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Abstract 45 

The olfactory epithelium (OE) of vertebrates is a highly regenerative neuroepithelium, 46 

maintained under normal condition by a population of stem and progenitor cells – globose 47 

basal cells (GBCs) that also contribute to epithelial reconstitution after injury.  However, aging 48 

of the OE often leads to neurogenic exhaustion – the disappearance of both GBCs and olfactory 49 

sensory neurons (OSNs).  Aneuronal tissue may remain as olfactory, with an uninterrupted 50 

sheet of apically arrayed microvillar-capped sustentacular cell, or may undergo respiratory 51 

metaplasia.  We have generated a transgenic mouse model for neurogenic exhaustion using 52 

OMP-driven Tet-off regulation of the A subunit of Diphtheria toxin such that the death of 53 

mature OSNs is accelerated.  As early as 2 months of age the epithelium of transgenic mice, 54 

regardless of sex, recapitulates what is seen in the aged OE of humans and rodents.  Areas of 55 

the epithelium completely lack neurons and GBCs, while the horizontal basal cells, a reserve 56 

stem cell population, show no evidence of activation.  Surprisingly, other areas that were 57 

olfactory undergo respiratory metaplasia.  The impact of accelerated neuronal death and 58 

reduced innervation on the olfactory bulb (OB) is also examined.  Constant neuronal turnover 59 

leaves glomeruli shrunken and impacts the dopaminergic interneurons in the periglomerular 60 

layer.  Moreover, the acceleration of OSN death can be reversed in those areas where some 61 

GBCs persist.  However, the projection onto the OB recovers incompletely and the reinnervated 62 

glomeruli are markedly altered.  Thus, the capacity for OE regeneration is tempered when GBCs 63 

disappear.  64 
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Statement of Significance 65 

A large percentage of humans lose or suffer a significant decline in olfactory function as 66 

they age.  Consequently, quality of life suffers, and safety and nutritional status are put at risk.  67 

With age, the OE apparently becomes incapable of fully maintaining the neuronal population of 68 

the epithelium despite its well-known capacity for recovering from most forms of injury when 69 

younger which may contribute to age-related olfactory loss.  Efforts to identify the mechanism 70 

by which olfactory neurogenesis becomes exhausted with age require a powerful model for 71 

accelerating age-related tissue pathology.  The current OMP-tTA;TetO-DTA transgenic mouse 72 

model, in which olfactory neurons die when they reach maturity and accelerated death can be 73 

aborted to assess the capacity for structural recovery, satisfies that need.  74 



 

 4 

Introduction 75 

With age, our ability to smell deteriorates.  Although various diseases and 76 

environmental factors may contribute, one study reports over 60% of the population between 77 

ages of 65 and 80 and 80% over 80 years have olfactory impairment.  Age is arguably the 78 

number one cause of olfactory impairment (Doty et al., 1984), and anosmia has been identified 79 

as a predictor of 5-year mortality in people between 57 and 85 (Pinto et al., 2014). 80 

 Age-associated decline in regenerative capacity is usually due to dysfunction or 81 

disappearance of the adult tissue stem cells that are responsible for maintaining the tissue.  For 82 

example, in the hematopoietic system the bone marrow stem cells are regulated through 83 

multiple intrinsic/extrinsic factors that set a balance between activation vs. dormancy; that 84 

balance and the capacity of the stem cells to replenish the blood, are affected by age (Rando, 85 

2006).  An imbalance between activation and dormancy can then lead to pathologic 86 

consequences such as cancer or organ failure (Vilchez et al., 2014).  87 

 In the case of the olfactory epithelium (OE) – a pseudo-stratified neuroepithelium lining 88 

the nasal cavity – tissue stem cells are activated in response to damage and can replace cells 89 

that were lost, including the olfactory sensory neurons (OSNs).  The regenerative capacity for 90 

OE stem cells after injury has been reported in several injury models (Graziadei et al., 1979; 91 

Morrison and Costanzo, 1989; Schwob et al., 1995, 1999).  Two separate populations of basal 92 

cells act as stem cells in the OE; 1) the globose basal cells (GBCs), among which are the active 93 

stem cell population responsible for day-to-day maintenance of the neuronal population 94 

(Graziadei and Graziadei, 1979) and which can regenerate the entire epithelium after epithelial 95 

injury (Huard et al., 1998; Chen et al., 2004) and 2) the horizontal basal cells (HBCs), which are a 96 
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reserve stem population that is activated by severe direct epithelial injury and can also 97 

regenerate the OE under the appropriate conditions (Leung et al., 2007; Schnittke et al., 2015).   98 

In apparent contrast to the regenerative capacity exemplified by the manipulations 99 

described above, our group and others have shown that the OE of elderly humans often 100 

contains large areas of the epithelium devoid of neurons and GBCs (Nakashima et al., 1984; 101 

Holbrook et al., 2005, 2011).  Moreover, the same has been noted in aged mice (Kondo et al., 102 

2009; Van de Bittner et al., 2017).  The emergence of an aneuronal OE lacking GBCs leads to the 103 

notion that this population can become exhausted either due to intrinsic limits on the 104 

proliferative potential of GBC stem cells or to an imbalance in the putative environmental cues 105 

directing toward progression or self-renewal (Kondo et al., 2010).  106 

 A detailed and mechanistic understanding of the consequences of aging on the OE 107 

requires an animal model that mimics the pathology of neurogenic exhaustion and respiratory 108 

metaplasia on an accelerated time scale.  In line with the hypothesis that accelerated turnover 109 

of OSNs causes an abbreviated life-span, we challenged GBCs in the mouse OE to deplete their 110 

progenitive potential by means of constantly destroying OSNs, which is the likely mechanism 111 

underlying the neurogenic exhaustion in a prior, and now unavailable, mouse model (Largent et 112 

al., 1993).  We took advantage of the TetO system for gene regulation (Gossen and Bujard, 113 

1992) and crossed OMP-tTA and TetO-DTA mouse strains in order to drive expression of the A 114 

subunit of Diphtheria toxin (DTA) in mature OSNs.  It is also advantageous that DTA expression 115 

in mice of the OMP-tTA;TetO-DTA genotype can be terminated by Doxycyline ingestion.  We 116 

report that the OE in these mice quickly develop similar pathologies as noted in the aged 117 

human OE, including neurogenic exhaustion of OE and a progression to respiratory metaplasia.  118 
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Recovery upon doxycycline-mediated reversal of accelerated turnover is only partial in the 119 

absence of other types of intervention. 120 

 121 

Materials and Methods 122 

Animals 123 

 All mice were kept in a heat and humidity controlled, AALAC-accredited vivarium 124 

operating under standard light-dark cycle.  All protocols have been approved by the Committee 125 

for the Humane Use of Animals at Tufts University School of Medicine, where the mice were 126 

housed and the experiments were conducted. 127 

OMP-tTA mice purchased from the Jackson Labs (stock #017754) (Yu et al., 2004; 128 

Nguyen et al., 2007) were crossed with the TetO-DTA mice also purchased from the Jackson 129 

Labs (stock #008468) (Gossen and Bujard, 1992; Lee et al., 1998).  Mice of the desired genotype 130 

(OMP-tTA;TetO-DTA) were either maintained ad libitum on standard rodent chow and water or 131 

on chow containing 200 mg doxycycline (doxy chow) and sacrificed at 2, 4, or 6 months of age.  132 

Recovery mouse tissue was collected after 2 or 4 months on regular chow followed by an 133 

additional 2 months on doxy chow to relieve the accelerated neuronal turnover caused by DTA 134 

expression and thereby assess the consequences with respect to basal cell activation. 135 

K5-CreERT2 mice were provided by P. Chambon, University of Strasbourg Institute for 136 

Advanced Study, Strasbourg, France via R. Reed, Johns Hopkins University School of Medicine, 137 

Baltimore and Rosa26-fl(stop)-TdTomato mice were purchased from the Jackson Labs (stock 138 

#007909) which were crossed together and bred to homozygosity (Schnittke et al., 2015; 139 
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Herrick et al., 2017).  Tamoxifen injections (ip) were performed at 6 weeks of age and tissue 140 

was harvested at 18-26 months. 141 

 142 

Tissue Processing 143 

Mice were injected subcutaneously with BrdU (100 mg/kg) 2 hours prior to sacrifice.  At 144 

time points indicated in the experiments mice were anaesthetized by IP injection of triple 145 

cocktail of ketamine (37.5 mg/kg), xylazine (7.5 mg/kg), and acepromazine (1.25 mg/kg).  These 146 

mice were then transcardially flushed with PBS and perfused with Zamboni’s fixative (2% PFA; 147 

15% picric acid; pH=7.3).  After dissection, the tissue was post-fixed under vacuum for 1 hour in 148 

Zamboni’s, washed in PBS, and placed in saturated EDTA overnight.  The tissue was then 149 

cryoprotected in 30% sucrose in PBS, placed in OCT compound (Miles Inc., Elkhart, IN), and 150 

frozen in liquid nitrogen.  Coronal sections were cut on a Leica cryostat at 10 μm, mounted on 151 

“Plus” slides (Fischer Scientific), and stored at -20° C until needed. 152 

 153 

Immunostaining 154 

 Primary antibodies that are used in this study and their RRID codes are listed in Table 1.  155 

Before immunostaining, tissue sections were rinsed in PBS to remove OCT and underwent 156 

antibody-specific pretreatments. The pretreatments include heating in 0.01M citrate buffer (pH 157 

6.0) for 10 minutes in a commercial food steamer and incubation in 3% hydrogen peroxide in 158 

MeOH for 5 minutes.  Sections were blocked with 10% donkey serum/5% non-fat dry milk/4% 159 

BSA/0.1% TritonX-100 in PBS and incubated overnight with primary antibody. Table 2 provides 160 

the conditions (concentrations and pretreatments) for primary antibodies used in 161 
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immunohistochemical staining on both human and mouse sections, and the cell types 162 

recognized by each antibody.  The following day the staining was visualized using an array of 163 

fluorescent-tagged antibodies.  Unless otherwise indicated, Hoechst was used for a nuclear 164 

counterstain.  Slides were coverslipped with 0.1M n-propyl gallate.   165 

 166 

Whole-mount visualization of the olfactory septum 167 

To visualize and assess the global extent of epithelial degeneration, the nasal septal 168 

mucosa from DTA-on and DTA-off mice was subjected to a modification of the “Clarity” 169 

technique for intact-tissue imaging (Chung and Deisseroth, 2013; Tomer et al., 2014).  The 170 

protocol for clearing the OE was modified as previously reported (Schnittke et al., 2015).  OMP-171 

tTA;TetO-DTA mice fed with either a regular chow or 6 months were perfused with hydrogel 172 

monomer (HM) solution (4% acrylamide, 0.025% bis-acrylamide, 4% paraformaldehyde, 0.25% 173 

