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AAbstract   36 

Harmful environmental agents cause nasal inflammation, and chronic nasal 37 

inflammation induces a loss of olfactory sensory neurons  and reversible atrophy of the 38 

olfactory bulb (OB). Here, we investigated the mechanisms underlying this inflammation-39 

induced OB atrophy by histologically and biochemically comparing the OB changes in 40 

mouse models of nasal inflammation and odor deprivation. In addition, we examined 41 

whether odor stimulation is necessary for OB recovery from atrophy. One group of adult 42 

male C57BL/6 mice was administered lipopolysaccharide unilaterally for 10 weeks to 43 

induce nasal inflammation (control animals received saline), and a second group received 44 

unilateral naris closures for 10 weeks of odor deprivation. The OBs atrophied in both 45 

models, but odor deprivation shrank the glomerular, external plexiform, mitral, and 46 

granule cell layers, whereas the olfactory nerve, glomerular, and external plexiform 47 

layers atrophied as a result of nasal inflammation. Additionally, nasal inflammation, but 48 

not odor deprivation, caused neuroinflammation in the OB, inducing glial activation and 49 

elevated expression of IL–1β and TNF . After 10 weeks of nasal inflammation, mice were 50 

housed for another 10 weeks with no additional treatment or with unilateral naris 51 

closure. Nasal inflammation and glial activation subsided in both groups, but glomerular 52 

and external plexiform layers recovered only in those with no additional treatment. Our 53 

findings demonstrate that nasal inflammation and odor deprivation differentially induce 54 

layer-specific degeneration in the OB, that loss of olfactory sensory neuron activity rather 55 

than neuroinflammation is a major cause of inflammation-induced OB atrophy, and that 56 

odor stimulation is required for OB recovery from atrophy.    57 

 58 

Significance 59 

Chronic nasal inflammation causes a loss of olfactory sensory neurons and atrophy of the 60 

olfactory bulb, which recovers when inflammation subsides. To reveal the mechanisms 61 

underlying inflammation-induced olfactory bulb atrophy, we compared the histological and 62 
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biochemical changes in olfactory bulbs in mouse models of nasal inflammation and odor 63 

deprivation. In addition, we examined whether odor stimulation was required for the 64 

recovery of the olfactory bulb from atrophy. Our findings revealed that nasal 65 

inflammation and odor deprivation differentially induce layer-specific degeneration in the 66 

olfactory bulb, that loss of olfactory sensory neuron activity rather than 67 

neuroinflammation is a major cause of inflammation-induced olfactory bulb atrophy, and 68 

that odor stimulation is required for the olfactory bulb to recover from atrophy.    69 

 70 

   71 
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IIntroduction 72 

Rhinitis, sinusitis, and rhinosinusitis are common diseases often caused by exposure to 73 

environmental allergens, such as bacteria, viruses, molds, and pollens (Ahmad and Zacharek, 74 

2008; Imamura and Hasegawa-Ishii, 2016). A major symptom of these diseases is nasal 75 

inflammation that causes nasal congestion and/or a runny nose. However, nasal 76 

inflammation is also associated with many neurological disorders. For example, anxiety and 77 

depression are more prevalent in patients with rhinitis than in healthy subjects (Kim et al., 78 

2016; Schlosser et al., 2016; Bedolla-Barajas et al., 2017). Moreover, olfactory dysfunction, as 79 

well as a runny nose, is a common and early sign of neurodegenerative diseases such as 80 

Parkinson’s and Alzheimer’s diseases (Chou et al., 2011; Doty, 2012; Daulatzai, 2015), and 81 

patients with depression exhibit reduced olfactory performance (Yuan and Slotnick, 2014; 82 

Siopi et al., 2016; Rochet et al., 2018). However, the mechanisms connecting nasal 83 

inflammation with neurological disorders are still an enigma. As agents and factors in the 84 

nasal passage can bypass the blood-brain barrier (Doty, 2008; Dando et al., 2014), it is 85 

important to understand how nasal inflammation affects brain structure and functions.   86 

Chronic rhinosinusitis, as well as Parkinson’s disease and depression, has been linked 87 

with reduced olfactory bulb (OB) volume (Rombaux et al., 2008; Negoias et al., 2010; Li et al., 88 

2016; Rottstadt et al., 2018). A previous study showed that chronic nasal inflammation 89 

induced by intranasal lipopolysaccharide (LPS) administration causes glial activation and a 90 

loss of synapses in the OB within 3 weeks (Hasegawa-Ishii et al., 2017). Prolonged 91 

inflammation (10 weeks or more) results in atrophy of the OB, which recovers once the 92 

inflammation resolves (Hasegawa-Ishii et al., 2019). The atrophy is attributed to the 93 

shrinkage of superficial layers of the OB, namely, the olfactory nerve layer (ONL), glomerular 94 

layer (GL), and external plexiform layer (EPL), especially the superficial EPL (sEPL) 95 

(Hasegawa-Ishii et al., 2019). The shrinkage of the ONL and GL results from the loss of 96 

olfactory sensory neuron (OSN) axons and damage to the olfactory epithelium (OE) from 97 

persistent nasal inflammation. However, the reason for the loss of the EPL is largely 98 

unknown, because OSN axons do not penetrate this layer comprising the secondary dendrites 99 
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of projection neurons, including mitral and tufted cells, which synapse with granule cell 100 

dendrites. Further studies are needed to determine the mechanism of EPL shrinkage and 101 

recovery from nasal inflammation-induced atrophy to better understand the roles of the OB 102 

and olfactory cortex in nasal inflammation-associated brain damage. 103 

Previous studies also showed that intranasal LPS administration induced gliosis in the 104 

EPL, which may have contributed to EPL shrinkage (Hasegawa-Ishii et al., 2017, 2019).  On 105 

the other hand, the loss of odor input as a result of OSN loss may also have contributed. 106 

Long-term odor deprivation via unilateral naris closure (NC) induces OB atrophy and 107 

decreases the volume of the EPL and granule cell layer (GCL), with no evidence of 108 

histological changes in the OE (Henegar and Maruniak, 1991; Maruniak et al., 1989a; 109 

Maruniak et al., 1989b; Maruniak et al., 1990). However, it is not known whether NC induces 110 

inflammatory responses and which part of the EPL is affected by odor deprivation. Therefore, 111 

we performed a detailed examination of the histological and biochemical changes and 112 

inflammatory responses in the OB and OE in adult mice experiencing long-term odor 113 

deprivation and chronic nasal inflammation.  114 

 115 

  116 
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MMaterials and Methods  117 

Animals 118 

Eight-week-old male C57BL/6JJmsSlc mice (Sankyo lab, Tokyo, Japan) were used in this 119 

study. The mice were deeply anesthetized with isoflurane and intranasally administered 10 120 

