral (m) cells. Olfactory bulb layers and cell bodies were
determined based on DAPI signal (not shown). GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer. Scale bar: 25 lm

(a, c, e); 5 lm (b, d, f); 40 lm (g); 15 lm (h–m)
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4.2 | Differential axonal transport between

OSNs and VSNs

The molecular basis for the differential axonal mRNA transport

between OSNs and VSNs could reflect differences in either the mRNAs

or in the axonal transport machinery. Our findings rule out that cell

type-dependent differences in the Omp sequence underlie differential

axonal transport of this transcript between OSNs and VSNs. We can-

not, however, eliminate the possibility that the differential transport

reflects differences in the Omp transcript abundance between the two

cell types, since Omp is expressed at higher levels in the olfactory epi-

thelium than it is in the vomeronasal organ (Figure 5). Indeed, axonal

mRNA transport is influenced by the abundance of particular tran-

scripts. For example, the b-actin and GAP-43 mRNAs compete for

binding to Zbp1 and axonal transport in dorsal root ganglion neurons

(Donnelly et al., 2013). A similar competition for binding to axonal

transport machinery may result in other transcripts being axonally

localized in VSN axons. However, VSNs also do not transport FXGs

into axons, suggesting that RNA granules may be selectively excluded

from VSN axons. Taken together, these findings suggest a fundamental

difference in axonal transport of RNA and RNA binding proteins

between OSNs and VSNs.

Determining how VSNs and OSNs differ in the mechanisms that

regulate axonal mRNA transport would be facilitated by the identifica-

tion of the factors that guide this transport in OSNs. Several lines of evi-

dence suggest that FXGs are not the complexes that govern axonal RNA

transport in OSNs. Omp mRNA localization to OSN axons is independ-

ent of FXGs and their constituent proteins FMRP and FXR2P, since axo-

nal Omp transcript levels are unchanged in either Fmr1 or Fxr2 knockout

animals (Akins et al., 2017). Further, both FMRP and FXR2P are ubiqui-

tously expressed in neurons, including in VSNs (Figure 2f), which do not

express FXGs (Akins et al., 2012). FXR2P may instead regulate precise

localization within the axonal arbor, since subaxonal distribution of

FXR2P is affected by myristoylation (Stackpole, Akins, & Fallon, 2014).

These findings suggest that axonal RNA transport in OSNs is regulated

by RNA binding proteins other than FMRP and FXR2P.

Alternatively, the cell type-dependent axonal mRNA localization in

OSNs but not VSNs might reflect differences in the microtubule cyto-

skeleton along which mRNA-containing granules are transported. For

example, VSN axons contain the microtubule-bundling protein Tau

while OSN axons do not contain Tau (Viereck, Tucker, & Matus, 1989).

Changes in cytoskeletal organization arising from absence of Tau have

been proposed to underlie axonal RNA localization in OSNs (Wensley

et al., 1995). However, this seems unlikely as Tau is expressed by other

populations of FXG-containing neurons, including hippocampal dentate

granule cells (Busciglio, Ferreira, Steward, & C�aceres, 1987). An addi-

tional possibility is that there are cell type-specific patterns of post-

translational microtubule modifications, which can affect the affinity of

motor proteins for the microtubule cytoskeleton (Verhey & Gaertig,

2007). Future studies will address whether differential axonal transport

between OSNs and VSNs reflects differences in the composition of

transport granules or in the cytoskeletal pathways along which these

granules travel.