VA-044 [polymerization thermal initiator], 1X PBS), and the septum containing OE was dissected 174 

out and post-fixed in HM overnight at 4°C.  The OE septum was embedded in HM and 175 

polymerized at 37°C.   After polymerization, the extra gel around the tissue was removed, and 176 

the tissue was then cleared in clearing solution (4% SDS, 200 mM boric acid, pH 8.5) for 3-4 177 

days at 40°C while stirring.  After washing with 0.1% Triton-X in PBS, the tissue was then stained 178 

with goat anti-OMP (Santa Cruz, 1:500) and rabbit anti-βIV Tubulin (Abcam 1:1000).  The 179 

septum was mounted in X-Clarity Mounting Solution (Logos Biosystems, Annandale, VA).  Once 180 

fully cleared in the mounting media, the tissue was imaged on a Zeiss LSM800 confocal 181 

microscope in multi-track mode, using either EC Plan-Neofluar 10x/0.30 WD=5.2 or Plan-Apo 182 

20x/0.8 WD=0.55 objectives.  After Z-stack stitched images were acquired, Zeiss Zen Blue 3D 183 
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VisArt was used to generate low-resolution 3D rendered images. For high-resolution 3D images, 184 

Icy in VTK rendering mode was used. 185 

 186 

Image analysis 187 

 Stained sections were imaged on a Zeiss LSM800 confocal microscope and Nikon 188 

Microphot-SA.  These images were assembled using Adobe Photoshop and Illustrator CS5.1.  189 

Image analysis and quantification were performed in ImageJ.  In all photos, only the balance, 190 

contrast, and evenness of illumination were adjusted. 191 

The overall status of the epithelium was determined by mapping the degeneration of 192 

the epithelium across the entire OE according to a Grade I-IV classification, with normal-193 

appearing tissue assigned as Grade 0.  The grade of epithelial damage at each point along the 194 

OE was defined using a combination of OMP, Ki67, and CK19 labeling in order to assess the 195 

population of mature OSNs, proliferating GBCs, and columnar ciliated respiratory epithelial cells 196 

respectively:  Grade I – decreased OMP (+) OSNs and dense Ki67 labeling indicating an increase 197 

in proliferative GBCs; Grade II – decreased OMP (+) OSNs and sparse Ki67 labeling indicating a 198 

decrease in proliferative GBCs; Grade III – absence of OMP (+) OSNs and of Ki67 (+) proliferating 199 

GBCs; Grade IV – absence of neurons in association with CK19 labeling of columnar cells in 200 

areas of the epithelium that were demonstrably olfactory in doxy-fed DTA-off mice, thus 201 

indicating respiratory metaplasia.  The different degrees (grades) of degeneration were then 202 

represented on mosaic images of multiple sections along the anteroposterior axis of the 203 

epithelium using different colors to signify location and severity.  The linear extent of 204 
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degeneration was quantified on one anterior and one posterior section for each animal and for 205 

each time point.   206 

The extent of recovery in the OE of mice switched to doxy-chow (DTA-off recovery) was 207 

ascertained in anterior sections because the degeneration effects were more severe in this 208 

region of OE.    209 

 GBC status, cell death, and macrophage recruitment were assayed in the epithelium 210 

lining ectoturbinate 2, since the degree of degeneration was most consistent in this region 211 

across the large cadre of mice that were analyzed.  Cell counts were collected from one anterior 212 

and one posterior section using markers for the various populations of GBCs as described in the 213 

results.  Linear measurements along the basal lamina of this region were taken and used to 214 

normalize the extent and severity of degeneration and were also used to obtain the ratio of 215 

GBCs cells per μm.  For the determination of cleaved Caspase3 (+), presumptive dying cells and 216 

immune cell recruitment were obtained from one section midway through the nose, where the 217 

counts were normalized using linear measurement of the entire ectoturbinate.   218 

Total area of synaptic neuropil was determined within the glomerular layer of the 219 

olfactory bulb using ImageJ.  Images of VGlut2 immunolabel were manually thresholded to 220 

include all glomerular staining while excluding background.  The area of staining was calculated 221 

using the “analysis” tool.  Individual glomerular size was measured in a related fashion.  Images 222 

were first modified using two different noise removal tools – the “despeckle” and “remove 223 

outliers” tools in ImageJ, the latter of which selects and removes pixels based on the median 224 

value of the surrounding pixels.  Consequently, random single pixels were eliminated from the 225 



 

 11 

counting process.  In addition, glomeruli were identified as objects when composed of 226 

contiguous pixels in excess of background and a minimum cutoff of 50 pixels in area. 227 

Glomeruli were identified on mosaic images as contiguous pixels of VGlut2 or MOR28 228 

immunostaining above background; area and perimeter of thresholded objects was determined 229 

using ImageJ across the entirety of the bulb sections were analyzed in the posterior region of 230 

the OB with approximately 20 slides per mouse being used.   231 

 232 

Human Tissue 233 

 Autopsy nasal specimens were obtained through the National Disease Research 234 

Interchange (NDRI, Philadelphia, PA) and fixed in 10% formalin in saline.  The septal mucosa 235 

was stripped off the underlying bone and cartilage.  A rectangular area was removed for 236 

sectioning while the remaining sheet of mucosa was stained as a whole-mount specimen.  237 

Immunohistochemistry on sections was performed as above; however, in the case of the 238 

whole-mount specimen, the staining for neurons required pretreatment with 3% hydrogen 239 

peroxide for 10 minutes.  The tissue was incubated in primary antibody solution for 5 days, and 240 

the staining was visualized with a biotinylated secondary antibody and peroxidase system with 241 

3,3’-diaminobenzadine (DAB) as the chromagen.  The septal mucosa was then mounted flat on 242 

a glass slide and coverslipped with DPX mounting media with lead weights during drying.  Table 243 

1 and Table 2 provide a list of the antibodies used and the conditions required for human tissue 244 

labeling. 245 

 246 

Western blot analysis of epithelial status 247 



 

 12 

 For purposes of additional global analysis pieces of OE approximately 2 mm2 in area 248 

were excised from the septum of OMP-tTA;TetO-DTA mice at various doxy-free durations (DTA-249 

on) or equivalent doxy-fed durations (DTA-off, i.e., control), photographed, and areas measured 250 

precisely from the photographs.  Samples were normalized by area rather than protein 251 

concentration due to the differential and variable loss of cells as a function of time and doxy 252 

treatment, which precludes the use of a housekeeping or other protein for normalization.  We 253 

confirmed the problem associated with using any other standard for normalization by assessing 254 

the concentration of laminin, lamin A, and CK18 in the same samples.  For each of these, there 255 

were substantial differences in the relative values across samples, most likely as a consequence 256 

of the variability in degeneration and/or response of non-neuronal cells and tissue to that 257 

degeneration.  258 

In similar fashion, the entire OB was collected at several time-points from the two 259 

groups.  The samples were then resuspended in ice-cold Lysis buffer (20 mM Tris pH 7.5, 1 mM 260 

EDTA pH 8.0, 1% Triton X-100, 150 mM NaCl, HALT Protease/Phosphatase Inhibitor [Roche, 261 

Basel, Switzerland]) and pulsed twice for two seconds at 2 kHz on ice using a Branson 250 262 

Sonifier (Branson Ultrasonics Corporation, Danbury, CT).  263 

In order to normalize by epithelial area across groups, the samples from the 264 

degeneration group were diluted to the same extent as the age-matched controls, independent 265 

of wet weight.  Similarly, for the bulb, the whole bulb from the animals in the degeneration 266 

group were diluted to the same extent as the control, independent of the wet weight or volume 267 

of the OB.    268 
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Bolt™ LDS Sample Buffer and Reducing Agent (Life Technologies, Carlsbad, CA) were 269 

added to a final concentration of 1X as per manufacturer protocol and samples were denatured 270 

at 95°C for 10 minutes.  30μl total lysate from controls and equal volumes from lesioned 271 

samples were electrophoresed in a 4-12% Bis-Tris Plus gel using the Bolt™ Electrophoresis 272 

system (Life Technologies). Gels were then transferred to PVDF membrane, blocked in TBS 273 

blocking buffer containing 0.1% Tween-20 with 5% milk, and probed with anti-OMP, anti-PGP, 274 

anti-GAP43, anti-P63, or anti-TH overnight at 4°C.  The membranes were then washed 3 times 275 

with blocking buffer, and incubated for one hour in HRP-conjugated antibody.  Bands were 276 

imaged on (Geldoc) and density was calculated using ImageJ. 277 

 278 

Statistical Analysis 279 

Statistical calculations were performed using SigmaPlot (Systat Software Inc.) software.  280 

Images were processed through Fiji (ImageJ) to obtain area, and cell counts were manually 281 

collected.  All mice that were assessed were included in the analysis.  All experimental 282 

conditions were performed on 3 mice with the ratio of male to female approximately 1:1. 283 

For assessment of the extent of degeneration and the extent of recovery, a one-way 284 

ANOVA was run comparing the linear extent of each individual grade of degeneration as well as 285 

a comprehensive value that was calculated by summing the product of the linear extents times 286 

the numerical grade for each grade of degeneration; p-values are listed in tabular form.  One-287 

way ANOVAs compared the extent of degeneration determined from the western blot analysis 288 

for OMP, GAP43 (as a measure of immature OSNs) and PGP9.5 (as a measure for all OSNs) 289 

Unpaired T-tests were used for comparison of OMP band intensity.  The GBC cell-counts were 290 
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assessed for differences using one-way ANOVA across control, grade I, and grade II for all time 291 

points.  For comparisons of Iba1 (+) macrophages, CD3 (+) T-cells, CD19 (+) B-cells, and Ly6g (+) 292 

granulocytes a three-way ANOVA was run comparing condition (recovery vs control), Time (2 293 

months vs 4 months), and cell type.  For Cleaved Caspase III (+) cell counts, a one-way ANOVA 294 

was used with p-values reported in the results section. Unpaired t-tests for each grade 295 

comparison were performed with p-values listed in results.  Differences in glomerular 296 

measurements, TH (+) interneuron counts, Tbx21 (+) mitral cell counts, and TH protein levels 297 

were assessed using separate one-way ANOVAs with p-values listed in results.  The glomerular 298 

histograms were collected using ImageJ to obtain all object sizes.  Differences in distribution 299 

between each group were calculated using a non-parametric rank-sum test.  The area and 300 

complexity of MOR28 glomeruli was compared using a two-way ANOVA comparing condition 301 

(control vs recovery) and location (medial vs lateral).  The complexity value was derived from 302 

the equation  which produces a value that is the difference of a 303 

perfect circle with the given area.  304 

 305 

Results 306 

Aging of the mouse olfactory epithelium resembles the pathology in elderly humans. 307 

The changes observed with accelerated turnover in our mouse model need to be 308 

contextualized by reference to the pathology of the OE in elderly humans.   Whole mount 309 

staining of the lining of the nasal cavity in autopsy specimens using an antibody against neuron-310 

specific tubulin (NST) demonstrates interruptions in what was, at birth, a continuous sheet of 311 

OSNs (Fig. 1A).  The occurrence of areas of the olfactory region that lack olfactory neurons is a 312 
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common finding in adult human tissue that we examined from 13 subjects (3 females, 9 males, 313 

ages 49-87) (Fig. 1A illustrates a typical example of the superior turbinate from a 72-year-old).  314 

The gaps are likely to correspond to areas of either respiratory metaplasia (absence of neurons 315 

and replacement of Sus cells by ciliated columnar cells) or aneuronal olfactory epithelium 316 

(where GBCs and OSNs are absent, but Sus cells remain) (Douek et al., 1975; Holbrook et al., 317 