μL physiologic saline or LPS from Escherichia coli O55:B5 (1 mg/mL; Sigma, St Louis, MO) 121 

three times per week for 3, 6, or 10 weeks (saline:3w, saline:6w, and saline:10w, or LPS:3w, 122 

LPS:6w, and LPS:10w, respectively). Intranasal administrations were applied unilaterally to 123 

the left naris of each mouse, with the right side serving as an internal control. Another group 124 

of 8-week-old male mice underwent unilateral NC by brief cauterization and were housed for 125 

3, 6, and 10 weeks (NC:3w, NC:6w, and NC:10w, respectively). For analyses of recovery, mice 126 

receiving LPS for 10 weeks were subsequently housed with no additional treatment for 127 

another 2, 6, and 10 weeks (LPS:10w+NT:2w, LPS:10w+NT:6w, and LPS:10w+NT:10w, 128 

respectively) or underwent NC (LPS:10w+NC:10w).   129 

   130 

Immunostaining131 

Mice were anesthetized with ketamine (100 mg/kg body weight) and xylazine (10 mg/kg) and 132 

transcardially perfused with PBS, and then with 4% paraformaldehyde in PBS. Their heads 133 

were removed and placed in the same fixative at 4°C overnight. The rostral half of the 134 

calvaria and the nasal bone were then placed en block in 2x K-CX (Falma, Tokyo, Japan) for 135 

2.5 h for decalcification and then washed with water for 6 h. The brains were cryoprotected 136 

with 30% sucrose in PBS (wt/vol) at room temperature overnight, embedded in OCT 137 

compound (Sakura Finetek USA Inc., Torrance, CA), and maintained at –80°C until use.  138 

Olfactory tissues were coronally cut on a cryostat into 20 μm slices, mounted on slide 139 

glasses, dried and stored at –80°C until use. The sections were rehydrated with TBST (10 140 

mmol/L Tris-HCl [pH 7.4] and 100 mmol/L NaCl with 0.1% Tween 20), blocked with blocking 141 

buffer (1% bovine serum albumin for immunohistochemistry or 5% normal donkey serum 142 

[vol/vol] for immunofluorescence in TBST) at room temperature for 1 h, and incubated with 143 

primary antibodies diluted in blocking buffer overnight. The antibodies used in the present 144 
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study are listed in Table 1. Sections were incubated with host-matched secondary antibodies 145 

(ImmPress rabbit-, goat-, or rat-IgG; Vector, Burlingame, CA) at room temperature for 1 h 146 

and stained with ImmPACT SG (Vector). Nuclei were stained with nuclear fast red (Muto, 147 

Tokyo, Japan) for 1 min.  Slices were cleared and coverslipped with HSR (Sysmex, Tokyo, 148 

Japan). Sections were examined with an E600 Eclipse light microscope equipped with a 149 

digital camera control unit, DS–Fi2/DS-L3 (Nikon, Tokyo, Japan). 150 

For double immunostaining with fluorescence, Alexa Fluor 568– or 488–conjugated 151 

donkey anti–species IgGs (Thermo Fisher Scientific, Waltham, MA) were used as secondary 152 

antibodies (1:300). Nuclei were counterstained with DAPI. The sections were coverslipped 153 

with fluorescence mounting medium (Dako Agilent, Santa Clara, CA) and imaged using a 154 

fluorescence microscope with structured illumination (BZ-X710; Keyence, Osaka, Japan). 155 

 156 

QQuantitative real-time RT-PCR assay 157 

Mice from saline:10w, LPS:10w, and NC:10w groups were decapitated with a guillotine, and 158 

their brains were removed and dissected along the midline. OBs ipsilateral (left side) and 159 

contralateral (right side) to the treatment were obtained on ice under a stereomicroscope, 160 

snap frozen in liquid nitrogen, and stored at  –80°C until use. Total RNA was isolated from 161 

the frozen OBs using a NucleoSpin RNA kit (Macherey-Nagel GmbH & Co. KG, Duren, 162 

Germany) according to the manufacturer’s instructions. RNA quality was checked by 163 

examining absorbance values, and first-strand cDNA was synthesized from 1 μg total RNA 164 

with 200 U SuperScript III reverse transcriptase (Thermo Fisher Scientific) in the 165 

appropriate buffer in the presence of random primers, deoxyribonucleotide triphosphate mix, 166 

dithiothreitol, and 40U RNase OUT (Thermo Fisher Scientific). Reverse transcription was 167 

performed at 25°C for 10 min, 50°C for 60 min, and 70°C for 15 min. Real-time PCR was 168 

performed using TB Green Premix Ex Taq II (Takara Bio Inc., Shiga, Japan), according to the 169 

manufacturer’s instructions, in a total volume of 25 μL with a Thermal Cycler Dice Real Time 170 

System II (Takara Bio Inc.) and 40 cycles of 95°C for 5 s and 60°C 30 s. The primer sequences 171 

are listed in Table 2. Transcript levels were normalized to those of Gapdh from corresponding 172 
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samples. Data are expressed as relative fold change using the 2-ΔΔCT calculation method.   173 

    174 

IImage analyses and morphometry 175 

All samples were randomly numbered so that the analyses were performed by an 176 

experimenter who was blind to sample identities. 177 

Relative OB size, After cryoprotection, the nasal bones over the OBs were carefully 178 

removed under the microscope (Stemi305; Carl Zeiss AG, Oberkochen, Germany) and the 179 

dorsal views of the ipsi– and contralateral OBs were imaged with a digital camera (DS-180 

Fi2/DS-L3; Nikon) attached to the microscope. Using these dorsal views, ipsi- and 181 

contralateral OB areas were measured separately using Photoshop software (Adobe Systems 182 

Inc., San Jose, CA). The number of pixels contained in the OB was measured and converted to 183 

area (mm2), and the ratio of the ipsilateral OB area to the contralateral area (ipsilateral OB 184 

area/ contralateral OB area) was calculated. Values were compared among saline:3w, 185 

saline:6w, and saline:10w (n = 4, 3, and 4, respectively), LPS:3w, LPS:6w, and LPS:10w (n = 4, 186 

3, and 4, respectively); and NC:3w, NC:6w, and NC:10w (n = 4, 4, and 5, respectively), and 187 

among LPS:10w, LPS:10w+NT:10w, and LPS:10w+NC:10w (n = 4) or LPS:10w, 188 

LPS:10w+NT:2w, LPS:10w+NT:6w, and LPS:10w+NT:10w (n = 4).   189 

OB layer areas, Nuclei in coronal sections of the OBs were stained with nuclear fast 190 

red. The number of pixels enclosed by the boundaries of each layer was measured and 191 

converted to area (mm2) using Photoshop software (Adobe Systems Inc.). As the rostral parts 192 

of the OB are much smaller and caudal parts have much thinner ONL, layer analyses were 193 

performed using the sections from the “middle OBs” that included 3 4 mm2 area of the whole 194 