4.3 | Potential implications for OSN plasticity

The functional consequences of axonal translation in OSNs are unclear

(Dubacq, Fouquet, & Trembleau, 2014). One possibility is that FXGs

are involved in axon outgrowth as the peripheral olfactory system

incorporates new OSNs throughout life (Schwob et al., 2017). How-

ever, OSNs do not express FXGs until after outgrowth when they have

integrated into olfactory bulb circuits (Akins et al., 2017). Throughout

the brain, FXG expression correlates with periods of robust plasticity

and, in the adult hippocampus, is not dependent on ongoing neurogen-

esis (Akins et al., 2017; Christie et al., 2009). These findings suggest

that FXG-dependent local translation in OSN axons supports the plas-

ticity or maintenance, rather than formation, of olfactory circuits. Local

dendritic translation underlies long term modification of synaptic

strength at many synapses (Bramham & Wells, 2007), and presynaptic

translation is required for long term depression at GABAergic synapses

in the hippocampus (Younts et al., 2016). Local translation in either

OSN axons or mitral cell dendrites may modulate synaptic signaling

between these neurons, since synapses between OSNs and mitral cells

exhibit plasticity that comprises both presynaptic and postsynaptic

components (Ennis, Linster, Aroniadou-Anderjaska, Ciombor, & Shipley,

1998; Mutoh, Yuan, & Kn€opfel, 2005; Tyler, Petzold, Pal, & Murthy,

2007). Of particular interest, the OSN to mitral cell synapse exhibits

presynaptic metabotropic glutamate receptor-mediated long term

depression (Mutoh et al., 2005). FMRP is a critical regulator of the

postsynaptic manifestation of this plasticity at other synapses in the

brain (Bassell & Warren, 2008; Bear, Huber, & Warren, 2004; Huber,

Gallagher, Warren, & Bear, 2002). Further, in addition to synaptic plas-

ticity, OSNs exhibit remarkable structural plasticity, with a high rate of

activity-dependent synapse formation and elimination (Cheetham,

Park, & Belluscio, 2016). To our knowledge, none of these forms of

synaptic or axonal plasticity have been investigated at terminals of

non-OR-expressing OSNs in the main olfactory bulb or at VSN termi-

nals in the accessory olfactory bulb. While the non-OR OSN subsys-

tems are generally thought to mediate innate responses, the behavioral

output that arises from activation of these systems can be affected by

context and past experience (Munger et al., 2010; Saraiva et al., 2016).

Whether these behavioral differences reflect modifications to the con-

nections between OSNs and their targets in the olfactory bulb is not

known. Our findings suggest that FMRP-dependent regulation of axo-

nal translation by odor exposure may support rapid experience-

dependent modification of axonal structure and synaptic release prop-

erties in all classes of OSNs.

OMP modulates odor-induced cAMP signaling in OSNs (Reisert

et al., 2007). While this function of OMP is best understood in OSN

sensory cilia within the olfactory epithelium, it seems likely that OMP

plays a similar role in OSN axons as well. OSN axons contain signal

transduction machinery components that mirror those localized to the

sensory cilia (Barnea et al., 2004; Cherry & Davis, 1999; Menco, Tekula,

Farbman, & Danho, 1994; Strotmann, Levai, Fleischer, Schwarzen-

bacher, & Breer, 2004; Treloar, Uboha, Jeromin, & Greer, 2005;

Wekesa & Anholt, 1999; Zou et al., 2007). This cAMP signal transduc-

tion machinery is not equivalent in OSN and VSN axons as, for
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example, the phosphodiesterase PDE4A is much more highly expressed

in OSN axons than in VSN axons (Cherry & Davis, 1999). These obser-

vations suggest cell type-dependent functions for axonal cAMP signal-

ing in olfactory neurons. Consistent with such roles, the cAMP

transduction machinery in OSN axons is functionally active, as applica-

tion of odorant molecules directly to axons results in local cAMP syn-

thesis (Maritan et al., 2009). While OSN axons are unlikely to

encounter odorants in the olfactory bulb, these signal transduction cas-

cades may be activated in response to other cues. Local synthesis of

OMP would provide a way to modulate these axonal responses sepa-

rately from modulation of the responses induced by odorants in OSN

cilia.

4.4 | Summary

In these studies, we have identified that even closely related neurons

that process similar types of information, such as the OSNs and VSNs,

differ in their use of axonal translation. These observations suggest

that multiple classes of OSNs, even those that mediate stereotyped

behaviors, exhibit activity-dependent regulation of the axonal pro-

teome. The proteins that are synthesized within axons also vary within

cell type across development and in response to both physiological and

pathophysiological cues (Baleriola et al., 2014; Gumy et al., 2011; Kalin-

ski et al., 2015; Shigeoka et al., 2016; Taylor et al., 2009; Willis et al.,

2007). Axonal translation is thus regulated at several different levels in

order to modulate the axonal proteome in a cell type-dependent man-

ner. Differences among neuronal cell types in the transcripts that are

translated in axons and the regulatory mechanisms that govern this

translation likely contribute to the vast structural and functional diver-

sity seen in the axonal compartment across neurons.
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