2011).  Microscopic examination of sections of the OE from the same specimen utilizing 318 

multiple immunofluorescent labels demonstrates relatively intact areas with a substantial 319 

population of both immature, NST(+)/OMP(-) neurons and mature, NST(+)/OMP(+) neurons 320 

(“N” in Fig. 1B, Fig. 1C).  The basal layer of the OE in these areas also contains the expected two 321 

types of basal cells: Sox2 (+), putatively upstream, multipotent GBCs and p63(+)/Sox2(+) HBCs 322 

(Fig. 1D).  In contrast and in confirmation of previous reports, portions of OE that corresponding 323 

to the NST (-) patches visible in the whole-mount have one of two compositions.  In the one, 324 

constituent cells can be labeled with anti- IV-tubulin, a marker of respiratory columnar 325 

epithelial cells, indicating respiratory metaplasia (“R” in Fig. 1B). In the other, the epithelium is 326 

absent of IV-tubulin labeling, as well as lacking all neurons and Sox2(+) GBCs (“A” in Fig. 1B, 327 

Fig. 1E, F).  Sox2(+) supporting cells remain prevalent at the apical surface and P63(+) HBCs are 328 

arrayed linearly along the basal lamina (Fig. 1F).  329 

Given the occurrence of aneuronal epithelium in autopsy specimens of the olfactory 330 

area, we also assessed the OE of aged mice.  Two sets of animals were available to us.  One 331 

group of 6 wild-type C57BL/6 mice were allowed to age to around 2-years-old when they were 332 

euthanized, and coronal sections of the OE were collected.  Much of the epithelium appeared 333 

relatively normal; the population of mature OMP(+) neurons was substantial, and immature 334 
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NST(+) neurons sat basal to them (Fig. 2A, B).  Typical Sox2 (+) GBCs were found above a row of 335 

p63 (+) HBCs lining the basal lamina (Fig. 2C).  However, patches of aneuronal OE are also found 336 

in the aged mice as in the human tissue, lacking both mature and immature neurons as well as 337 

GBCs (Fig. 2A, D, E).  As with the human tissue, these aneuronal regions were still populated by 338 

P63-expressing HBCs (Fig. 2E).  Likewise, regions with respiratory metaplasia are also observed 339 

(Fig. 2F).   The second group of 2 mice were of the transgenic line K5-CreERT2;Rosa26-fl(stop)-340 

TdTomato (Schnittke et al., 2015; Herrick et al., 2017).  Tamoxifen was injected when the mice 341 

were 6 weeks of age, as a consequence of which the majority of the HBCs and their progeny are 342 

labeled by expression of TdTomato.  These HBC reporter mice survived for 18-26 months before 343 

harvest.  Examination of the OE indicated that recombination was successful in 50-70% of the 344 

HBCs. In much of the epithelium, the TdTomato (+) cells remain HBCs and lie flattened against 345 

the basal lamina.  Rare spontaneous activation occurred in the animals, such that an average of 346 

350 non-HBC cells are found per section.  Many of the non-HBCs were sustentacular cells and 347 

OSNs.  However, we did observe instances of metaplastic respiratory epithelium in which all or 348 

the vast majority of ciliated columnar cells were TdTomato (+) and hence derived from HBCs 349 

(Fig. 2G). 350 

 351 

Development of a mouse model of aging in the olfactory epithelium. 352 

A potential explanation for the pathology described above is the exhaustion of 353 

neurocompetent stem and progenitor GBCs as a consequence of lifelong neurogenesis.  As a 354 

corollary to this hypothesis, forcing the OE and GBCs into a chronic state of accelerated 355 

turnover might well result in eventual exhaustion of the regenerative potential and early 356 
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appearance of aneuronal epithelium. Indeed, limited data in the literature suggest that the 357 

chronic acceleration of, for example, that which accompanies olfactory bulb ablation, may 358 

hasten the onset of such pathological changes (Largent et al., 1993; Kondo et al., 2009, 2010).  359 

In order to test the hypothesis, we took advantage of an inducible “Tet-Off” genetic approach 360 

using an OMP-tTA bicistronic targeted mutation in combination with a TetO-Diphtheria Toxin 361 

subunit A (DTA) transgene (OMP-tTA/TetO-DTA, hereafter) to drive the expression of the 362 

tetracycline transactivator protein and initiate the expression of Diphtheria Toxin subunit A 363 

(DTA) within mature OSNs.  In the absence of doxycycline, DTA expression would cause the 364 

death of mature OSNs and, in turn, chronically accelerate neurogenesis (Gossen and Bujard, 365 

1992).  This approach has the added virtue of reversibility; supplementation with doxycycline in 366 

the diet of these mice displaces the transactivator from the TetO-DTA promoter and prevents 367 

DTA expression (Fig. 3A). A dramatic difference is immediately evident when comparing doxy-368 

fed control (+Dox) mice with mice expressing DTA (-Dox) (Fig. 3B, C, respectively).  Coronal 369 

sections of control mice (+Dox) OE at 4 months of age show a normal band of OMP (+) mature 370 

OSNs that lines the entire OE (Fig. 3B).  In contrast, the layer of mature neurons in OMP-371 

tTA/TetO-DTA heterozygous mice in the absence of doxycycline (-Dox) is either markedly 372 

thinner or absent (Fig. 3C). The areas of what should be the OE that lack OMP (+) neurons 373 

entirely also encompass some where the apical labeling of columnar cells with the anti-CK19 374 

indicates that they have undergone respiratory metaplasia.   Thus, areas of aneuronal 375 

epithelium are evident in several locations across the OE, which appear similar to the aged mice 376 

described above. Another aberrant feature of the tissue was the finding of cysts deep to the OE 377 

within the lamina propria of the OMP-tTA/TetO-DTA mice (see inset in Fig. 3C).  These were 378 
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reminiscent of similar cysts previously described in specimens of the mucosa of elderly humans 379 

(Feng et al., 1997). 380 

We examined the extent of the pathology across the entire nasal septum using whole-381 

mount tissue-clearing techniques (Chung and Deisseroth, 2013; Tomer et al., 2014).  The septal 382 

OE from the control mice (+Dox; DTA-off) is characterized by the typical sharp border between 383 

the OMP (+) stained neurons in the OE and to the βIV-tubulin (+) labeled respiratory epithelium 384 

(RE) (Fig. 3D, E).  In the control, the OE is free of aneuronal patches.  In contrast, the septal OE 385 

from an age-matched 6-month-old mouse (-Dox; DTA-on) that has undergone degeneration 386 

shows reduced OMP staining with interspersed patches of RE and aneuronal epithelium within 387 

the region typically identified as OE (Fig. 3F, G).  The characteristics of the DTA expressing mice 388 

seen in whole mount here are similar to observations of human autopsy staining demonstrated 389 

above (Fig. 1).  390 

 391 

Degeneration of the OE in the Dox-free OMP-DTA mice progresses through four grades of 392 

severity. 393 

In order to quantify and characterize the degenerative changes in the OE as a function 394 

of age in the DTA-expressing mice, we examined the cellular composition of the OE using 395 

antibody markers against several cell types: mature neurons (OMP (+)), immature neurons (NST 396 

(+)), RE (CK19 (+) cells that are stained by the antibody Troma III, which labels the brush-397 

bordered, columnar cells of the RE, but also weakly labels both the HBCs in the OE and the 398 

basal cells in the RE), multipotent GBCs (marked by Sox2 but lacking HBC markers), neuronally 399 

committed GBCs (anti-NeuroD1 (ND1)), proliferating cells (Ki67 and incorporation of BrdU), and 400 
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HBCs (CK14 and p63).   The status of the epithelium in the affected mice undergoing epithelial 401 

degeneration (-Dox) was compared to that of control mice (+Dox) according to the following.   402 

The OE (Fig. 4A-C) harvested from doxycycline-fed control mice is indistinguishable from 403 

wild type control animals and composed of: 1) a layer of mature OMP (+) OSNs that is greater 404 

than 5 cells thick (Fig. 4A), 2) a 1-2 cell thick layer of NST(+) immature OSNs between the 405 

mature neurons and the basal lamina (Fig. 4A), 3) the presence of proliferative Ki67/BrdU (+) 406 

multipotent Sox2 (+) GBCs, although sparse and patchily distributed across the plane of the OE 407 

(Fig. 4B), and 4) the presence of  Ki67/BrdU (+) neuronally committed ND1 (+) GBCs, which are 408 

also patchy and sparse across the control OE (Fig. 4C).  In control mice the total number of Ki67 409 

(+) cells is 0.0333 cells/μm (Ki67 counts gathered from ectoturbinate 2).  These four features 410 

are used to characterize the extent of the degenerative changes in the DTA-on transgenic mice.  411 

In addition, the control OE is characterized by a monolayer of CK14 (+)/p63 (+) HBCs that are 412 

attached to the basal lamina and rarely dividing (Fig. 4B and C).  Again, in control OE, Sox2 (+) 413 

supporting cells, confirmed by CK18 staining (data not shown), form a continuous row along the 414 

apical surface of the epithelium (Fig. 4B).   415 

The classification of degeneration severity is as follows.  Grade I degeneration (Fig. 4D-F) 416 

is considered the least severe and is distinguished by: 1) a reduction in the population of 417 

mature OSNs to a 2-3 cell-thick layer (Fig. 4D), 2) a slightly thicker than normal layer of 418 

immature OSNs directly basal to the mature neurons (Fig. 4D), 3) a more substantial population 419 

of proliferating Sox2(+) GBCs that are disposed in large clusters than in control OE (Fig. 4E), and 420 

4) a comparable increase in the number and clustering of proliferating ND1(+) GBCs (Fig. 4F).  421 

The total number of Ki67(+) cells Grade I OE is 0.0633 cells/μm (approximately twice the control 422 
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value).  The HBC monolayer appears to be unchanged (Fig. 4E, F) and the supporting cells 423 

appear undisturbed (Fig. 4E).  Grade II degeneration (Fig. G-I) is more severe and defined by: 1) 424 

a further reduction in the population of mature OSNs relative to Grade I (Fig. 4G), 2) a 425 

comparable dwindling in the population of immature OSNs (Fig. 4G), 3) attenuation in the 426 

population of proliferative Sox2(+) GBCs back to or even less that their number in the control 427 

OE (Fig. 4H), and 4) a substantial diminution in the proliferative ND1(+) GBCs (Fig. 4I).  The total 428 

number of Ki67(+) cells in Grade II epithelium is 0.0175 cells/μm (about ½ of the control value).  429 

The layers of both HBCs and supporting cells remain largely unchanged from normal OE (Fig. 4H 430 

and I).  Grade III degeneration (Fig. J-L) corresponds to an aneuronal OE and is defined by the 431 

following comparisons: 1, 2) the complete absence of mature and immature OSNs (Fig. 4J), 3) 432 

the absence of Sox2 (+) GBCs (Fig. 4K), and 4) absence of proliferative ND1(+) GBCs (Fig. 4L).  433 

Once again, the HBCs and Sus cells remain morphologically unchanged (Fig. 4K, L).  The absence 434 

of neurons and GBCs can also be defined from the paucity of nuclei between the apically 435 

arrayed Sox2(+) supporting cells and the basally located HBCs (Fig. 4J-L).  Finally, Grade IV 436 

degeneration (Fig. 4M-O) corresponds to the shift of olfactory to metaplastic respiratory 437 

epithelium, which can be recognized by: 1, 2) absence of mature and immature OSNs (Fig. 4M), 438 