OB and ≥ 0.5 mm2 area of the ONL on the contralateral side. Three these sections per mouse 195 

were selected for the statistical analysis. The ratio of each layer was determined by dividing 196 

the area from the ipsilateral side by the area from the contralateral side. Values were 197 

compared among saline:10w, LPS:10w, and NC:10w, or LPS:10w, LPS:10w+NT:10w, and 198 

LPS:10w+NC:10w (n = 3).  199 

 200 
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sEPL area, Sections from the middle OBs were stained with DAPI and for calretinin to 201 

label mitral cells, granule cells with synaptic connections with mitral cells, and some 202 

periglomerular cells. Within the EPL, the calretinin-positive area was regarded as the deep 203 

EPL (dEPL) and the calretinin-negative area was regarded as the superficial EPL (sEPL) 204 

(Malz et al., 2000). The pixel numbers enclosed by the boundaries of sEPL were measured 205 

and converted to the area (mm2) by using Photoshop software (Adobe Systems Inc.). The ratio 206 

of the sEPL was determined by dividing the area of the sEPL by the total EPL area. Values 207 

were compared among saline:10w, LPS:10w, and NC:10w or LPS:10w, LPS:10w+NT:10w, and 208 

LPS:10w+NC:10w (n = 3). 209 

OMP positive length, Coronal sections of the OE were stained with DAPI and for the 210 

olfactory marker protein (OMP) expressed by mature OSNs. Two OE sections per each mouse 211 

that were 300–600 m rostral to the anterior tip of the OB were selected for the analysis. The 212 

length along the surface of the OE including the septal OE, the first, second and third 213 

turbinates (total OE), and the length along the OMP-positive epithelium within the total OE 214 

were measured using ImageJ software. The ratio of OMP-positive length was determined by 215 

dividing the length of the OMP-positive epithelium by the total OE length. Values were 216 

compared among LPS:10w, LPS:10w+NT:10w, and LPS:10w+NC:10w (n = 3). 217 

    218 

EExperimental design and statistical analysis 219 

Comparisons of the relative OB sizes among saline, LPS, and NC treatments were 220 

statistically analyzed by two–way ANOVA (two main effects of treatment and time), followed 221 

by Tukey’s HSD post hoc tests for multiple comparisons. A p–value of < 0.05 indicated a 222 

significant difference. The areas of each layer of the OB, ratios of sEPLs, transcript amounts, 223 

time courses of the changes in the relative OB size, and ratios of OMP-positive length to total 224 

OE length were statistically analyzed using Tukey’s HSD tests.  Statistical analyses were 225 

performed using Statistica software (Dell Software, Round Rock, TX). Values are reported as 226 

means ± SEMs.   227 

  228 
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RResults 229 

OE inflammation and loss of OSNs 230 

Macrophages (F4/80 positive) and neutrophils (Ly-6G positive) did not infiltrate the OE in 231 

animals administered saline (Fig. 1A and D) but accumulated in the OE and lamina propria, 232 

some of which expressed IL−1β, of LPS:10w (Fig. 1B and E). Few if any macrophages or 233 

neutrophils were observed in OE of NC:10w (Fig. 1C and F), indicating that NC did not 234 

induce nasal inflammation.   235 

In the saline:10w, mature (OMP positive) and immature (GAP43 positive) OSNs were 236 

detected in the OE (Fig. 1G and J), whereas these were lost from the ipsilateral OE in 237 

LPS:10w (Fig. 1H and K), consistent with our previous study. OSNs were detected in the 238 

ipsilateral and contralateral OE in NC:10w (Fig. 1I and L), indicating that 10 weeks of NC 239 

did not induce a loss of OSNs. 240 

 241 

Gross atrophy of the OB 242 

In saline-treated mice, ipsilateral and contralateral OBs were similar in size, because the 243 

ipsilateral areas were almost 100% relative to the contralateral OB areas at all time points 244 

examined (97.6% ± 3.3%, 98.6% ± 2.5%, and 98.7% ± 2.4% of the contralateral values in 245 

saline:3w, saline:6w, and saline:10w, respectively; Fig. 2A and D), indicating that the 246 

administration procedure did not induce atrophy. In LPS-treated mice, the ipsilateral OB 247 

areas gradually decreased to 81.0% ± 2.5% and 77.2% ± 1.9% of the contralateral values at 6 248 

weeks and 10 weeks, respectively, which were significantly lower than in saline-treated mice 249 

at the same time points (Fig. 2B and D). In NC mice, the areas of ipsilateral OB significantly 250 

decreased to 81.1% ± 1.8% of the contralateral values at 10 weeks (Fig. 2C and D). The 251 

contralateral OB sizes did not significantly differ among saline-treated, LPS-treated, and NC 252 

mice (data not shown). These results indicate that LPS and NC treatments similarly induced 253 

atrophy of the ipsilateral OB within 10 weeks.  254 

 255 

 256 
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SSpecific layer shrinkage  257 

To examine which layers of the OB contributed to the observed atrophy, we measured the 258 

area of each layer using coronal sections from the middle of the ipsi- and contralateral OBs 259 

(Fig. 3A–D). These measurements confirmed that saline treatment did not reduce the area of 260 

the whole OB (sum of ONL, GL, EPL, mitral cell layer plus the internal plexiform layer 261 

[MCL+IPL] and GCL) (101.6% ± 1.1% of contralateral values), whereas ipsilateral areas were 262 

significantly lower both in LPS:10w (74.1% ± 2.3%) and NC:10w (82.2% ± 3.2%) (Fig. 3E). In 263 

LPS:10w, the areas of the ipsilateral ONL, GL, and EPL relative to their contralateral 264 

counterparts (36.6% ± 5.4%, 59.3% ± 1.5%n and 83.7% ± 1.1%, respectively) were significantly 265 

lower than in the saline:10w (97.0% ± 10.2%, 105.4% ± 4.5%, and 105.0% ± 3.3%, respectively) 266 

(Fig. 3E). The ratios for MCL+IPL and GCL did not significantly change in the LPS:10w 267 

compared with those in the saline-treated controls. Whereas NC did not alter the ratios for 268 

ONL, those for GL, EPL, MCL+IPL, and GCL (83.6% ± 6.0%, 71.9% ±2.3%, 79.8% ± 2.5% and 269 

82.8% ± 4.2%, respectively) were significantly lower than in saline-treated controls (105.4% ± 270 

