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ABSTRACT 

 
 

The Grueneberg organ (also termed Grueneberg ganglion) is an olfactory subsystem at the rostral 

nasal septum of rodents, and has been suggested to exist also in humans. Grueneberg organ 

neurons respond to coldness and alarm pheromones, but the anatomical arrangement and 

regenerative capacity are not fully characterised. We examined the relationship between the glia 

and the neurons using crosses of two transgenic mouse lines, S100ß-DsRed and OMP-ZsGreen, 

to visualise olfactory ensheathing cells (OECs) and Grueneberg olfactory neurons, respectively. 

Within the epithelium, Grueneberg organ OECs were in direct contact with Grueneberg organ 

neuron cell bodies. Individual axons from the neurons initially grew over the surface of the 

OECs before forming larger fascicles consisting of numerous axons and OECs. Considering the 

location of the Grueneberg organ so close to the external environment, it may be that the 

Grueneberg neurons are likely to be subject to damage suggesting that as in other olfactory 

regions there is a capacity for recovery after injury. Here, we used a well characterised model of 

olfactory nervous system injury, unilateral bulbectomy, to determine whether Grueneberg organ 

neurons degenerate after injury. We found that Grueneberg organ neurons degenerated in 

response to the axotomy, yet by 11 days post injury neurons and/or axons were detected again 

within the epithelium. Our results demonstrate that while Grueneberg organ neurons and glia 

have a distinct relationship in the epithelium, they have largely similar characteristics to that of 

the main olfactory neurons and glia. 
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 INTRODUCTION 

 

The olfactory system fulfils a variety of functions including food finding, reproduction and social 

interactions (Firestein, 2001). This functional diversity needs several sensory structures within 

the nasal cavity which are distinct in morphology, anatomy and function. The mammalian 

olfactory system is classically divided into two morphologically and functionally distinct sensory 

systems: the main olfactory system, responsible for the sense of smell and the accessory 

olfactory system, which primarily detects pheromones. Cell bodies of main olfactory neurons, 

responsible for sensing and discriminating between odours are localised in the main olfactory 

epithelium (MOE), and their axons terminate in the olfactory bulb in the brain (Figure 1a). 

Vomeronasal neuron cell bodies, which detect substances associated with species, gender and 

identity of an animal (Hildebrand and Shepherd, 1997; Lancet, 1986; Mombaerts, 2004), are 

found in the vomeronasal organ (VNO) at the base of the nasal cavity. Their axons project to the 

accessory olfactory bulb, which is a separate structure localised posteriorly to the main olfactory 

bulb. In addition to these two larger divisions of the olfactory nervous system, two discrete 

patches of olfactory sensory tissue have been identified in the rodent nasal cavity: the 

Grueneberg organ (sometimes referred to as the Grueneberg ganglion) at the rostral end near the 

tip of the nose (Fig. 1A) (Gruneberg, 1973), and the septal organ of Masera at the ventral base of 

the nasal septum (Giannetti et al., 1995). To date, little is known about the physiological 

functions of these subsystems.  

 

The cell bodies of Grueneberg organ neurons are localised in distinct clusters of ~500 cell bodies 

(Gruneberg, 1973), and project their axons in a single or a few nerve bundles to the necklace 
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glomeruli of the olfactory bulb, which encircle the caudal region of the bulb (Koos and Fraser, 

2005; Roppolo et al., 2006) . Grueneberg organ neurons have been suggested to detect both 

odorants and pheromones, and decline in number with postnatal development, suggesting a more 

important functional role in neonates than adult (Fleischer et al., 2007; Fuss et al., 2005). The 

olfactory function of the Grueneberg organ is supported by the expression of olfactory marker 

protein (OMP) (Fleischer et al., 2006; Fleischer et al., 2007) and the presence of numerous cilia. 