3, 4) absence of proliferative Sox2(+) and ND1(+) GBCs (Fig. 4N, O, respectively).  In contrast to 439 

the Grade III epithelium, which also lacks neurons and GBCs, Sus cells are replaced by CK19 (+) 440 

columnar respiratory epithelial cells (Fig. 4M).  As is true of normal respiratory epithelium, the 441 

Sox2 (+) columnar respiratory epithelial cells have more elongated nuclei and a more simplified 442 

epithelial structure (Fig. 4N).  All grades of degeneration exhibit a structural commonality, 443 
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however – the monolayer of P63(+) HBCs is maintained without morphological evidence of 444 

activation (Packard et al., 2011; Schnittke et al., 2015). 445 

 446 

Quantification of degeneration across the OE. 447 

The four grades of degeneration defined above (Fig. 4) suggest a progressive 448 

degeneration of the OE with time in the DTA-on mice.  To quantify the epithelial deterioration, 449 

we mapped the distribution of each of the four grades of degeneration along the entire 450 

circumference of coronal sections from an anterior and a posterior region of the OE at three 451 

different time points (2, 4, and 6 months of age; n = 3 at each time point), after they were 452 

immunostained with the markers described above (Fig. 5).  Degeneration was clearly more 453 

severe in the anterior regions than in the posterior regions, in that Grades III and IV of the 454 

epithelium are more prevalent, and become more extensive with advancing age.  It is especially 455 

worth noting that particularly severe degeneration is seen in ectoturbinate II, and the tissue 456 

areas categorized as Grades III and IV were more frequently located near the borders between 457 

OE and RE.   458 

To quantify progressive degeneration like that in Fig. 5A, the linear extent of each grade 459 

is summed over the section and reported as a percentage relative to the entire circumference 460 

of the OE averaged over three mice at anterior and posterior levels separately (Fig. 5B, C, 461 

respectively).  The areas of severe degeneration (i.e., Grades III and IV) expanded as mice age 462 

while the extent of the less severely degenerating epithelium (i.e., Grades I and II) decrease 463 

correspondingly.  The degeneration overall is clearly more severe in the anterior sections than 464 

in the posterior sections.  In the anterior OE our statistical analysis shows that the progression 465 
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of epithelial degeneration is statistically significant for comparisons between 2 months and 466 

either 4 or 6 months (see the table in Fig. 5B for individual p-values).  However, there is no 467 

statistically significant difference between 4 and 6 months at any grade of degeneration in the 468 

anterior areas.  In the posterior OE, degeneration is generally less severe at 2 months than in 469 

anterior OE.  Moreover, the degenerative changes advance less drastically posteriorly as mice 470 

age, thereby lagging the extent of deterioration in the anterior OE (Fig. 5C).  For purposes of 471 

summarizing the severity of degeneration across the entire section, we assigned a numerical 472 

value to each grade of degeneration (Grade I = 1, Grade II = 2, Grade III = 3 and Grade IV = 4), 473 

multiplied that by the percentage of the epithelial circumference that corresponds to each 474 

grade, and summed the values.  A higher summary value indicates that the degeneration of the 475 

OE was more severe overall.  In the anterior OE, the overall severity was significantly greater at 476 

6 months relative to 2 months (p = 0.0490) (Fig. 5B).  There was no statistically significant 477 

difference between 2 and 4 months (p = 0.0700) or 4 and 6 months (p = 0.577) (Fig. 5B).  478 

Perhaps surprisingly, with regard to the posterior OE, the deterioration in the status of the 479 

epithelium did not advance significantly with time relative to the degree of degeneration 480 

already evident at 2 months (Fig. 5C).   481 

The extent of degeneration was also assayed by comparing the abundance on Western 482 

blots of several protein markers that can serve as proxies for the size of the neuronal 483 

population – OMP for the mature neurons, GAP43 for the immature neurons, and PGP9.5 for 484 

both mature and immature neurons.  Septal mucosa was sampled from the same region of the 485 

OE in both groups.  Because total cell number varies between control mice (DTA-off) and mice 486 

undergoing degeneration and the ongoing cell death (DTA-on) and because the protein content 487 
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of non-neuronal cells might change in response to the neuronal degeneration, the samples 488 

were normalized for area rather than a general cell marker.  Areal normalization was ensured 489 

by photographing and measuring the size of each piece of tissue in the two groups and then 490 

correcting sample concentration for size of the tissue (see Methods for more details).  Fig. 5D 491 

shows that total OMP protein in the samples collected from the degeneration mice at 6 months 492 

was drastically attenuated when compared to the age-matched control mice, such that it was 493 

barely detectable (n = 3 each).  The amount of GAP43 protein does not differ between the 494 

control and degeneration mice, while the PGP9.5 level appears to be reduced (Fig. 5D).  We 495 

then statistically compared the protein levels of all three neuronal markers at three time points 496 

(2, 4 and 6 months) in the control and degeneration mice (n = 3 each, Fig. 5E-G).  The OMP level 497 

is significantly reduced (confirmed by unpaired t-tests due to the severe diminution in the 498 

amount of the OMP in the degeneration groups), and so is the level of PGP9.5 (one-way 499 

ANOVA) across the time points; individual comparisons to control were significantly different at 500 

4 and 6 months but not 2 months degeneration (p = 0.044, p < 0.0001, and p = 0.123 501 

respectively).  The GAP43 level appears to be comparable between two groups at all time 502 

points (one-way ANOVA).  Thus, our Western analysis confirms an overall decrease in the 503 

neuronal population over time as a result of the decimation of mature OSNs.  504 

 505 

GBC populations change as degeneration continues while HBCs persist in dormancy. 506 

 The ongoing turnover of mature olfactory neurons in the DTA-on mice clearly affects the 507 

GBC population given the progression to the disappearance of all GBCs and the emergence of 508 

an aneuronal OE.  The heterogeneous nature of the GBC population (Schwob et al., 2017) 509 
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requires a determination of whether accelerated turnover shifts the balance among the GBC 510 

subpopulations as neurogenic capacity exhausts.  Accordingly, we counted the number of Sox2 511 

(+), ostensibly upstream GBCs and of ND1 (+), ostensibly immediate neuronal precursor GBCs in 512 

epithelium for each of the four grades of degeneration at the three time points in both anterior 513 

and posterior regions (Fig. 6 A-H).  We specifically chose to examine ectoturbinate 2 because 514 

this region was most heavily and consistently impacted by degeneration (Fig. 5).  The number of 515 

Sox2 (+) GBCs present are significantly increased in grade I areas of the OE both anteriorly and 516 

posteriorly when compared to control, and the number of ND1 (+) GBCs are trending towards 517 

an increase in both regions but the difference is not significant (Fig. 6A-D).    Both populations 518 

are smaller in grade II areas as compared to that peak.  Near complete absence of GBCs in 519 

grade III degeneration is observed at both levels across all time points. 520 

As opposed to GBCs, the HBCs, which are marked by both P63 and CK14, do not 521 

apparently shift in their frequency regardless of the severity of the degeneration (Fig. 4, 6E).  522 

We measured the level of P63 protein per unit area of epithelium in the same manner and on 523 

the same samples used for assessing the neuronal population (see Fig. 5), as a decline in P63 is 524 

a necessary and sufficient predicate for the activation of the HBC population (Fletcher et al., 525 

2011; Schnittke et al., 2015).  When analyzed on Western blot, P63 protein levels did not 526 

change to a significant degree in the DTA-on mice (Fig. 6F) suggesting that the HBCs remained 527 

dormant despite this type of neuronal degeneration.  Likewise, HBCs do not activate as a 528 

consequence of ablation of the olfactory bulb, which also abbreviates the lifespan of neurons 529 

born after the surgery and causes accelerated neuronal turnover (Leung et al., 2007; Herrick et 530 

al., 2017).  HBC morphology is consistently more spherical in Grade III epithelium than the 531 
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typical flattened shape observed in the control epithelium or at the milder degenerative grades 532 

(Fig. 6I).  While HBCs in either young or aged animals display morphological changes in response 533 

to injury (Holbrook et al., 1995; Brann et al., 2015), we found no signs of proliferation or 534 

activation in HBCs within aneuronal epithelium. 535 

 536 

Infiltration of inflammatory cells during DTA-induced degeneration. 537 

To determine if accelerated neuronal turnover was accompanied by an increased 538 

immune response, especially recruitment of inflammatory cells, various immune cell types 539 

(macrophages, T-cells, B-cells, and granulocytes) were assayed for their presence in the mucosa 540 

in our DTA-on mice (Fig. 7).  Neurons are continuously being generated and undergoing 541 

enhanced turnover at this time shown by an increase of cleaved caspase III(+) apoptotic cells 542 

(Figure 7B) which is accompanied by an increase in recruitment of Iba1(+) activated 543 

macrophages (Figure 7F) when compared to the control (Figure 7A and E, respectively).  In 544 

contrast, cleaved Caspase III(+) dying cells and Iba1(+) macrophages are largely absent from 545 

parts of the epithelium that have undergone neuronal exhaustion, for example at 4 months of 546 

degeneration (Figure 7C, G).  The total number of cleaved Caspase III(+) cells undergoing 547 

apoptosis was counted across the epithelial region of ectoturbinate 2, inclusive of all grades of 548 

epithelial degeneration.  The number of cleaved Caspase III(+) is significantly increased in our 549 

degeneration mice compared to control at 2 months of age (p = 0.017) however, this increase is 550 

not seen at 4 months potentially due to the increase in aneuronal OE.  We assessed the number 551 

of Iba1 (+) activated macrophages (Fig. 7H) that were found in the epithelium, CD3 (+) T-cells 552 

(Fig. 7I), CD19 (+) B-cells (Fig. 7J), and Ly6G (+) granulocytes (Fig. 7K), in ectoturbinate 2; these 553 
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elements are predominantly found in the basal lamina underneath the OE.  There was a 554 

significant increase in the number of immune cells in our degeneration mice when compared to 555 

control using a three-way ANOVA comparing immune cell type, duration of degeneration, and 556 

DTA status.  DTA status and immune cell type demonstrated statistical significance as single 557 

variables.  Duration did not, nor did any of the interactions across the variables (Fig. 7D, I-L).  558 

Overall, our results suggest that the peak of the immune response coincides with the neuronal 559 

death and precedes neuronal exhaustion. 560 

 561 

Recovery after inhibition of DTA expression is limited to epithelium that is at an early grade 562 

of degeneration. 563 

We examined the capacity of the epithelium to recover from the degenerative changes 564 

caused by accelerated neuronal turnover in the DTA mice. DTA mice were maintained without 565 

doxycycline (DTA-on) for either 2 or 4 months from birth at which time doxycycline was added 566 

to the diet (DTA-off) for the following 2 months.   Much like the analysis of the progression of 567 

degeneration, recovery was mapped across coronal sections from anterior regions (Fig. 8A). The 568 

quantitative analysis of the status of the epithelium after the recovery period entailed 569 

comparison to the degree of degeneration in mice harvested at the onset of that period.  570 