4.5%, 105.0% ± 3.3%, 105.1% ± 5.4%, and 101.4% ± 6.3%, respectively) (Fig. 3E). Thus, 271 

different layers contributed to the OB atrophy observed in LPS-treated and NC mice: LPS 272 

induced shrinkage of ONL, GL, and EPL, and NC induced shrinkage of GL, EPL, MCL+IPL, 273 

and GCL (Fig. 3E). 274 

We confirmed the shrinkage of ONL and GL by immunohistochemistry for OMP, a 275 

marker for mature OSNs. The ONL and GL were immunopositive for OMP in saline-treated 276 

controls (Fig. 4A and D), whereas the staining in the lateral ONL of the ipsilateral OB was 277 

almost completely lost in LPS:10w (Fig. 4B and E). The number and the size of glomeruli 278 

were remarkably decreased in the lateral side of the ipsilateral OB, whereas the medial side 279 

was largely intact in LPS:10w. Immunoreactivity in ONL in the NC:10w (Fig. 4C and F) was 280 

similar to that in the saline:10w, indicating that the OSNs were histologically intact in 281 

NC:10w.   282 

A subpopulation of juxtaglomerular cells that extend their dendrites into glomeruli 283 

expresses tyrosine hydroxylase (TH) in an activity dependent manner (Cho et al., 1996), such 284 
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that TH immunostaining is detected in the GL in saline-treated controls (Fig. 4G). TH 285 

expression in the GL was weaker in LPS:10w than in saline:10w, but was much weaker in 286 

NC:10w (Fig. 4H and I). 287 

 288 

TThinning of the sEPL 289 

We further characterized the shrinkage of the EPL after 10 weeks of LPS and NC to 290 

determine which sublayer was more vulnerable to nasal inflammation and odor deprivation. 291 

The sEPL can be distinguished from the dEPL by its weaker calretinin immunostaining, 292 

which is expressed by mitral cells and connecting granule cells (Fig. 5A–F) (Malz et al., 2000). 293 

In saline-treated controls, the sEPL was almost 50% of the total EPL in ipsilateral and 294 

contralateral OBs (Fig. 5A, D, and G). By contrast, this was reduced to 38.0% (Fig. 5B, E, and 295 

G) and 30.5% (Fig. 5C, F and G) in the ipsilateral OBs after 10 weeks of LPS and NC, 296 

respectively. Thus, the superficial layer of the EPL is affected by inflammation and odor 297 

deprivation, with greater sensitivity to odor deprivation.   298 

 299 

Glial responses and cytokine expression 300 

Microglia have a small cell body and thin radially projecting processes, and are distributed 301 

evenly throughout the brain and OB under normal conditions, as seen in saline-treated 302 

control (Fig. 6A and D). In LPS:10w, microglia were activated with larger cell bodies and 303 

thicker processes, particularly on the lateral side of the ipsilateral OB (Fig. 6B and E). 304 

Quantitative PCR analysis revealed that the amount of transcript for Iba-1 was ~2.5 times 305 

higher in the ipsilateral OBs of LPS:10w than in the saline controls (Fig. 6G). By contrast, 306 

microglia appeared normal, and the Iba-1 transcript amount did not change in the NC:10w 307 

(Fig. 6C, F, and G). 308 

Astrocytes were located mainly in the GL, sEPL and GCL of saline-treated (Fig. 7A 309 

and D) and NC-treated mice (Fig. 7C and F). However, hypertrophic astrocytes were 310 

distributed throughout the EPL as well as the GL in LPS:10w (Fig. 7B and E). Quantitative 311 

PCR analysis revealed that the amounts of transcript for GFAP significantly increased in 312 



 

14 
 

LPS:10w and NC:10w (Fig. 7G), suggesting that astrocytes reacted to NC, although their 313 

morphology was not prominently altered.  314 

As we observed robust glial activation in the ipsilateral OBs of LPS:10w, we expected 315 

to observe another sign of neuroinflammation. We performed quantitative PCR to measure 316 

the expression of IL–1β, TNF , IL–6, and COX–2 as representative pro-inflammatory factors 317 

and of IL–10, TGF  and BDNF as representative anti-inflammatory factors. In the 318 

ipsilateral OBs, 4.4 times more IL–1β and 5.8 times more TNF  were expressed in the 319 

LPS:10w than in the saline controls (p = 0.051 for IL 1  and p < 0.01 for TNF ), with no 320 

change detected in the NC:10w (Fig. 7H and I). We also found that IL–10 expression was six 321 

and three times higher in the LPS:10w and NC:10w, respectively (Fig. 7J). There were no 322 

changes in the expression levels of other inflammatory factors examined with LPS or NC 323 

treatment. These results indicate that 10 weeks of LPS administration, but not NC, induces 324 

neuroinflammation in the OB.  325 

 326 

RRemission of nasal inflammation and neuroinflammation 327 

The OB recovers from LPS-induced atrophy once nasal inflammation subsides (Hasegawa-328 

Ishii, Shimada, and Imamura 2019). In the present study, we examined whether odor 329 

deprivation is related to OB recovery.   330 

First, we examined whether nasal inflammation subsides in the presence 331 

(LPS:10w+NT:10w) or absence (LPS:10w+NC:10w) of odor input. Very few F4/80-positive 332 

macrophages or Ly-6G-positive neutrophils were detected in the OE in the LPS:10w+NT:10w 333 

and LPS:10w+NC:10w (data not shown), indicating that nasal inflammation subsided 334 

regardless of odor input. To examine the recovery of OSNs, we calculated the OMP-positive 335 

length relative to the entire OE length. In LPS:10w, 18.9% ± 5.5% of OE length was OMP 336 

positive (Fig. 8A and D), which increased to 36.9% ± 3.3% in the LPS:10w+NT:10w and 337 

significantly increased to 46.6% ± 3.7% in the LPS:10w+NC:10w (Fig. 8B, C, and D). These 338 

results indicate that OSNs were able to recover from inflammation-induced damage in the 339 
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presence and absence of odor input.  340 

We also examined neuroinflammation in the OB during this recovery period by 341 

assessing glial activation. Compared with that in the LPS:10w, the size, numbers, and 342 

morphology of microglia returned to normal in both the LPS:10w+NT:10w and 343 

LPS:10w+NC:10w (Fig. 8E, F, and G). Similarly, the hypertrophy and accumulation of 344 

astrocytes in the EPL in the LPS:10w were reversed in the LPS:10w+NT:10w and 345 

LPS:10w+NC:10w (data not shown).  These results indicate that neuroinflammation subsided 346 

in the OB in the presence or absence of odor input. 347 

 348 

RRecovery from OB atrophy 349 

We next examined whether the atrophy of the OB recovers in the presence or absence of odor 350 

input during the recovery phase. The average size of the ipsilateral OB significantly 351 

increased from 77.2% ± 1.9% of the contralateral side in LPS:10w to 92.0% ± 4.3% in the 352 