The cilia have distinctly different morphology than cilia on main olfactory neurons: Grueneberg 

organ neuron cilia are non-motile and invaginated in the cytoplasm, suggesting that the neurons 

may only detect water-soluble odorants that can reach receptors on the cilia (Brechbuhl et al., 

2008; Liu et al., 2009). The Grueneberg organ neurons also detect chemical compounds 

associated with fear or danger, so called alarm pheromones (the exact identity of which remains 

unknown) and thermal stimuli (Brechbuhl et al., 2008; Kikusui et al., 2001). In particular, the 

neurons respond to coolness, and this function appears to be most pronounced in neonates, 

suggesting that Grueneberg organ neuron signalling serves as an important thermoregulatory 

mechanism in neonates (Mamasuew et al., 2008; Schmid et al., 2010). Thus, the functions and 

characteristics of Grueneberg organ neurons still remain elusive.  

 

One important question that remains unanswered is whether injury to the Grueneberg organ 

neurons results in permanent loss of neurons, or whether neurons can be detected after the injury 

phase, as occurs with main and accessory olfactory neurons. Previous studies using axotomy of 

Grueneberg organ neurons showed that new neurons were not generated over a period of up to 

15-30 days (Brechbuhl et al., 2008; Kikusui et al., 2001), however, other injury models have 

never been tested. Main olfactory neurons are replaced by new neurons originating from 
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progenitors in the nasal epithelium (Mackay-Sim and Kittel, 1991), and new neurons are 

generated after injury to the olfactory nerve (Kobayashi and Costanzo, 2009) and after removal 

of the olfactory bulb (bulbectomy) (Chehrehasa et al., 2005). This regeneration is thought to be 

dependent on the presence of olfactory ensheathing cells (OECs) as they guide and fasciculate 

the olfactory axons and migrate ahead of new axons extending towards the bulb after injury 

(Chehrehasa et al., 2010; Chehrehasa et al., 2012). To date, it also remains unknown how the 

relationship between the Grueneberg organ neurons (Brechbuhl et al., 2014) and the supporting 

glia helps to form the axon bundles arising from the Grueneberg organ neurons. 

 

To answer these questions, we examined the fasciculation of the axons and found that OECs 

were in direct contact with the cell bodies of the Grueneberg organ neurons and that the axons 

initially projected over individual OECs before forming facscicles encased by OECs. We then 

studied the consequence of injury on Grueneberg organ neurons by using unilateral bulbectomy 

in postnatal mice. We found that bulbectomy, as expected, caused degeneration of Grueneberg 

organ neurons on the ipsilateral side, and that from 7-11 days post-injury neurons and/or axons 

of Grueneberg organ were again detected. 
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RESULTS  

 

Grueneberg organ neurons are supported by OECs  

The Grueneberg organ lies at the rostral tip of the nasal septum (Fig. 1A) with the small clusters 

of neurons located in the dorsal recess of the cavity (Fig. 1B). In the OMP-ZsGreen transgenic 

reporter mice, the cell bodies and axons of the Grueneberg organ neurons were easily visualised 

by ZsGreen fluorescence. We first confirmed that Grueneberg organ neurons expressed olfactory 

marker protein (OMP) by immunolabelling with antibodies against OMP, which showed that the 

Grueneberg organ neurons, like main olfactory neurons, expressed OMP in the cell bodies (Fig. 

1C, 1E). The distribution of the OMP-ZsGreen was more extensive than the immunolabelling of 

the anti-OMP antibodies which is consistent with our previous report of OMP-ZsGreen 

expression in the main olfactory system as ZsGreen can be detected in immature neurons in 

which OMP cannot yet be detected (Ekberg et al., 2011). Immunohistochemistry with anti-OMP 

antibodies revealed that the majority of neurons that expressed ZsGreen also expressed OMP 

(arrows. Fig. 1C–E). Infrequently, neurons that expressed OMP did not express ZsGreen (filled 

arrowhead Fig. 1C–E), or expressed ZsGreen but did not express OMP (unfilled arrow. Fig 1C-

E). 

 

We quantified the cells that expressed ZsGreen and/or were labelled with the OMP antibody in 

postnatal day 7 animals. We considered that the total number of Grueneberg organ mature and 

immature neurons were cells that expressed either ZsGreen or were positive for OMP 

immunolabelling, or both (average number of neurons per animal=69, SD=7.1). From the total 

number of quantified neurons, 91.4±0.5% expressed ZsGreen whereas fewer neurons were 



  

 7 

detected by OMP antibodies (88.5±3.6%); 81% of total neurons showed co-localisation of OMP 

antibody and ZsGreen.  