For the animals that experienced 2 months of degeneration followed by 2 months of 571 

recovery, much of the tissue has apparently reverted to normal appearing, i.e., the layer of 572 

OMP (+) neurons is many cells thick (Fig. 8D). The extent of the epithelium that is classified as 573 

Grade I or Grade II is much reduced (although not eliminated) while the area that is classified as 574 

normal appearing (Grade 0) is much expanded by the end of the recovery period (Fig. 8A).  575 
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Linear measurements of epithelial status confirmed this; the decrease in the extent of both 576 

Grade I and II was statistically significant (Grade I, p = 0.0002; Grade II, p = 0.0004).  In contrast 577 

the extents of Grades III and IV were not significantly different in this comparison of the 578 

degeneration and degeneration-plus-recovery group (Grade III, p = 0.447; Grade IV, p = 0.381; 579 

Fig. 8B).   580 

For the animals in the 4-month degeneration/2-month recovery group, normal 581 

epithelium re-emerges, although to a lesser but still significant extent as compared to the group 582 

with the shorter period of degeneration (Fig. 8B-D).  In this latter group, more of the epithelium 583 

is aneuronal (Grade III) or metaplastic and no longer olfactory (Grade IV) at the time when DTA 584 

is turned off.  As suggested in the group with the shorter degeneration, severely affected areas 585 

(Grades III and IV) did not appear to recover since much of the epithelium remained aneuronal 586 

OE or metaplastic RE (Fig. 8B, E, F).  Indeed, there was again no difference between the 587 

degeneration mice and the degeneration-recovery mice with respect to these more severe 588 

grades (Grade III, p = 0.0776; Grade IV, p = 0.332; Fig. 8B). The common finding of GBCs in OE 589 

classified as Grades I and II and their absence in Grades III and IV suggests that these cells are 590 

required for recovery in our degeneration model as in the setting of recovery after olfactotoxic 591 

injury (Jang et al., 2003). 592 

 593 

Degeneration of OE is accompanied by degeneration of the olfactory bulbs. 594 

 Given the effects of naris occlusion and forms of OE lesioning on the olfactory bulb, we 595 

also assessed the impact on the bulb of prolonged accelerated neuronal turnover and a 596 
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reduced population of mature OSNs.  When compared to the age-matched 6-month control, 597 

the overall size of the OB from 6-month degeneration mice was noticeably smaller (Fig. 9A, B).  598 

Immunostaining with both OMP and VGlut2 (vesicular glutamate transporter 2) to mark 599 

incoming presynaptic axons of the OSNs demonstrates that individual glomeruli are markedly 600 

smaller after 6 months of degeneration as compared to control (Fig. 9C, D).  Sparse staining 601 

with OMP and VGlut2 indicates that the glomeruli are hypoinnervated in the setting of ongoing 602 

degeneration.  Total glomerular area was measured at both anterior and posterior levels using 603 

OMP and VGlut2 staining and found to be significantly reduced at all three time points (2-, 4- 604 

and 6 months of degeneration) at both anterior and posterior levels of the bulb compared to 605 

age-matched controls (Fig. 9I and J).  It is worth noting that the total glomerular area does not 606 

show a further significant reduction beyond 2 months of degeneration.   607 

In addition, the populations of dopaminergic periglomerular cells and mitral cells were 608 

evaluated with antibodies against tyrosine hydroxylase (TH) (Fig. 9E, F), and anti-Tbx21 (Fig. 9G, 609 

H), respectively.  Numbers of mitral cells and dopaminergic periglomerular cells are not 610 

significantly different between control and DTA-on mice at any of the three time points of 611 

degeneration analyzed (Fig. 9K, M).  However, the level of TH expression is diminished as a 612 

consequence of the degeneration, as shown by anti-TH Western blot analyses of whole OB 613 

normalized against the expression of Tbx21 (Fig. 9L).  There is a significant decrease in TH 614 

protein abundance in the olfactory bulb at 4 months of degeneration (p = 0.035) that is not 615 

seen by 2 months.  This finding is in keeping with the decline in TH after other manipulations of 616 

the olfactory periphery (Baker, 1993).  Although the numbers of TH (+) periglomerular 617 

interneurons may not have been affected, the level of TH protein expression may be decreased 618 



 

 29 

as a consequence of diminished peripheral input as was previously demonstrated following 619 

naris occlusion.   620 

 621 

Recovery of the OB after OE degeneration is incomplete. 622 

 Given the substsantial recovery of the OE in mice that are switched from DTA-on to 623 

DTA-off status by the addition of doxycycline to the diet, we assessed the condition of the OB in 624 

animals after 2 months of recovery.  When mice were introduced to doxy for 2 months (DTA-625 

off) after either 2 or 4 months of degeneration (DTA-on), both the size of the OB and 626 

Vglut2(+)/OMP(+) glomeruli recovered substantially as compared to age-matched control mice 627 

(4 and 6 months old, respectively) (Fig. 10A and C).  Our measurements of total glomerular area 628 

(as marked by Vglut2(+)/OMP(+) staining) at anterior and posterior levels demonstrate that 629 

glomerular innervation in the 2 months degeneration/2 months recovery group had improved 630 

to such a degree that they were statistically no different from controls (Fig. 10E).  Likewise, in 631 

the 4 months degeneration/2 months recovery mice, glomerular area recovered fully compared 632 

to control (Fig. 10F).  However, individual glomeruli appear to be more fragmented after 633 

recovery, i.e., glomerular innervation after recovery appears as multiple discrete small foci of 634 

labeling rather than a conjoined mass (10A, G, I vs. 10C, H, J).  To use an everyday analogy the 635 

distribution of OSN axons after recovery looks less like many individual heads of cauliflower and 636 

more like many bunches of grapes.  637 

In order to quantify the degree of glomerular fragmentation, images of VGlut2-stained 638 

sections from mice in the 2-months degeneration/2-months recovery group (n = 3) and from 639 

control mice (n = 3) were segmented by fluorescent intensity in order to highlight staining 640 
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above background (Fig. 10B, D).  Segmented objects composed of contiguous pixels above 641 

background were sized in ImageJ (Fig. 10G-J).  Total glomerular area was no different from 642 

control to recovery.  However, the total number of segmented objects at the sampled levels of 643 

the OB differed between the conditions. In control OB the count was 271 in the medial region, 644 

as compared to the 443 objects counted in the OB of mice that had recovered (at least in part) 645 

from the DTA-induced degeneration.  Similarly, the count of glomeruli in the lateral region of 646 

the control OB was 477 objects as compared to 781 objects in the recovery OB.  The average 647 

size of the stained objects was substantially smaller in the degeneration-recovery mice as 648 

compared to age-matched control: average object size on the medial side of degeneration-649 

recovery mice = 728 μm2; lateral side = 592 μm2; medial side of control = 1245 μm2; lateral side 650 

= 1057 μm2.  The fragmentation of olfactory sensory innervation is somewhat more 651 

pronounced in the lateral half of the bulb, which is innervated by the part of the epithelium 652 

that is more severely affected by DTA expression.  It is particularly noteworthy that the 653 

occurrence of very many small foci of olfactory axons in the glomerular layer is reminiscent of 654 

the appearance of the human olfactory bulb in autopsy and surgical specimens (Smith et al., 655 

1993; Maresh et al., 2008).  656 

We also assessed the pattern of innervation of the subset of OSNs labeled by an 657 

antibody generated against MOR28 (Barnea et al., 2004).  Compared to the normal MOR28 658 

glomeruli (one on the medial and one on the lateral side) from the control mice (the lateral 659 

glomerulus is shown in Fig. 10K), it appears that the regenerating MOR28 neurons project to 660 

mulitple glomeruli (Fig. 10L) that are smaller in size; it is worth noting that the MOR28 fibers 661 

target the general vicinity of the normal loci.  In similar fashion, M72 neurons project to 662 
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multiple glomeruli after a cycle of degeneration-regeneration in neonatal OMP-tTA;tetO-DTA 663 

mice (Ma et al., 2014).  Each of the glomeruli targeted by the MOR28 fibers is demarcated by a 664 

collection of periglomerular cells, despite their smaller size and multiplicity.  The MOR28 fibers 665 

fill the glomeruli, which differentiates the innervation from that observed with P2 fibers after 666 

recovery from methyl bromide lesion in which setting the P2 fibers are plastered at the margins 667 

and do not fill the multiple glomeruli that receive P2 innervation after regeneration (Holbrook 668 

et al., 2014).  The overall size and complexity in shape of each glomerulus after recovery are 669 

significantly different from control (n = 3 each, Fig. 10M-N).  The average size of the MOR28 670 

glomeruli after recovery is 1519 and 1094 μm2 on the lateral and medial side, respectively, as 671 

compared to 8194 and 7712 μm2 in control mice on the lateral and medial side, respectively.  A 672 

two-way ANOVA comparing status (control vs. recovery) and location (lateral vs. medial) as 673 

variables shows the size of the MOR28 glomeruli are significantly reduced in the recovery group 674 

as compared to control (p < 0.001); there is no difference in their size when comparing the 675 

lateral and medial side (Fig. 10M).  A complexity index was calculated for the individual MOR28 676 

glomerular “objects” on both lateral and medial side of the OB in the control vs. recovery group 677 

which compared the perimeter of the object to the perimeter of a perfect circle (object 678 

perimeter/ , such that the higher the value indicates the more complex 679 

the shape of the object.  The average complexity index of the MOR28 glomeruli after recovery 680 

is 4.70, 5.26 (lateral and medial side, respectively) compared to 1.44, 1.52 (lateral and medial 681 

side, respectively) in control.   A two-way ANOVA analysis shows that the complexity index is 682 

significantly higher in recovery mice than in the control (p < 0.001) in both lateral and medial 683 

side (Fig. 10N), indicating more fragmentation of the MOR28 glomeruli in the recovery mice.  684 
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Discussion 685 

The work presented here generates, characterizes, and exploits a mouse model for the 686 

aging process of the OE and its axonal projection onto the olfactory bulb that parallels the 687 

degeneration of the olfactory system of elderly humans (Bhatnagar et al., 1987; Paik et al., 688 

1992; Holbrook et al., 2011) and mice (Kondo et al., 2009) but at an accelerated rate.  Mice that 689 

are heterozygous for two transgenes – OMP-tTA and TetO-DTA – experience an enhanced 690 

turnover of OSNs, which can be reversed by the addition of doxycycline to the diet.  Similarly, 691 

the aberrant expression of an oncogene in mature OSNs also produces these types of changes 692 

in relatively short order (Largent et al., 1993).  The degenerative changes in the OE include the 693 

progressive disappearance of GBCs and OSNs, which we term neurogenic exhaustion, and the 694 

metaplastic transformation of olfactory epithelium to respiratory epithelium.  The accelerated 695 

turnover of neurons in the epithelium had the further consequence of reducing the sensory 696 

innervation of the glomeruli in the olfactory bulb, leading to a decline in tyrosine hydroxylase 697 

expression, without any evidence of a loss of dopaminergic interneurons or mitral and tufted 698 

cells.   699 

Prevention of DTA-mediated neuronal death by dietary doxycycline results in substantial 700 

recovery of the epithelium that is apparently limited to areas that had not yet undergone 701 

neurogenic exhaustion or respiratory metaplasia.  The regeneration of the neuronal population 702 

in the periphery expands the glomerular innervation overall to a level that is indistinguishable 703 

from control; that the areal extent of the neuronal periphery is reduced suggests that there 704 

may be a compensatory expansion in the neuronal population in the recovered areas.  705 