LPS:10w+NT:10w (Fig. 9A, B, and D). The areas of OB gradually increased during 10 weeks 353 

of nontreatment (Fig. 9E). By contrast, the OB size did not recover in the absence of odor 354 

input, because the average ipsilateral OB was 72.1% ± 1.2% of the contralateral size in the 355 

LPS:10w+NC:10w (Fig. 9C and D). 356 

To determine if the recovery was layer specific, we compared the areas of each layer in 357 

coronal sections of the OBs among the LPS:10w, LPS:10w+NT:10w, and LPS:10w+NC:10w 358 

(Fig. 10A−C). The ONL was slightly but not significantly thicker in the LPS:10w+NT:10w 359 

and LPS:10w+NC:10w, at 58.4% ± 2.5% and 59.2% ± 9.6% of the contralateral layers, 360 

respectively (Fig. 10D). However, the areas of the GL and EPL significantly increased to 361 

95.5% ± 2.7% and 106.3% ± 4.2%, respectively, in the LPS:10w+NT:10w, as expected on the 362 

basis of a previous study. By contrast, GL was not different in the LPS:10w+NC:10w 363 

compared with that in the LPS:10w (Fig. 10D), whereas the EPL further decreased to 61.7% ± 364 

2.3% of that of the contralateral side (Fig. 10D). Moreover, the MCL+IPL and GCL, which 365 

were not decreased in the LPS:10w, decreased in the LPS:10w+NC:10w compared with those 366 

in the LPS:10w and LPS:10w+NT:10w (Fig. 10D), suggesting that LPS:10w+NC:10w mice 367 
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suffered from tandem insults of LPS and NC. These results indicate that the ONL recovered 368 

in the presence and absence of odor input, but the GL and EPL needed odor input for recovery.  369 

The recovery of the ONL and GL in the LPS:10w+NT:10w and LPS:10w+NC:10w was 370 

confirmed by immunohistochemistry for OMP (Fig. 11A−C). In addition, TH expression was 371 

restored in the LPS:10w+NT:10w, but not in the LPS:10w+NC:10w (Fig. 11D−F).  372 

The reduced area of the sEPL in the ipsilateral OBs in the LPS:10w (Fig. 5B, E, and G 373 

and Fig. 12A, D, and G) recovered to 46.8% of the total EPL in the LPS:10w+NT:10w, which 374 

was similar to that of the contralateral OB (Fig. 12B, E, and G). By contrast, the area of the 375 

sEPL further decreased to 23.9% of the total EPL in the ipsilateral OBs of the 376 

LPS:10w+NC:10w, whereas the ratio did not change in the contralateral OBs (Fig. 12C, F, 377 

and G).   378 

 379 

  380 
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DDiscussion 381 

Chronic nasal inflammation induces a loss of OSNs and results in neuroinflammation and 382 

gross atrophy of the OB (Hasegawa-Ishii, Shimada, and Imamura 2019). The results from the 383 

present study extended these findings and demonstrated that chronic nasal inflammation 384 

and long–term odor deprivation have differential effects. LPS-induced chronic nasal 385 

inflammation caused shrinkage of superficial OB layers (ONL, GL, and EPL) contributing to 386 

OB atrophy, whereas NC-induced long-term odor deprivation caused shrinkage of all layers 387 

except ONL (GL, EPL, MCL+IPL, and GCL), resulting in atrophy without inflammation or 388 

OSN loss.  389 

 390 

 The shrinkage of the ONL and GL in LPS-treated mice was attributed to the 391 

retraction of the axons of OSNs. The shrinkage of the GL was also due to the retraction of 392 

dendrites of OB projection neurons in LPS-treated and NC mice. By contrast, the shrinkage 393 

of the GCL after 10 weeks of odor deprivation may have resulted from reduced neurogenesis 394 

of OB interneurons and/or survival of newly generated granule cells (Yamaguchi and Mori, 395 

2005). Although the ONL, GL, and GCL were differentially affected, both LPS and NC 396 

treatments induced shrinkage of the EPL, particularly the sEPL. The superficial one-third of 397 

the EPL receives projections from tufted cells, whereas the deeper layers comprise 398 

dendrodendritic synapses from mitral cells. Thus, neuronal circuits involving tufted cells are 399 

preferentially affected by both chronic nasal inflammation and long-term odor deprivation. 400 

 401 

 The mechanism for sEPL shrinkage likely involved a loss of OSN activity. OSN 402 

activity is eliminated by odor deprivation via NC, while it may not be completely eliminated 403 

as a result of inflammation in LPS-treated mice. This idea is supported by the results 404 

showing that NC had a much greater effect on the sEPL area than LPS treatment, and 405 

induced further shrinkage of MCL+IPL and GCL. NC also reduced TH expression in the GL 406 

to a greater extent than LPS treatment, indicating that the odor-induced activity of 407 

juxtaglomerular cells was much lower in the NC mice than in the LPS-treated mice.  408 
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The results from a previous study suggested that glial activation and pro-inflammatory 409 

cytokines, a hallmark of neuroinflammation, contribute to EPL shrinkage (Hasegawa-Ishii et 410 

al., 2019). However, the findings from the present study failed to support this and further 411 

demonstrated that this does not occur with odor deprivation. Moreover, the EPL did not 412 

recover but rather underwent further shrinkage in the absence of odor input despite the 413 

alleviation of inflammation after the cessation of LPS administration. These data suggest 414 

that a reduction in glial activation does not contribute to recovery in the OB. By contrast, 415 

activated glial cells may support tissue homeostasis in the OB. In the present study, IL–10, 416 

an anti-inflammatory cytokine, was upregulated in LPS:10w and NC:10w. Given that the 417 

tufted cells were vulnerable to nasal inflammation and odor deprivation, IL–10 may be 418 

produced by some cells to protect against the degeneration of tufted cells. Several previous 419 

reports indicated that astrocytes have the ability to release IL–10 to protect brain tissue 420 

when they are stimulated (Mizuno et al., 1994; Rasley et al., 2006; Sawada, Suzumura, and 421 

Marunouchi, 1995). The upregulated GFAP mRNA expression shows that astrocytes react to 422 

nasal inflammation and also odor deprivation. The reactive astrocytes may release IL−10 to 423 

maintain OB homeostasis. Within a damaged nasal cavity, for example, Staphylococcus 424 

aureus can infiltrate the ONL and GL but not deeper inner layers, possibly because of the 425 

actions of activated microglia at the periphery of the OB (Herbert et al., 2012). Activated 426 

microglia produce osteopontin, a neuroprotective cytokine, which acts on CD44 expressed by 427 

hippocampal neurons and astrocytes following kainic acid–induced excitotoxic hippocampal 428 

injury. This signaling is essential for the neuroprotection and remodeling of hippocampal 429 

tissue (Hasegawa-Ishii et al., 2011). Thus, the activated microglia in mice with chronic nasal 430 

inflammation in the present study may similarly protect the inner layers of the OB (i.e., the 431 