 

To visualise the glial cells associated with Grueneberg organ neurons, we then immunolabeled 

the sections with two markers of OECs: brain lipid binding protein (BLBP) and the p75 

neurotrophin receptor (p75ntr) (Chehrehasa et al., 2010). In the main olfactory system, BLBP is 

a marker of immature and mature OECs. In the Grueneberg organ, BLBP immunolabelling was 

detected around the cell bodies of the neurons and along the trajectory of the axons (Fig. 1F-H). 

Immunolabelling for p75ntr revealed a similar pattern with OECs surrounding the cell bodies 

and accompanying axons as they projected to the olfactory bulb (Fig. 1I-K). Of interest was the 

observation that OECs surrounded the cell body of the neurons (arrows, Fig. 1F-H), since this 

does not occur in the main olfactory nervous system (Li et al., 2005); see also Fig. 3.  

 

To determine the how Grueneberg organ OECs interact with the axons of the neurons, we 

analysed S100ß-DsRed x OMP-ZsGreen transgenic mice in which OECs are easily identified by 

their expression of DsRed (Windus et al., 2007) and Grueneberg organ neurons by their 

expression of ZsGreen protein (Ekberg et al., 2011). To confirm S100ß-DsRed positive cells are 

OECs, we did anti-BLBP immunostaining which revealed the DsRed cells express BLBP 

(arrows, Fig. 1L-N). High magnification images of Grueneberg organ neurons showed that both 

the cell bodies and the axons were closely associated with OECs and that the OECs were present 

in the same epithelial layer as the neurons (Fig. 2A-F). In close proximity to the cell body (Fig 

2A-F), the Grueneberg organ axons grew along the processes of OECs (arrows, Fig. 2A-F). As 

axons coalesced to form small fascicles, the OECs were restricted to the interior of fascicle (Fig. 
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2G-I, arrow) and the axons projected along the exterior of the OECs. In larger bundles of 

Grueneberg organ axons, numerous OECs encased the axons to form the fascicles (Fig. 2J-L). 

 

We next examined the interaction of main olfactory OECs and neurons, in order to compare it 

with the interactions of Grueneberg organ OECs and axons. In the main olfactory epithelium, 

OECs are restricted to the lamina propria and are not present in the olfactory epithelium where 

the cell bodies of the olfactory sensory neurons reside (Fig. 3A). While the olfactory axons 

exited the olfactory epithelium, individual or small groups of them extended over OECs without 

the axons being surrounded by the OECs (Fig. 3B-C). As the olfactory axons coalesced to form 

fascicles, they were surrounded by several OECs in a channel-like manner (Fig. 3B, double-

headed arrow; Fig. 3D). These data showed the OECs of the Grueneberg organ provide structural 

support for axon fascicles similar to OECs of the main olfactory system. OECs from the two 

regions differed in interaction in only one aspect: Grueneberg organ OECs, but not main 

olfactory nerve OECs, were in direct contact with the neuronal cell bodies (Fig. 2A-F).  

 

Grueneberg organ neurons are detected again in the epithelium after injury 

To examine the effect of injury on the Grueneberg organ neurons, we performed unilateral 

bulbectomy (removal of one olfactory bulb) in postnatal mice. We have previously shown that 

when bulbectomy is performed, the loss of target tissue (OB) results in the rapid death of main 

olfactory neurons and degeneration of axons. However, stem cells lining the olfactory epithelium 

give rise to new neurons that then extend new axons to the lesion site (Chehrehasa et al., 2008; 

Chehrehasa et al., 2010). Postnatal animals were chosen in preference to adults as the generation 

of new main olfactory neurons is more rapid and uniform (Chehrehasa et al., 2010; Hendricks et 
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al., 1994) and therefore we considered that Grueneberg organ neurons would also most likely 

respond. Unilateral bulbectomy results in the degeneration of neurons on the ipsilateral side, so 

that the contralateral unoperated side serves as control. 