However, glomerular structure appears degraded; olfactory axons coalesce into smaller and 706 
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more numerous discrete units than in unaffected control, much like the appearance of the 707 

olfactory bulb in adult humans (Meisami et al., 1998).  Targeting of a single olfactory neuronal 708 

type, i.e., MOR28-expressing OSNs, becomes abnormal as they project to more than one 709 

glomerulus per hemi-bulb, similar to the previously published finding that the M72 neurons 710 

reinnervate multiple glomeruli following a degeneration-regeneration cycle that occurs after a 711 

critical neonatal time point (Ma et al., 2014).  712 

Several technical aspects of the model need additional consideration.  We were 713 

surprised to find a substantial number of OMP(+) OSNs in the doxy-free OMP-tTA;TetO-DTA 714 

mice.  Expression of a single molecule of the A subunit of Diphtheria toxin is reportedly 715 

sufficient to trigger cell death (Lee et al., 1998), and OMP is a strongly expressed gene 716 

(Margolis, 1982).  It is possible that the OMP construct and/or the DTA transgene is subject to 717 

epigenetic suppression in the OE.  The expression of reporter molecules knocked-into an OMP 718 

locus and substituting for the coding sequence is variable but always detectable (Potter et al., 719 

2001).  However, DTA is a randomly inserted transgene, and the map of the transgene is 720 

unavailable (Lee et al., 1998).  Moreover, attempts to establish the genomic location of the 721 

transgene by inverse PCR were not successful because the amplicons did not reach the genome 722 

surrounding the insertion.  Therefore, the modification to the genome is more complex than a 723 

single copy insertion of a simple promoter-product transgene, which may render it more 724 

susceptible to genomic surveillance and suppression.  Unfortunately, no DTA antibody is 725 

sufficiently sensitive to ascertain the presence or absence of the transgene-derived protein in 726 

the remaining OMP(+) neurons. 727 
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The inefficient killing of OMP(+) OSNs may also be responsible for the variable severity 728 

of epithelial degeneration along the medial-to-lateral and posterior-to-anterior axes (from less 729 

to more affected along both axes).  Of note, the more severely affected regions are areas where 730 

the epithelium is thinner to begin with.  Thinner epithelium shows a relatively higher rate of 731 

proliferation relative to the neuronal population by comparison with the septum and dorsal 732 

areas of the epithelium (Weiler and Farbman, 1997).  Nonetheless, particular epithelial regions 733 

were consistently and equivalently damaged across the group of experimental animals.  As a 734 

consequence, assessing the extent of degeneration of those areas as a function of the duration 735 

allows us to illuminate the sequence of changes in the stem and progenitor cell populations.   736 

Thus, both the Sox2 (+) and NeuroD1 (+) GBC populations undergo an initial expansion, 737 

followed by a decline and then disappearance of all GBCs and neurons as the pathology 738 

advances.  Perhaps surprisingly, there was no evidence for a selective loss of Sox2(+) GBCs as 739 

compared to NeuroD1 (+) GBCs at early stages in the process, i.e., when comparing control to 740 

Grade 1 epithelium, or Grade 1 to Grade 2 epithelium NeuroD1 (+) GBCs remain in roughly the 741 

same proportion to Sox2 (+) GBCs in both groups.  However, our analysis could not differentiate 742 

Sox2 (+)/Ascl1 (-) GBCs from Sox2 (+)/Ascl1 (+) GBCs, because the available anti-Ascl1 743 

antibodies were not technically adequate to the task.  The former type of GBC is upstream of 744 

the latter, such that the Ascl1 (+) GBCs function as transit-amplifying GBCs as opposed to stem 745 

cell-like GBCs (reviewed by Schwob et al., 2017).  In other settings, neural stem cells are known 746 

to exhaust quickly due to accelerated neuronal production, for example when Notch signaling is 747 

perturbed in neural stem cells of the CNS (Chapouton et al., 2010).  In this case, the progenitor 748 

population shifts away from stem cell expansion and towards neurogenesis sooner, which 749 
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probably accounts for the earlier disappearance of all progenitors and a consequent reduction 750 

in the total number of neurons (Kawaguchi et al., 2013).  In the case of the OE, recent work has 751 

suggested that the functional capacity of the Sox2 (+)/Ascl1 (+) transit amplifying GBCs and the 752 

NeuroD1 (+) neuron-producing GBCs is substantially more plastic than previously thought (Lin 753 

et al., 2017), when isolated from an epithelium that is undergoing accelerated neurogenesis as 754 

a consequence of the acute degeneration of OSNs after ablation of the olfactory bulb.  The 755 

parallels between the post-bulbectomy epithelium and the current model of accelerated 756 

neuronal turnover are apparent.  Despite any enhanced plasticity, the GBC population does 757 

collapse, for reasons that are currently obscure, but certainly worthy of further investigation.  758 

Among the signaling mechanisms that seem to regulate GBC behavior and whose disruption 759 

might potentially contribute to GBC eradication are Wnt and c-Kit (Wang et al., 2011; Goldstein 760 

et al., 2015).  Alternatively, the increased inflammatory infiltrate in the degenerating mucosa 761 

may contribute.  For example, a chronic inflammatory response is responsible for damaging 762 

stem cell niches in such tissues as skeletal muscle during aging (Carlson and Conboy, 2007; 763 

Gopinath and Rando, 2008). 764 

Despite the accelerated turnover of neurons and the rapid depletion of GBCs, we saw 765 

no evidence of activation of HBCs.  The HBCs remained flattened against the basal lamina, and 766 

P63 expression was both indistinguishable from control and the same across epithelium that 767 

varied in severity of the degeneration (from Grade 1 to Grade 3) across the same tissue section.  768 

We did not directly assess activation of HBCs in the OMP-DTA model for aging using a genetic 769 

lineage tracing approach to define HBC progeny. However, we did study mice that were 18 to 770 

26 months of age in which heritable expression of TdTomato was induced in HBCs at 4-6 weeks 771 
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of age.  The epithelium of these animals included areas of neurogenic exhaustion and 772 

respiratory metaplasia as well as areas that were normal in appearance.  The relatively rare 773 

occurrence of HBC-derived neurons and sustentacular cells in these aged mice comports with 774 

the limited activation of HBCs in the absence of direct epithelial damage (Leung et al., 2007; 775 

Packard et al., 2011; Herrick et al., 2017).  However, it was striking to find areas where 776 

TdTomato-expressing HBCs gave rise to all or most of the ciliated columnar cells in metaplastic 777 

respiratory epithelium.  It has been shown that respiratory epithelium arises from olfactory 778 

HBCs after direct, severe epithelial injury by the olfactotoxin dichlobenil (Genter et al., 1996; 779 

Xie et al., 2013).  However, it is extremely unlikely that the epithelium in these normal animals 780 

sustained an injury comparable to the magnitude caused by the olfactotoxin.  The current result 781 

suggests that some change in the signaling milieu or cellular composition of the aging 782 

epithelium, perhaps as a consequence of inflammation, is responsible for the shift in outcome 783 

toward respiratory metaplasia following the rare occurrence of HBC activation.  That hypothesis 784 

is consistent with the observation that post-injury metaplasia can be obviated under certain 785 

circumstances (Franceschini et al., 2014). 786 

In sum, the enhanced turnover of olfactory neurons provides a model for the 787 

accelerated emergence of the degenerative changes in the olfactory epithelium that 788 

accompany aging.  The expansion and then collapse of the GBC population suggest that the 789 

failure of the progenitor population is responsible for the advancing pathology.  Two additional 790 

findings – respiratory metaplasia after disappearance of the GBC population and emergence of 791 

the ciliated columnar epithelial cells in metaplastic epithelium from HBCs in the absence of 792 

severe injury – emphasize the power of this aging model.  Future investigations will focus on 793 
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the nature of the signals leading to the collapse of the GBC population, the shift in HBC fate 794 

away from neurogenesis toward metaplasia, and the potential for activation of HBCs to restore 795 

neurogenesis.  796 
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Figure Legends 934 

Fig. 1. Human OE becomes increasingly aneuronal with age.  Autopsy sample taken from 74-935 

year-old human shows that the OE contains prominent areas devoid of staining with neuronal 936 

markers (A) Whole mount of septum using an antibody against NST (visualized with DAB) to 937 

stain OSNs reveals regions of OE lacking any OSNs (indicated by gaps within the NST[+] OE).  938 

Orientation of the tissue is indicated as dorsal (d), ventral (v), anterior (a) and posterior (p).  (B) 939 

Mosaic image of a section taken from the same sample shown in A shows the neuronal OE with 940 

OMP (+) (green) and NST (+) (magenta) OSNs (designated as “N”) and the respiratory 941 

epithelium with βIV-Tubulin (+) (gold) columnar cells (designated as “R”); in between the 942 

neurogenic OE and the respiratory epithelium is a patch of the aneuronal OE with neither of 943 

OMP (+)/NST (+) OSNs or βIV-Tubulin (+) columnar cells (designated as “A”).  Arrows indicate 944 

borders between regions and arrowheads indicate basal lamina.  Orientation of the tissue is 945 

indicated as dorsal (d) and ventral (v).  (C-F) High magnification of neurogenic regions of OE (C 946 

and D) and aneuronal OE (E and F).  The neurogenic OE consists of OMP (+) (green)/NST (+) 947 

(magenta) OSNs (C) as well as Sox2 (+) (green) GBCs (open arrow), Sox2 (+) (green)/P63 (+) 948 

(magenta) HBCs (white arrows) above the basal lamina (arrowhead) in D and F, and Sox2 (+) 949 

supporting cells apically (D).  The aneuronal OE lacks OMP (+)/NST (+) neurons (E) and Sox2 (+) 950 

GBCs, however Sox2(+) HBCs are present and remain P63(+) indicated by white arrows (F).  951 

Scale bars are 3 mm (A), 300 μm (B), and 20 μm (C, and also applies in D-F).  Dashed line 952 

indicates basal lamina in C and E. 953 

 954 
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Fig. 2. The OE from aging mice contains aneuronal areas, similar to the OE from aging 955 

humans.  Sample taken from 2 year old wild-type C57BL/6 mouse shows extensive areas devoid 956 

of neuronal markers. (A) Low magnification of ectoturbinate II of the OE (black box in the 957 

cartoon inset indicates the location within the OE) shows the lining of both normal, neuronal 958 

OE with OMP (+) (green) mature and NST(+) (magenta) immature OSNs and aneuronal OE 959 

lacking OSNs.  The RE is identified as βIV-Tubulin(+) (gold) at its apical surface.  The white boxes 960 

depict the areas that were photographed in B-F.  (B-F) High magnification of neurogenic OE (B 961 

and C), aneuronal OE (D and E), and respiratory metaplasia (F) found in aging wild-type C57BL/6 962 

mice.  Similar to the human OE (see Fig. 1), the normal, neuronal OE consists of OMP (+) 963 

(green)/NST (+) (magenta) OSNs (B) as well as Sox2 (+) (green) GBCs (open arrow), Sox2 (+) 964 