MCL, IPL and GCL) from atrophy, although it is possible that astrocyte reactivity 432 

contributed to EPL shrinkage.    433 

 434 

Although the GL and EPL completely recovered from atrophy only in the presence of odor 435 

input, the abatement of nasal inflammation resulted in only partial recovery of OSNs, which 436 
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occurred regardless of odor input.  This suggests that odor stimulation is not necessary for 437 

OSNs to regenerate, mature, and project axons, but is required for OB neurons to form and 438 

maintain synapses. An intriguing result is that the recovery of OSNs was more efficient in 439 

LPS:10w+NC:10w than in LPS:10w+NT:10w. When we examined the expression of OMP, 440 

calretinin, and GAP43 in the OE, the number of GAP43-positive and calretinin-positive OSNs 441 

increased in NC:3w (Fig. 8−1A and B), and the increase in the number of calretinin–positive 442 

OSNs was more prominent on the closed side in NC:10w than on the open side (Fig. 8−1C and 443 

D). In the OE, calretinin is expressed by intermediate cells during OSN development (Wei, 444 

Lang, and Jiang, 2013) and we observed a significant increase in the number of calretinin445 

positive OSNs on the ipsilateral side in LPS:10w+NC:10w compared with that on the 446 

contralateral side and to the ipsilateral side of the OBs in LPS:10w+NT:10w (Fig. 8−1E−G). 447 

This result suggests that NC stimulates the proliferation of basal cells and promotes the 448 

turnover of the OSNs, representing a mechanism underlying the better recovery of the OE in 449 

LPS:10w+NC:10w than in LPS:10w+NT:10w.  450 

 451 

 OB atrophy induced by odor deprivation also occurs in neonates. NC in neonatal mice 452 

significantly reduces the number of granule and external tufted cells but not mitral cells, 453 

which develop earlier (Brunjes, 1985; Frazier and Brunjes, 1988; Brunjes, 1994). Thus, there 454 

may be a critical neonatal period during which OSN activity supports the survival of granule 455 

and external tufted cells and their integration into the neuronal circuit. Another study in 456 

which the nostrils of rats were closed on postnatal day 1 and reopened on postnatal day 20 457 

showed that the OBs recovered from atrophy and that the area of the layer returned to 458 

normal (Cummings et al., 1997). However, the external tufted cells were not quantified in 459 

that study. Further studies examining the sEPL ratio after naris reopening will help to 460 

elucidate the mechanisms underlying OSN activity-dependent OB atrophy and recovery. 461 

 462 

 Our results suggest that in adults, the dendrites of tufted cells retain plasticity 463 

according to OSN activity. In developing neurons, neuronal activity facilitates dendritic 464 
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stabilization, and the BDNF signaling through TrkB appears to be an important mediator of 465 

this effect (Imamura and Greer, 2009). Transgenic mice with lacZ expressed under the control 466 

of the BDNF promoter revealed that BDNF is expressed by a subset of interneurons and 467 

external tufted cells, but not by mitral cells, in the adult OB (Clevenger et al., 2008). Since 468 

TrkB is expressed by both mitral and tufted cells, the differential expression of the BDNF 469 

may be a factor underlying their differing dendrite plasticity.  In the adult brain, tufted cells 470 

are more sensitive to odor inputs and fire in rhythm with respiration (Nagayama et al., 2004; 471 

Fukunaga et al., 2012; Igarashi et al., 2012), suggesting that tufted cell circuit is poised to 472 

monitor the chemicals and odors in the environment. The high plasticity of tufted cells may 473 

be indispensable to monitor the outer chemical environment. 474 

 475 

The impact of odor deprivation may not be limited to the OB, because the anterior 476 

olfactory nucleus also shrinks (Barbado et al., 2001) and semilunar cells of the piriform cortex 477 

undergo apoptosis in response to odor deprivation (Lopez-Mascaraque and Price, 1997; Leung 478 

and Wilson, 2003). Further studies are needed to address whether cortical areas and neurons 479 

highly vulnerable to the effects of nasal inflammation and/or odor deprivation predominantly 480 

receive input from tufted cells, and whether they are associated with the circuitry changes 481 

observed in the OB. A greater understanding of the extent to which nasal inflammation and 482 

odor deprivation impact neurons will clarify the relationship between the olfactory system 483 

and whole brain functions as well as the association between nasal inflammation and 484 

neurological disorders.  485 

  486 
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 594 

FFigure legends 595 

Figure 1. Nasal inflammation and loss of OSNs. 596 

A–C, Immunofluorescence for F4/80 (green), IL−1  (red), and nuclei (DAPI, blue) in the 597 

ipsilateral OE in saline:10w (A), LPS:10w (B) and NC:10w (C). F4/80-immunopositive 598 

macrophages infiltrated the OE in LPS:10w (B) but not in saline:10w (A) or NC:10w (C).  599 

Some F4/80–immunopositive macrophages in the OE expressed IL−1  in LPS:10w (B). D–F, 600 

Immunofluorescence for Ly-6G (green), IL–1  (red), and nuclei (DAPI, blue) in the ipsilateral 601 

OE in saline:10w (D), LPS:10w (E), and NC:10w (F). Ly-6G-immunopositive neutrophils 602 

infiltrated the OE in LPS:10w (E) but not in saline:10w (D) or NC:10w (F). A few Ly-6G-603 

immuopositive neutrophils in the OE expressed IL–1  in LPS:10w (E). G–I, Coronal sections 604 

of OE stained for OMP (green), GAP43 (red), and nuclei (DAPI; blue) in saline:10w (G), 605 

LPS:10w (H) and NC:10w (I).  OMP- and GAP43-immunopositive mature and immature 606 

OSNs were lost in the ipsilateral OE in LPS:10w (H) but not in saline:10w (G) or NC:10w (I). 607 
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J–L, Magnified views of ipsilateral OE stained for OMP (green), GAP43 (red) and nuclei 608 

(DAPI, blue). Scale bars, 50 μm in A–F and J–L and 500 μm in G–I. 609 

OSN, olfactory sensory neuron; OE, olfactory epithelium. 610 

 611 

FFigure 2. Atrophy of the OB. 612 

A–C, Dorsal views of the OBs of saline:10w (A), LPS:10w (B) and NC:10w (C). Ipsilateral OBs 613 

atrophied in LPS:10w (B) and NC:10w (C). Scale bars, 1 mm. D, Graph presents the time 614 

course of changes in the OB size. Ratios of ipsilateral OB areas to the contralateral ones 615 

gradually decreased in LPS:10w and NC:10w.  * p < 0.05, ** p < 0.01 vs. saline:10w. 616 