 

After unilateral bulbectomy, the main olfactory epithelium became thinner and had fewer 

ZsGreen-positive olfactory neurons (left nasal cavity, Fig. 4A) than the contralateral unoperated 

side (right nasal cavity, Fig. 4A) which confirmed degeneration of main olfactory neurons, in 

accordance with our previous studies (Chehrehasa et al., 2005; Chehrehasa et al., 2008). Similar 

to the injury-induced degeneration of main olfactory neurons, the bulbectomy also affected 

Grueneberg organ neurons. At the level of the Grueneberg organ (1200-1300 µm further rostral 

than the main olfactory epithelium shown in Fig. 4A) at 4 days post-surgery, the Grueneberg 

organ on the bulbectomized side was severely affected and there were fewer neurons detected 

(NC-l, Fig. 4B; Fig. 4C, E) than on the contralateral (unoperated) side (NC-r, Fig. 4B; Fig. 4D). 

To determine whether Grueneberg organ neurons can again be detected after degeneration, the 

operated animals were analysed at 7 and 11 days post-surgery when olfactory regeneration 

initiates. At 7 days post-surgery, Grueneberg organ neurons expressing ZsGreen were detected 

(Fig. 4F) and by 11 days post-surgery, the distribution of the neurons (Fig. 4G) was similar to 

that of the unablated side (Fig. 4H). The axons of the Grueneberg organ neurons normally 

project to the olfactory bulb, however, as this was removed during the bulbectomy, we were not 

able to trace the trajectory of the axons to their targets. Our results demonstrate that after 

degeneration of the Grueneberg organ neurons due to severe injury, neuronal cell bodies can be 

detected again in a manner similar to the response of the main olfactory and vomeronasal 

neurons (Chehrehasa et al., 2008; Nazareth et al., 2015a; Nazareth et al., 2015b).  
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DISCUSSION 

 

We have demonstrated that the relationship of the Grueneberg organ neurons and glia within the 

epithelial layer is distinctly different to that of main olfactory neurons and glia. The olfactory 

ensheathing cells of the Grueneberg organ surround the cell bodies of the neurons within the 

Grueneberg organ epithelium. However, the axons that project from the neurons have an 

interaction with the OECs that is similar to that of other olfactory neuron subpopulations. The 

Grueneberg organ axons initially extended over the surface of the OECs before forming larger 

fascicles consisting of numerous axons that were surrounded by OECs. We determined that the 

glial cells of the Grueneberg organ are in close contact with the cell bodies of the Grueneberg 

organ neurons, which confirms the findings of another study which showed that Grueneberg 

organ glia are in direct contact with neuronal cell bodies (Brechbuhl et al., 2008). It is possible 

that the direct contact between OECs and the neuronal cell bodies further enhances the capacity 

for regeneration/new neuron generation of the Grueneberg organ, or provides extra growth factor 

support for these neurons which are localised in a mesh of fibroblasts (Brechbuhl et al., 2008) 

rather than in a more growth-permissive epithelium like the main olfactory neuron cell bodies. 

While the relationship between the OECs and the Grueneberg organ neuronal cell bodies is 

different to that of OECs and neurons in the main olfactory system, the relationship with the 

axons is similar for both the Grueneberg and main olfactory axons. Individual axons tend to 

extend along the outside of OECs and it is not until axons coalesce into fascicles that the OECs 

ensheathe the axons. 
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We also determined that following a major injury in which the existing neurons degenerate, 

Grueneberg organ neurons again populate the epithelium after 7-11 days. At this stage, it is not 

clear whether these cell bodies are new neurons arising from stem cells, or whether they are 

injured neurons which temporarily down-regulated OMP expression immediately after the 

injury. Labelling new-born neurons would be another scope to be explored in the future 

experiments.  