(green)/P63 (+) (magenta) HBCs (white arrows) above the basal lamina (arrowhead) and Sox2 965 

(+) supporting cells apically (C).  The aneuronal OE contains neither OMP (+)/NST (+) nor 966 

immature NST (+) neurons (D) nor Sox2 (+) GBCs (E).  As in human OE, Sox2 (+)/P63 (+) HBCs 967 

(white arrows) and Sox2 (+) supporting cells are evident and evidently dormant (E).  (G) Areas of 968 

respiratory metaplasia found in K5-CreERT2;Rosa26-fl(stop)-TdTomato (KT) mice.  Neither OMP 969 

(+) or NST (+) neurons are present, however, βIV-Tubulin (+)/TdTomato (+) ciliated columnar 970 

cells can be identified.  KT mice injected with Tamoxifen at 6 weeks and euthanized at 18 971 

months contain areas of metaplastic RE in which ciliated columnar cells are derived from TdT 972 

(+) HBCs as a result of activation.  Scale bars are 3150 μm (A), and 20 μm (B, also applies in C-973 

G).  Dashed lines indicate basal lamina in (B, C, F and G); arrowheads indicate basal lamina in D 974 

and E.  975 

 976 
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Fig. 3. Mouse model of accelerated aging via continuous DTA destruction of mature OSNs. (A) 977 

The breeding strategy used to generate mice that are heterozygous for the OMP-tTA and TetO-978 

DTA alleles (OMP-tTA;TetO-DTA mice).  In this “Tet-Off” paradigm, transcription of DTA leads to 979 

the death of OSNs (“Die”) in the absence of doxycycline (-Dox).  DTA is not expressed in the 980 

presence of doxycycline (+Dox) and OSNs remain alive (“Survive”). (B-C) Coronal sections of the 981 

OE from a 4 month-old control mouse (+Dox; B) and a 4 month-old degeneration mouse (-Dox, 982 

DTA-on; C).  Labeling with OMP (green) and CK19 (magenta) mark the mature OSNs in the OE 983 

and the apical lining of the RE, respectively.  The OSN layer in the degeneration mouse is 984 

thinner, the axon bundles are smaller, and the CK19 (+) RE area expands (C).  The higher 985 

magnification inset highlights an example of a cyst commonly observed in degeneration mice.  986 

(D-G) Confocal images of a cleared whole-mount of septal OE stained with OMP (green) and 987 

βIV-Tubulin (magenta) from a 6 month-old control mouse (D) with boxed area (E) at higher 988 

magnification and a 6 month-old -Dox OMP-tTA;TetO-DTA mouse (F) with boxed area (G) at 989 

higher magnification.  The OE from -Dox OMP-tTA;TetO-DTA mouse (F, G) is interrupted with  990 

more expanded areas of RE (F and asterisk in G) and swaths of aneuronal OE.  Scale bars are 991 

600 μm (B, and also applies in C), and 1mm (D, and also applies in F).  Scale in E and G is shown 992 

in Z stack 3-D view (B also applies in C).  Orientation in D and E: (d) dorsal, (v) ventral, (p) 993 

posterior, and (a) anterior. 994 

 995 

Fig. 4. Epithelial grades of degeneration.  The status of the OE in the Dox (-) OMP-tTA;TetO-996 

DTA mice can be classified or graded on the basis of the abundance of mature and immature 997 

neurons, respiratory columnar cells, dividing GBCs, and upstream GBCs.  Sections of the OE (A-998 
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C) from a 6-month old Dox (+) OMP-tTA;TetO-DTA control mouse and (D-O) 6-month old Dox (-) 999 

OMP-tTA;TetO-DTA in which the OE is degenerating stained with multiple cell-specific markers 1000 

demonstrate differences across Grades I-IV.  As opposed to the normal-appearing OE in control 1001 

mice (A), there is a progressive decrease in OMP (+) (magenta)/NST (+) (green) mature OSNs 1002 

and OMP (-)/NST (+) immature neurons in Grades I and II (D, G) with complete absence in 1003 

Grades II and IV (J, M) and presence of CK19 (+) (gold) RE columnar cells in Grade IV (M).  As 1004 

opposed to the occasional Sox2 (+) (green)/CK14 (-) (gold)/Ki67 (+) (magenta) multipotent 1005 

upstream GBCs (black arrow) in normal appearing control OE (B), Grade I displays an increase in 1006 

upstream GBCs (black arrows in E).  These proliferative, upstream Sox2 (+) GBCs decrease to 1007 

normal levels in Grade II (H) and are essentially absent in Grade III and IV (K, N).  Apically 1008 

positioned Sox2 (+) Sus cells and basally positioned CK14 (+)/Sox2 (+) HBCs are present 1009 

throughout all Grades and are rarely dividing.   The presence of ND1 (+) (green)/BrdU (+) 1010 

(magenta) immediate neuronal precursor GBCs (black arrow) are also sporadic in normal 1011 

appearing OE (C).  These cells increase dramatically in Grade I (black arrows in F) and decrease 1012 

again in Grade II (black arrows in I).  As with dividing GBCs, the immediate neuronal precursors 1013 

GBCs are absent in Grades III and IV OE (L, O).  Non-activated P63 (+) (gold) HBCs (white arrows 1014 

in C-O) line the basal lamina (arrowheads) in all Grades.  Note the absence of cell bodies 1015 

between the apical supporting cells and HBCs as indicated by the lack of nuclear staining (blue) 1016 

in Grade III (J-L).  Scale bar in A is 20 μm and also applies to B-O. 1017 

 1018 

Fig. 5. OE degeneration increases with time. (A) Cartoon renditions of coronal nasal sections 1019 

through anterior and posterior OE areas after 2, 4, and 6 months of degeneration are labeled 1020 
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along the epithelium with colors indicating grades of degeneration: Grade I (blue), Grade II 1021 

(yellow), Grade III (red), and Grade IV (black). Most severe degeneration can be seen in anterior 1022 

sections in ectoturbinate 2 at 4 and 6 months.  (B, C) Averaged quantification of percent-total 1023 

linear measurements of each grade at 2, 4, and 6 months for anterior (B) and posterior (C) 1024 

sections demonstrate increases in more severe grades especially with anterior sections over 1025 

time.  Corresponding tables show p-values of t-tests for comparisons after assigning numerical 1026 

values of 1-4 for each Grade respectively for each measured length.  Grey boxes represent 1027 

significance of > 0.05.  (D) Western blots using antibodies against OMP, GAP43, and 1028 

PGP9.5,were obtained from equal sized pieces of tissue removed from the septum of control 1029 

and 6 month degeneration mice.  (E-G) Statistical analyses of the changes in the protein levels 1030 

of OMP (E), GAP43 (F) and PGP9.5 (G). There is a significant decrease in OMP in degeneration 1031 

mice compared to control at all ages, and a decrease in PGP in degeneration mice compared to 1032 

control at 4 and 6 months, however GAP43 is not significantly changed.  For E and F * p < 0.05 1033 

(p-values are shown in Results). 1034 

 1035 

Fig. 6. Numbers of GBCs across OE of degeneration mice vary with grade of degeneration 1036 

while HBCs remain stable.  Cell counts of Sox2 (+) upstream GBCs per length of OE of 1037 

ectoturbinate 2 in the anterior (A) and the posterior regions (B) were averaged for control mice 1038 

and regions of Grade I-III of degeneration mice at 2, 4, and 6 months with representation in bar 1039 

graphs.  Overall, there is an increase in Sox2 (+) GBCs with Grade I degeneration compared to 1040 

control and other Grades.  Similarly, ND1 (+) immediate neuronal precursor GBCs were counted 1041 

in the anterior (C) and the posterior regions (D); although the differences in the population of 1042 
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ND1 (+) cells do not reach statistical significance little statistical significance across the various 1043 

grades the number of ND1(+) GBCs appear increase in Grade I OE.  Tables in A, B, C, and D 1044 

provide p-values of ANOVA and t-tests (grey boxes = p < 0.05). (E) Immunohistochemical 1045 

staining of the basal cell compartment (GBCs and HBCs) showing the differences between 1046 

control tissue and each grade of degeneration (I-III).  ND1(+) (green) and Sox2(+) (gold) GBCs 1047 

(arrowheads) are positioned above the P63 (+) (magenta) HBCs lining the basal lamina (dashed 1048 

line) in a single row.  (F) Western blots of P63 protein levels in the septal OE from 6 months old 1049 

control and 6 months old degeneration mice are not significantly different.  Scale bar in (E) is 10 1050 

μm and applies to all images. 1051 

 1052 

Fig. 7. Macrophage recruitment and cell death is increased overall in Dox (-) OMP-tTA;TetO-1053 

DTA mice in which the OE is degenerating. (A-C) Sections labeled for cleaved Caspase III(+) 1054 

(green) to mark dying cells demonstrate an increase in neuronal cell death in a 2 months DTA-1055 

on mouse (B) compared with control (A) cell counts were carried out in ectoturbinate 2 1056 

including all Grades (D).  However, cleaved Caspase III(+) cells are absent in aneuronal 1057 

epithelium as shown in the OE at 4 months of DTA-on (C).  (E-G) Macrophages are labeled with 1058 

an antibody against Iba1 (green) in sections of OE from a control mouse at 2 months (E), 1059 

degeneration mice at 2 months (F) and 4 months (G). CK19(+) (magenta) cells are identified as 1060 

HBCs (E-G).  Macrophages appear clustered more densely in degeneration regions (F) but are 1061 

infrequent in aneuronal epithelium as shown in the OE of a 4 months DTA-on mouse (G).  The 1062 

numbers of Iba1(+) macrophages (H), CD3(+) T-cells (I), CD19(+) B-cells (J), and Ly6g(+) 1063 

granulocytes (K) are increased in DTA-on mice compared to control without constraining for 1064 
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DTA status or age. A 4 x 2 X 2 ANOVA (cell type X DTA status X duration) was carried out to 1065 

assess the immune response to the lesion as a whole (L).  Dashed line indicates the basal 1066 

lamina.  Arrowheads in A and B identify cleaved Caspase III (+) dying neurons.  Arrowheads 1067 

identify individual macrophages (A-C).  Significance: * = p < 0.05.  Scale bar is 20 μm A and also 1068 

applies to B, C and E-G. 1069 

 1070 

Fig. 8. Recovery of epithelium is substantial but incomplete.  (A) Cartoon renditions of coronal 1071 

nasal sections through anterior OE areas at 4 months of degeneration in a DTA-on mouse 1072 

(image taken from Fig. 5A) and 4 months of degeneration (DTA-on) plus 2 months of recovery 1073 

(DTA-off) are classified as to extent of the degeneration and recovery across the epithelium 1074 

with colors indicating grades of degeneration: Grade 0 (equivalent to control, green), Grade I 1075 

(blue), Grade II (yellow), Grade III (red), and Grade IV (black).  Based on the extent of the 1076 

damaged epithelium before and after recovery, the less severe Grades, e.g., Grades I and II, 1077 

appear to recover to normal (Grade 0) while OE that is aneuronal or metaplastic does not 1078 

recover.  (B) Averaged extent of normal appearing OE (Grade 0) and each Grade of 1079 

degeneration expressed as a percent of the total length of OE for 2 months DTA-on, 2 months 1080 