OB, olfactory bulb.   617 

 618 

Figure 3. Shrinkage of layers in the OB. 619 

A–C, Coronal sections of the ipsilateral OBs stained with DAPI. D, Schematic image of the 620 

OB representing each layer. E, Graphs present the ratios of the ipsilateral layer areas to the 621 

contralateral ones. Whole OB contains all layers. ONL, GL, and EPL shrank in the LPS:10w, 622 

whereas GL, EPL, MCL+IPL, and GCL shrank in the NC:10w. * p < 0.05, ** p < 0.01.  623 

OB, olfactory bulb; ONL, olfactory nerve layer; EPL, external plexiform layer; MCL, mitral 624 

cell layer; IPL, internal plexiform layer; GCL, granule cell layer. Scale bars, 500 μm in A–D. 625 

 626 

Figure 4. OMP and TH expression in the OB. 627 

A–F, Immunohistochemistry for OMP, representing ONL and GL, in ipsilateral OBs from 628 

saline:10w (A and D), LPS:10w (B and E) and NC:10w (C and F). OMP-immunopositive axon 629 

terminals of OSNs were lost particularly in the lateral side of the ipsilateral OB in LPS:10w 630 

(B and E) but not in saline:10w (A and D) or NC:10w (C and F). D–F, Magnified views of 631 

lateral side of the OBs in A–C. G–I, Immunohistochemistry for TH expressed by some 632 

juxtaglomerular cells. TH expression decreased in LPS:10w (H) and in NC:10w (I) compared 633 

with that in the saline:10w (G). Nuclei were stained with nuclear fast red. Scale bars, 500 μm 634 

in A–C, and 200 μm in D–I. 635 
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FFigure 5. Shrinkage of sEPL. 636 

A–F, Coronal sections of the ipsilateral OB stained for calretinin (expressed by mitral cells 637 

and some granule cells connecting to mitral cells in the dEPL). Solid yellow lines represent 638 

the borders of the GL and EPL or EPL and MCL. Dotted yellow lines represent the borders of 639 

sEPL and dEPL. D–F, Magnified views of areas indicated by rectangles in A–C. The sEPL 640 

preferentially shrank in LPS:10w and NC:10w. G, Graph presents the ratios of sEPL to total 641 

EPL. The ratios of sEPL to total EPL decreased in ipsilateral EPLs in LPS:10w and NC:10w.  642 

** p < 0.01. Scale bars, 500 μm in A–C, and 200 μm in D–F.   643 

sEPL, superficial EPL; OB, olfactory bulb; GL, glomerular layer; EPL, external plexiform 644 

layer; MCL, mitral cell layer. 645 

 646 

Figure 6. Microglial activation in the OB. 647 

A–F, Immunohistochemistry for Iba-1 in ipsilateral OBs. Microglia were activated in 648 

LPS:10w (B and E) but not in NC:10w (C and F) compared with those in the saline:10w (A 649 

and D). Representative microglia are magnified in D–F. Nuclei were stained for nuclear fast 650 

red. Scale bars, 200 μm in A–C and 20 μm in D–F. G, Graph presents the relative amounts of 651 

transcript for Iba-1 in ipsilateral OBs. The Iba-1 transcript amount in the LPS:10w was ~2.5 652 

times than in the saline:10w. * p < 0.05. OB, olfactory bulb. 653 

 654 

Figure 7. Astrocytic hypertrophy and neuroinflammation in the OB. 655 

A–F, Immunohistochemistry for GFAP in ipsilateral OBs. Astrocytes were hypertrophic in 656 

LPS:10w (B and E) but not prominently in NC:10w (C and F) compared with those in the 657 

saline:10w (A and D). Representative astrocytes are magnified in D–F. Nuclei were stained 658 

for nuclear fast red. Scale bars, 200 μm in A–C and 20 μm in D–F. G-J, Graphs present the 659 

relative amounts of transcript for GFAP, IL–1 , TNF  and IL–10 in ipsilateral OBs. The 660 

transcript amounts of these molecules were significantly higher in the LPS:10w than in the 661 

saline:10w. The transcript amount of IL–10 was also higher in NC:10w than in saline:10w.  662 

* p < 0.05, ** p < 0.01. OB, olfactory bulb. 663 
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FFigure 8. Remission of nasal-inflammation and neuro-inflammation. 664 

A–C, Coronal sections of the OE stained for OMP (green), GAP43 (red) and nuclei (DAPI, 665 

blue). OMP- and GAP43-immunopositive mature and immature OSNs are lost in LPS:10w (A) 666 

and regenerated in a patchy manner in the presence (B) and absence (C) of odor input. D, 667 

Graph presents the OMP-immunopositive length relative to the total length of ipsilateral OE. 668 

The ratio for the OMP-immunopositive length increased in the presence (LPS:10w+NT:10w) 669 

or absence (LPS:10w+NC:10w) of odor input. ** p < 0.01. E-G, Immunohistochemistry for Iba-670 

1 in the ipsilateral OB. Microglia were activated in LPS:10w (E) but returned to normal in 671 

LPS:10w+NT:10w (F) and in LPS:10w+NC:10w (G). Nuclei were stained with nuclear fast red. 672 

Scale bars, 500 μm in A–C and 200 μm in E–G. In the OEs of NC:3w and NC:10w, there are 673 

more calretinin-immunopositive OSNs on the closed side than on the open side. Similarly, 674 

there are more calretinin-immunopositive OSNs in the OE of LPS:10w+NC:10w than in 675 

LPS:10w+NT:10w (Extended Data Figure 8−1). 676 

 677 

Figure 9. Recovery of OB in the presence or absence of odor input. 678 

A–C, Dorsal views of the OBs from LPS:10w (A), LPS:10w+NT:10w (B), and 679 

LPS:10w+NC:10w(C). Ipsilateral OB recovered from atrophy in the presence (B) but not in 680 

the absence (C) of odor input. Scale bars, 1 mm. D, Graph presents the ratios of the ipsilateral 681 

OB areas to the contralateral ones. The ratio significantly increased in the presence 682 

(LPS:10w+NT:10w) but not in the absence (LPS:10w+NC:10w) of odor input. * p < 0.05, ** p < 683 