 

 

The rapid recovery of the degenerated neurons 7-11 days after injury indicates that the functions 

of the Grueneberg organ neurons are likely to be essential to neonatal mice as these neurons have 

been shown to respond to alarm pheromones (Brechbuhl et al., 2008), which may be essential for 

animal survival. In addition, some Grueneberg organ neurons are dual sensory neurons which 

respond to chemical and thermal stimuli (Brechbuhl et al., 2014) with one subpopulation of 

Grueneberg organ neurons responding specifically to coolness (Mamasuew et al., 2008; Schmid 

et al., 2010). As the Grueneberg organ is located in the most anterior region of the nasal cavity 

where changes to external environmental temperatures can be easily detected (Brechbuhl et al., 

2013), the continuing function may also be crucial for maintaining body temperature in neonates. 

The fact that neonates exhibit a larger number of Grueneberg organ neurons than adults 

(Fleischer et al., 2007) also suggests that these neurons are of high importance during neonatal 

development.  

 

Taken together, our results demonstrate that while the Grueneberg organ neurons and glia have a 

distinct spatial relationship in the epithelial layer, they also share characteristics of other 
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olfactory subpopulations after injury. We have demonstrated that the neurons of the Grueneberg 

organ are supported by OECs and that injury to the neurons leads to their degeneration but that 

neurons are detected again within the epithelium after one to two weeks. These findings increase 

our overall understanding of the regenerative properties of the olfactory nervous system 

subregions, and suggest that the functions of the Grueneberg organ are essential for neonatal 

development and survival.  
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EXPERIMENTAL PROCEDURE 

 

Animals 

We used two types of transgenic reporter mouse lines: OMP-ZsGreen mice, expressing ZsGreen 

in primary olfactory sensory neurons and S100ß-DsRed mice (Ekberg et al., 2011; Windus et al., 

2010), expressing DsRed in olfactory ensheathing cells (OECs) (Windus et al., 2007). For some 

experiments, the two lines were crossed. All procedures were carried out with the approval of the 

Griffith University Animal Ethics Committee under the guidelines of the National Health and 

Medical Research Council of Australia and the Australian Commonwealth Office of the Gene 

Technology Regulator. 

 

Surgical ablation of olfactory bulb (bulbectomy)  

Unilateral surgical ablation of olfactory bulbs was performed on day 4.5 S100ß-DsRed (Windus 

et al., 2007) or OMP-ZsGreen (Ekberg et al., 2011) transgenic mice as described previously 

(Chehrehasa et al., 2008). Pups were anaesthetized by putting them on ice for 7 min. To expose 

the cranial bones to access the olfactory bulb, a midline incision was made and the skull was 

opened using a surgical drill. The olfactory bulb was removed using a glass pipette attached to a 

vacuum pump. The surgical wound was sutured and the animals were injected subcutaneously 

with analgesic drug Carprofen (4 mg/kg body weight; Parchem, fine and specialty chemical, 

New York). For each time point, six littermates were used with three unoperated control pups 

and three underwent the surgery.  
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Tissue fixation and preparation  

Mice were sacrificed by cervical dislocation or decapitation and the heads fixed by immersion in 

4% paraformaldehyde in phosphate buffered saline (PBS) at room temp for 6 h. The heads from 

animals older than P10 were decalcified in 20% disodium ethylene diaminetetraacetic acid 

(EDTA) in PBS after fixation. They were then embedded in O.C.T compound (Miles Scientific, 

Naperville, IL) and snap frozen by immersion in 2-methylbutane that had been cooled with 

liquid nitrogen. Cryostat sections (30 μm) of the nasal cavity and brain were sectioned, mounted 

on to slides and stored at –40 oC before immunohistochemistry. 

 

Immunohistochemistry 

Immunohistochemistry was performed as previously described (Chehrehasa et al., 2008). 

Cryostat sections were incubated with the following antibodies, polyclonal rabbit anti-p75ntr 

(1∶500, Promega Corporation), polyclonal rabbit anti-brain lipid binding protein (BLBP; 1:1000; 

Millipore Corporation, Billerica, MA) and anti-olfactory marker protein (OMP; 1;1000; Wako 

Chemicals, USA, INC) and incubated with the appropriate secondary antibodies Alexa Fluor 647 

(1:200; Invitrogen). The sections were counterstained using Vectashield 4',6-diamidino-2-

phenylindole mounting medium (Vector Labs, CA) to label cell nuclei. 