DTA-on plus 2 months DTA-off, 4 months DTA-on, and 4 months DTA-on plus 2 months DTA-off 1081 

(n = 3 per conditions).  The extent of normal (Grade 0) OE is markedly increased after the DTA-1082 

off recovery period in the 2 + 2 mice, while the extents of Grade I and II OE are significantly 1083 

decreased after 2 months recovery (blue * and yellow * indicate that the decline in both Grade I 1084 

and Grade II is significant a level of p < 0.05), however severe degeneration (Grades III and IV 1085 

and absent of GBCs) does not change.   Similarly after 4 months of DTA-on degeneration, 2 1086 
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months of DTA-off recovery increases normal appearing OE (Grade 0) and decreases Grade I 1087 

degeneration (blue * Grade I indicates p < 0.05) but regions of severe degeneration remain 1088 

unchanged.  (C-F) Immunohistochemistry of sections from a 4 month DTA-on mouse (C and E) 1089 

and a 4 month DTA-on + 2 months DTA-off recovery mouse (D and F) demonstrates a robust 1090 

increase of OMP(+) (green) mature OSNs and NST(+) (magenta) immature neurons after 1091 

recovery in neurogenic OE (D), while βIV-Tubulin(-) (gold) aneuronal regions (E, F) remain 1092 

devoid of neurons.  Arrowheads indicate basal lamina.  Scale bar in C is 20 μm, and also applies 1093 

in D-F. 1094 

 1095 

Fig. 9. Degeneration of the OE due to accelerated turnover alters the OB.  (A, B) Diagrams of 1096 

coronal sections through the OB labeled with Vglut2 antibody reveal smaller glomeruli in the 6 1097 

months DTA-on mouse (B) compared to age-matched DTA-off control (A).  (C, D) In the DTA-off 1098 

mice individual glomeruli, labeled with OMP (magenta) and Vglut2 (green), are plump and 1099 

normal in appearance as shown in this section from the medial surface of the OB (C) but 1100 

glomeruli are markedly shrunken after 6 months of degeneration in the DTA-on mice (D).  (E, F) 1101 

Likewise, periglomerular dopaminergic interneurons labeled with an antibody against tyrosine 1102 

hydroxylase (TH) (green) are prominent and surround OMP(+) (magenta) glomeruli in the DTA-1103 

off control mice (E); in the DTA-on mice at 6 months of degeneration TH (+) are evident des[te 1104 

the substantial shrinkage of the glomeruli (F).  (G, H) Labeling of Tbx21(+) (green) mitral cells 1105 

appears unchanged comparing the OB of DTA-off control mice (G) vs. the OB DTA-on mice at 4 1106 

months of degeneration (H). Total glomerular area was calculated from Vglut2 stained DTA-off 1107 

coronal sections from anterior (I) and posterior (J) regions of the OB and from equivalent levels 1108 
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of the bulb from DTA-on mice after 2, 4, and 6 months of degeneration.  There was a significant 1109 

decrease in glomerular area compared to control (* = p < 0.05) at all durations of degeneration 1110 

points, but glomerular area is not further reduced by lengthening the period of degeneration to 1111 

4 and 6 months.  (K) Cell counts of TH (+) interneurons from similar sections demonstrated no 1112 

difference between control and degeneration mice.  (L) However, when TH protein levels were 1113 

assessed using western blots of OBs obtained from 2 and 4 month degeneration mice, and 1114 

normalized to Tbx21 protein concentration, there was a statistically significant decrease 1115 

compared to age matched controls (* = p < 0.05). (M) As with TH (+) interneurons, counts of 1116 

Tbx21 (+) mitral cells from OB sections did not change when comparing control and 2, 4, and 6 1117 

month degeneration mice.   Scale bar in C is 50 μm for (C) and applies to D-H. 1118 

 1119 

Fig. 10. The OB does not recover to normal after OE degeneration.  (A-D) Sections of OB from 1120 

4 month DTA-off (A, B) and 4 months of degeneration with 2 months of recovery (DTA-on to 1121 

DTA-off) (C, D) mice labeled with OMP (magenta) to stain the axons of mature OSNs and with 1122 

Vglut2 (+) (green) to mark axon terminals within glomeruli (A, C).  Boxes in A and C indicate the 1123 

locations of the higher magnification images shown in G-J.  Mosaics of OB sections stained for 1124 

Vglut2 were acquired, and then stained pixels were highlighted in ImageJ and rendered into 1125 

schematics (B, D).  The images were then split into medial (M, red) and lateral (L, black) 1126 

compartments (B, D).  (E, F) Measures of total glomerular area were not statistically different 1127 

when comparing 2 months DTA-off (control) vs. 2 months DTA-on followed by 2 months DTA-1128 

off recovery (E) or 4 months control vs. 4 months degeneration with 2 months recovery (F).  (G-1129 

J) Higher magnification of glomeruli labeled with antibodies against OMP (magenta) and Vglut2 1130 
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(green); for purposes of the statistical comparison a glomerulus is defined as an object 1131 

composed of contiguous stained pixels that exceed background.  The glomeruli in the 1132 

degeneration-recovery mice are markedly smaller than in the DTA-off control bulb, but they are 1133 

also more numerous (histograms below G-J).  Mean glomerular size in μm2 (red arrows) is much 1134 

smaller in recovered mice than compared to control mice (graphs in G-J).  (K, L) The set of 1135 

olfactory neurons that were labeled with antibodies against the MOR28 olfactory receptor 1136 

(green) was mapped in control (K) and recovered mice (L).  OMP labeling (magenta) was used 1137 

to mark all OSN axons in the glomerulus. (K,L) The photographs document the MOR28 staining 1138 

on the medial side of the OB.  In the control mice, each MOR28 (+) glomeruli was completely 1139 

filled by that individual receptor type whereas glomeruli in recovered mice are small in size and 1140 

appeared to be more than one glomerulus on this side.  (M, N) Measurements of the size (M) 1141 

and the complexity (N) of the glomeruli that are innervated by MOR28 neurons in both the 1142 

lateral and medial OB from the control and the recovery mice.  In the recovery mice, the size of 1143 

the individual glomerular objects are smaller (M) but the complexity index (the complexity of 1144 

the shape of objects relative to the complexity of perfect circle calculated as described in the 1145 

Results) is higher (N) after recovery from degeneration as compared to control, DTA-off mice on 1146 

both sides of the OB.  Scale bars are 300 μm in A (also applies to C), 100 μm in G (also applies to 1147 

H-J), and 50 μm in K (also applies to L). 1148 

 1149 

Table 1. Identification of antibodies used in this study  1150 

Antibodies used in this study can be identified as sources and RRID codes.  P63 antibody is 1151 

produced in house from a cell line purchased from ATCC (Yang et al., 1998). 1152 



 

 56 

Table 2. Immunohistochemical staining conditions.   1153 

Several fluorophores were used in this paper. Green: Alexa-488. Red: Cy3, Far Red: Alexa-647, 1154 

and Blue Hoechst.  All direct fluorophore-conjugated antibodies were purchased from Jackson 1155 

ImmunoResearch (West Grove, PA) and were used at 1:150 for secondary 1156 

amplification/detection (2˚).  For tertiary amplification/detection (3˚), biotin-conjugated 1157 

secondary antibodies (Jackson ImmunoResearch, West Grove, PA) and fluorophore-conjugated 1158 

streptavidin (SA) were used at 1:150.  For tyramide signal amplification (TSA), SA-HRP and FITC-1159 

tyramide were used at 1:400 and 1:100, respectively.  All concentrations are for staining for 1160 

mouse sections, concentrations used for human sections are indicated in parentheses, and 1161 

concentrations used for Western Blot are indicated in brackets. 1162 
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Table 1.  Identification of antibodies used in this study 

Primary antibody  Source and catalog No. RRID Species 

BrdU Abcam ab6326 AB_305426 Rat 

βIV tubulin Abcam ab179509 AB_2716759 Rabbit 

CD3 Biolegend 100201 AB_312658 Rat 

CD19 LSBio LS-C122956 AB_10801983 Rat 

CK14 Proteintech 10143-1-AP AB_2134831 Rabbit 

Cleaved Caspase III Cell Signaling 9661S AB_2341188 Rabbit 

GAP43 Abcam EP890Y AB_1310252 Rabbit 

Iba1 Wako 019-19741 AB_839504 Rabbit 

Ki67 BD Biosciences 556003 AB_396287 Mouse 

Ly6g LSBio LS-C112469 AB_10699395 Rat 

MOR28 Invitrogen OSR00212W AB_962172 Rabbit 

ND1 R&D AF2746 AB_150440 Rabbit 

OMP Santa Cruz sc-49070 AB_2158008 Goat  

OMP Santa Cruz sc-365818 AB_10842164 Mouse  

P63 ATCC N/A Mouse 

PGP 9.5 Proteintech14730-1-AP AB_2210497 Rabbit 

Sox2 eBioscience 14-9811-82 AB_11219471 Rat 

Tbx21 Abcam ab150440 AB_150440 Rabbit 

CK19 DSHB TROMA-III-c AB_2133570 Rat 
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Tuj1 (NST) Biolegend MMS-435P-250 AB_2313773 Mouse 

Tyrosine Hydroxylase Themo fisher P21962 AB_2539844 Rabbit 

Vglut2 Synaptic Systems 135402 AB_2187539 Rabbit 
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Table 2.  Immunohistochemical staining conditions 

Primary antibody  Pretreatment Antibody 

concentration 

Amplification Cell Types 

BrdU Steam 1:300 2˚ Proliferating cells 

βIV tubulin Steam 1:1000 (1:1000) 2˚ RE sus cells 

CD3 None 1:100 3˚ T-cells 

CD19 None 1:100 3˚ B-cells 

CK14 Steam 1:300 2˚ HBCs 

Cleaved Caspase III None 1:100 2˚ Apoptotic cells 

GAP43 Steam 1:750 [1:500] 3˚ Immature OSNs 

Iba1 Steam 1:500 3˚ Macrophages 

Ki67 Steam 1:300 2˚ Proliferating cells 

Ly6g MeOH 1:500 TSA Granulocytes 

MOR28 Steam and 

MeOH 

1:1000 TSA MOR28 OSNs 

ND1 Steam and 

MeOH 

1:600 TSA Immediate neuronal 

precursor GBCs 

OMP (goat) Steam 1:40 (1:100) 3˚ Mature OSNs 

OMP (mouse) Steam 1:40 [1:1000] 3˚ Mature OSNs 

P63 Steam and 

MeOH 

1:500 (1:100) 

[1:1000] 

2˚ Quiescent HBCs 
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PGP 9.5 Steam 1:600 [1:10000] 2˚ OSNs 

Sox2 Steam 1:300 (1:300) 3˚ Upstream GBCs, 

HBCs, sus cells 

Tbx21 Steam 1:100 [1:1000] 3˚ Mitral cell 

CK19 Steam 1:300 2˚ RE sus cells, HBCs 

Tuj1 (NST) Steam 1:300 (1:1000) 2˚ OSNs 

Tyrosine 

Hydroxylase 

Steam 1:100 [1:1000] 3˚ Dopaminergic 

periglomerular cells 

Vglut2 Steam 1:100 3˚ Synaptic terminals of 

OSNs in OB 

glomeruli 

 

  