0.01. E, Graph presents the time course of the ratio of the ipsilateral OB area to the 684 

contralateral one after 10 weeks of LPS administration.   685 

 686 

Figure 10. Recovery of each layer in the presence or absence of odor input. 687 

A–C, Coronal sections of the OBs stained with DAPI from LPS:10w (A), LPS:10w+NT:10w (B), 688 

and LPS:10w+NC:10w (C). Ipsilateral OBs recovered from atrophy in the presence (B) but not 689 

in the absence (C) of odor input. Ipsilateral OBs further shrank in the absence of odor input 690 
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(C). Scale bars, 500 μm. D, Graphs present the ratios of the ipsilateral layer areas to the 691 

contralateral ones. ONL areas did not change among LPS:10w, LPS:10w+NT:10w, and 692 

LPS:10w+NC:10w, while GL and EPL, which shrank in LPS:10w, recovered in the presence 693 

(LPS:10w+NT:10w) but not in the absence (LPS:10w+NC:10w) of odor input. EPL area 694 

further shrank in the absence of odor input (LPS:10w+NC:10w).  MCL+IPL and GCL, which 695 

did not shrink in LPS:10w, shrank in the absence (LPS:10w+NC:10w) but not in the presence 696 

(LPS:10w+NT:10w) of odor input. * p < 0.05, ** p < 0.01. 697 

 698 

FFigure 11. Recovery of OMP and TH expression in the OB. 699 

A–C, Immunohistochemistry for OMP in ipsilateral OB from LPS:10w (A), LPS:10w+NT:10w 700 

(B) and LPS:10w+NC:10w (C). OMP expression recovered in LPS:10w+NT:10w (B) and 701 

LPS:10w+NC:10w (C) compared with that in the LPS:10w (A). D–F, Immunohistochemistry 702 

for TH expressed by some juxtaglomerular cells. TH expression recovered in 703 

LPS:10w+NT:10w (E) but further decreased in LPS:10w+NC:10w (F) compared with that in 704 

the LPS:10w (D). Nuclei were stained with nuclear fast red. Scale bars, 200 μm.   705 

 706 

Figure 12. Recovery of sEPL in the presence or absence of odor input. 707 

 A–F, Coronal sections of ipsilateral OBs stained for calretinin. Solid yellow lines represent 708 

the borders of GL and EPL or EPL and MCL. Dotted yellow lines represent the borders of 709 

sEPL and dEPL. D–F, Magnified views of EPL indicated by rectangles in A–C. The sEPL 710 

area shrank in LPS:10w (A) and recovered in the presence (B) but not in the absence (C) of 711 

odor input. Scale bars, 500 μm in A–C, and 200 μm in D–F. G, Graph presents the ratios of 712 

sEPL to total EPL. The ratios of sEPL to total EPL significantly decreased in ipsilateral EPL 713 

in LPS:10w and LPS:10w+NC:10w, but not in the LPS:10w+NT:10w. ** p < 0.01.    714 

 715 

Figure 8–1. Increased number of calretinin-positive OSNs in the closed side of NC. 716 

A–D, Coronal sections of the OE stained for OMP (green), calretinin (red) and nuclei (DAPI, 717 

blue). Calretinin-immunopositive intermediate OSNs increased in the closed side of NC:3w 718 
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and NC:10w compared with that in the open side. Note that the number of OMP- and 719 

calretinin-double immunopositive cells increase in the closed side of NC mice. E–G, Coronal 720 

sections of the OE stained for calretinin (red) and nuclei (DAPI, blue). Calretinin-721 

immunopositive OSNs are lost in LPS:10w (E) and regenerated in a patchy manner in the 722 

presence (F) and absence (G) of odor input. Note that calretinin-immunopositive OSNs 723 

remarkably increased in number in LPS:10w+NC:10w. 724 

  725 

Table legends 726 

Table 1. List of antibodies. 727 

Information of all antibodies used in this study is listed, including the name, host, dilution, 728 

source, and immunogen. 729 

 730 

Table 2. Primer sequences. 731 

Information of all primers used in this study is listed, including the target, direction, 732 

sequence, and accession number. 733 

 734 

 735 



























Table 1 List of antibodies 

 

Antibody 

against 

Host Dilution Source Immunogen 

F4/80 Rat 1:200 Abcam (Cambridge, UK) Thioglycollate-stimulated 

peritoneal macrophages from 

C57/BL mice, clone A3-1 

Ly-6G Rat 1:200 AdipoGen (Liestal, 

Switzerland) 

Purified mouse BALB/c 

neutrophils, clone Nimp-R14 

IL-1  Goat 1:200 R&D Systems (Minneapolis, 

MN) 

E. coli-derived recombinant 

mouse IL-1 /IL-1F2 

Val118-Ser269 

OMP Goat 1:1,000 Fujifilm Wako Pure Chemical 

Corp. (Osaka, Japan) 

Rodent OMP 

GAP43 Rabbit 1:1,000 Novus Biologicals (Littleton, 

CO) 

C-terminal peptide of rat and 

mouse GAP43 with an 

N-terminal Cys added to allow 

chemical coupling to KLH carrier 

protein 

Calretinin Rabbit 1:500 NeoMarkers (Fremont, CA) Recombinant full-length mouse 

calretinin protein 

Iba-1 Rabbit 1:200 Wako (Osaka, Japan) A synthetic peptide 

corresponding to the Iba-1 

C-terminal sequence 

(PTGPPAKKAISELP) 

GFAP Rabbit 1:1,000 Dako Agilent (Santa Clara, 

CA) 

GFAP isolated from cow spinal 

cord 

TH Rabbit 1:500 Millipore (Temecula, CA) Denatured tyrosine hydroxylase 

from rat pheochromocytoma 

IL-1 , interleukin-1 beta; OMP, olfactory marker protein; GAP43, growth-associated protein 

43; Iba-1, ionized calcium-binding adaptor molecule-1; GFAP, glial fibrillary acidic protein; 

TH, tyrosine hydroxylase. 

 



Table 2 Primers sequences 

Target Direction Sequence (5 3 ) Accession no. 

IL-1  Forward CCTCACAAGCAGAGCACAA NM_008361.4 

Reverse CCAGCCCATACTTTAGGAAGAC  

TNF  Forward CTGAGTTCTGCAAAGGGAGAG NM_001278601.1 

Reverse CCTCAGGGAAGAATCTGGAAAG 

IL-10 Forward TTGAATTCCCTGGGTGAGAAG NM_010548.2 

Reverse TCCACTGCCTTGCTCTTATTT 

Iba-1 Forward GACGTTCAGCTACTCTGACTTT NM_019467.3 

Reverse GTTGGCCTCTTGTGTTCTTTG 

GFAP Forward GGAAGACACTGAAACAGGAGAG NM_010277.3 

Reverse AGAGCAGTCACAGGGTAAGA 

GAPDH Forward TCCTCAGTGTAGCCCAAGA NM_001289726.1 

Reverse GGAGAAACCTGCCAAGTATGA 

 

 