 

Quantification of ZsGreen and OMP-labelled Grueneberg neurons 

Quantification of neurons that expressed ZsGreen and OMP protein were performed by counting 

number of neurons (mean +/- SD) in 90 µm spans of the Grueneberg’s epithelium of coronal 

sections of P7 animals (n = 3 sections in each of 3 animals, similar regions). Three sections from 

specific regions of the Grueneberg’s epithelium from each animal were chosen. Anti-OMP 
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immunolabelling was performed in all sections and then images were captured using Z stack 

confocal microscopy. The number of OMP-labelled, ZsGreen-labelled and co-labelled neurons 

were quantified by Image J software. 

 

Image capture and image preparation  

Images were captured using an Olympus FV1000 laser scanning confocal microscope. Captured 

images were colour balanced uniformly across the field of view with Adobe Photoshop CC 2015 

and compiled into panels with Adobe Illustrator CC 2015.  
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Figure legends 

 

Figure 1. OECs surround Grueneberg ganglion neuronal cell bodies and axons. (A) Schematic 

sagittal view of the mouse nasal cavity showing the location of the Grueneberg organ (red, GO) 

at the rostral tip of the septum; other olfactory organs are indicated: MOE main olfactory 

epithelium, OB olfactory bulb, VNO vomeronasal organ, SO septal organ of Masera, and the 

Ctx, cortex. (B) Coronal section of the rostral nasal cavity showing Grueneberg ganglion neurons 

(green, arrows); DsRed is expressed by chondrocytes (arrows with tail) and by glia (not seen at 

this magnification), nuclei are stained with DAPI; NC: nasal cavity, S: septum. (C-E) Anti-OMP 

immunostaining (magenta) colocalised with OMP-ZsGreen neurons, with ZsGreen expression 

being more distinct and extensive than the anti-OMP immunostaining (arrows). Occasionally 

neurons expressed OMP protein but not ZsGreen (filled arrowheads) or neurons expressed 

ZsGreen and but not OMP protein. However, more frequently neurons expressed ZsGreen, 

(unfilled arrow). (F) Anti-BLBP immunostaining (magenta) and (I) anti-p75ntr immunostaining 

(magenta) revealed that OECs wrapped the Grueneberg neuron cell bodies and their axons (F-H, 

anti-BLBP) and (I-K, anti-p75ntr). Arrows point to OECs that surround the cell body of neurons; 

arrow with tail shows axons along the process of an OEC. (L-N) Anti-BLBP immunostaining 

(magenta) showed DsRed positive cells (arrows) expressed BLBP. Scale bar is 300 μm in B; 50 

μm in C-E; 20 μm in F-N.  

 

Figure 2. Axons from Grueneberg neurons extend over OECs. Panel are coronal sections through 

the rostral nasal cavity (NC) showing Grueneberg neurons (green) and OECs (red). (A-F) 

Isolated Grueneberg axons extend over individual OECs, arrows show co-location of axons and 
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OECs. Dotted lines show the location of the epithelium (GE). (G-I) As the axons coalesce to 

form small bundles, they continue projecting along the OECs; arrow shows a DsRed OEC 

internal to axons. (J-L) As larger bundles of axons are formed, the OECs encase axon fascicles. 

Arrows with tail in A and D point to chrondrocytes. Scale bar is 20 µm in A-L. 

 

Figure 3. In the main olfactory epithelium, OECs interact with axons and not cell bodies of 

olfactory sensory neurons. Panels are coronal sections through the main olfactory mucosa 

showing main olfactory neurons (green) and OECs (red). (A) In the main olfactory mucosa, the 

olfactory sensory neuron cell bodies (green) are located in the olfactory epithelium (OE) and 

project axons to the lamina propria (LP) where the OECs are located; arrow shows first contact 

of an axon with an OEC. (B-C) Individual axons that project into the LP extend along the outside 

of an OEC (B, C arrow). As the axons coalesce into fascicles, the OECs then ensheathe the axons 

(B, double-headed arrow). (D) Cross section of lamina propria of olfactory epithelium shows the 

axons fascicles are ensheathed by the OECs. Scale bar is 100 µm in A, 50 in B, D and 20 in C. 

 

Figure 4. Grueneberg organ neurons degenerate and are detected again after unilateral 

bulbectomy. Panels are coronal sections through the nasal cavity of postnatal OMP-ZsGreen x 

S100ß-DsRed mice, dorsal is to the top. Panel A is at the level of the main olfactory bulb, while 

the other panels are at the level of the Grueneberg organ 1200-1300 µm more rostral than panel 

A. Primary olfactory neurons and Grueneberg ganglion neurons are green; OECs are red (arrow) 

as are chondrocytes (asterisks), nuclei are stained with DAPI. (A) Four days after unilateral 

bulbectomy, the main olfactory epithelium lining the nasal cavity on the bulbectomy side (left 

nasal cavity, NC-l) was thinner and the distribution of neurons was reduced compared to the 
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epithelium lining the nasal cavity and on right control unoperated side (NC-r). (B) Grueneberg 

ganglion neurons in the bulbectomised side (arrow) showed neuronal loss compared to the non-

bulbectomised side (arrow with tail). (C-D) Higher magnification views of the Grueneberg 

ganglion neurons in the operated/ablated (C) and unoperated/unabated side (D) indicated 

degenerating neurons at 4 days after bulbectomy. Dotted lines show the location of the 

epithelium (GE); arrow in C indicates a DsRed OEC. (E) The same section that is shown in panel 

C (4 days after bulbectomy) with the single label of OMP-ZsGreen that labels neurons. (F) 

OMP-ZsGreen expression at 7 days after bulbectomy. (G-H) At 11 days post-surgery the neuron 

distribution on the ablated side (G) was similar to unablated side (H). Scale bar is 280 μm in A-

B; 30 μm in C-H. 

 

 

  



  

 22 

 Grueneberg  organ neuroepithelium  rapidly recovers after unilateral bulbectomy. 

 The epithelium is repopulated by 11 days post injury in neonatal mice. 

 Grueneberg organ neurons and axons are supported by olfactory ensheathing cells. 

 



  C D xOMPE
OMP-ZsG

F G

xOMP

H xBLPB

OMP-ZsG

OMP-ZsG
OMP-ZsG

xBLPB

A

JI
OMP-ZsG

xp75ntr xp75ntr

B

NC S

Ctx
OB

MOE

VNO
SOGO

K xp75ntr

xBLBPxBLBP
S100-DsR

ML S100-DsRN



  

B C

G

E F

A

NC

D

NC

J K L

H I

OMP-ZsGS100-DsR S100-DsR
OMP-ZsG

GE GE GE

GEGE



  

A

OE

LP

OMP-ZsG
S100-DsR

B OMP-ZsG
S100-DsR

OE

LP

C D

LP

OE

LP



  

B

C D

E F

G H

unablated

ablated - 4 days ablated - 7 days

ablated -11 days

A

NC-l       NC-r NC-l             NC-r

ablated unablated

* *

*
S100-DsR OMP-ZsG

OMP-ZsGS100-DsROMP-ZsGS100-DsR

OMP-ZsG OMP-ZsG

OMP-ZsGOMP-ZsG

GE

GE

- 11 days



Accepted Manuscript

Research report

The Grueneberg olfactory organ neuroepithelium recovers after injury

Fatemeh Chehrehasa, Angela Jacques, James A. St John, Jenny A.K. Ekberg

PII: S0006-8993(18)30155-0
DOI: https://doi.org/10.1016/j.brainres.2018.03.020
Reference: BRES 45723

To appear in: Brain Research

Received Date: 22 August 2017
Revised Date: 7 March 2018
Accepted Date: 15 March 2018

Please cite this article as: F. Chehrehasa, A. Jacques, J.A. St John, J.A.K. Ekberg, The Grueneberg olfactory organ
neuroepithelium recovers after injury, Brain Research (2018), doi: https://doi.org/10.1016/j.brainres.2018.03.020

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.brainres.2018.03.020
https://doi.org/10.1016/j.brainres.2018.03.020

