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Abstract
Background: Chronic rhinosinusitis (CRS) is a highly prevalent upper airway disease. Its pathogenesis remains poorly understood, 

especially non-eosinophilic CRS. Currently, no validated mouse model exists to study disease mechanisms, indicating an impor-

tant research gap. We aimed at establishing a reproducible mouse model of non-eosinophilic CRS to allow further research on its 

pathophysiology.

Methodology: Mice were infected with relevant bacteria for sinus disease via surgical insertion of a nasal tampon in their nasal 

cavity. Inflammatory features in sinus mucosa were evaluated after 4, 8 and 12 weeks on decalcified skulls by histology and im-

munohistochemistry and by cytospins and enzyme-linked immunoassay on nasal lavage.

Results: S. aureus-inoculated mice showed better survival than S. pneumoniae- and P. aeruginosa- inoculated mice. S. aureus 

and, to lesser extent, P. aeruginosa were still detectable in the nasal lavage up to 12 weeks. Mice with S. aureus and P. aeruginosa-

induced CRS showed significant hypertrophia of the epithelium, neutrophilic infiltration and fibrosis in the sinus mucosa, with 

increased non-Type 2 cytokines in the nasal lavage.

Conclusions: S. aureus and P. aeruginosa are more potent inducers of neutrophilic inflammation than S. pneumoniae in mice. This 

model allows us to further study non-eosinophilic chronic rhinosinusitis pathophysiology in vivo.
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Introduction
Chronic rhinosinusitis (CRS) is defined as an inflammation 

of nasal and paranasal sinus mucosa leading to two or more 

symptoms, one of which should be either nasal blockage/ob-

struction/nasal secretions, including headaches/facial pressure 

or pain and loss of smell. These symptoms last for over twelve 

weeks and are confirmed by endoscopy and/or imaging (1). Af-

fecting around 11% of the European population (2), CRS severely 

impacts the quality of life of patients (3), leading to significant 

loss of work productivity and health-care costs (4). 

In the most recent guidelines, CRS is classified according to its 

inflammatory profile (1). Generally, in Western countries, patients 

with type 2 (T2) inflammatory profile often present with nasal 

polyp (NP) with mainly activated eosinophils and Th2 response, 

with increased IgE, IL-4, IL-5 and IL-13 in sinus tissue (5). In 

patients with a non-T2 inflammatory profile, Th1 and/or Th17 

responses are observed (6,7), with mainly neutrophilic infiltration 

and increased IFN-g. In Western countries, NP are less likely to 

occur in this endotype (8).

 

Environmental factors, genetic predisposition, anatomical dif-

ferences and comorbid diseases are considered risk factors for 

CRS (9). Defects in the sinonasal epithelium also play a key role in 

driving sinus inflammation (10). Additionally, presence of certain 

pathogens, such as Staphylococcus aureus, have been linked to 

disease development (11). Most research on CRS focuses on T2 

CRS or eosinophilic CRS (eCRS). In contrast, studies on non-T2 

or neutrophilic CRS (nCRS) are limited, despite it being the most 

frequent endotype (12). Thus, its pathophysiology remains poorly 

understood.

Clinical research on CRS faces challenges due to genetic and 

environmental variability, driving interest in animal models to 

study this complex disease. Mouse models, despite differences 

from human airways, are valuable for studying immunological 

and respiratory diseases (13–15). A mouse model for T2 eCRS based 

on experimental allergy and S. aureus enterotoxin B (SEB) ex-

posure is widely accepted within upper airway research groups 
(16,17). However, no established mouse model for nCRS exists, with 

very few reports published to date.

In this study we adapted and validated a mouse model reported 

by Jacob and colleagues in 2001 involving surgical introduction 

of a bacterial source combined with anatomical occlusion of the 

paranasal sinuses outflow tract (18). Three bacterial strains rele-

vant for sinonasal disease—S. aureus, Streptococcus pneumoniae, 

and Pseudomonas aeruginosa—were tested, with inflammatory 

features assessed at three time points. Inflammatory features 

were evaluated at three different time points. This resulted in a 

reliable and reproducible mouse model of nCRS that can help us 

to gain insights into this disease entity. 

Materials and methods
Experimental procedure to induce an experimental nCRS in 

mice

Animal model

C57BL/6NRJ male mice (7–8 weeks old, 25–30 g) were obtained 

from Janvier Labs and housed in an Animal Biosafety Level 2 

(ABSL-2) facility, with agreement LA1230292. Mice were rand-

omly divided into four groups: control (saline (NaCl 0,9%), n=28), 

S. aureus (n=36), S. pneumoniae (n=35), and P. aeruginosa (n=43). 

They were consecutively sacrificed four, eight and twelve weeks 

after surgery (Figure 1A). All animal experiments were perfor-

med in compliance with Ethical Committee guidelines (2021/

UCL/MD/017, approval code 2000/13429.8).

Bacteria

Bacterial strains used were P. aeruginosa VitroidsTM (Sigma-

Aldrich, VT000256), S. aureus LenticulesTM (Sigma-Aldrich, 

CRM06571M) and S. pneumoniae (ATCC®, 49619TM). Bacte-

ria were cultured on sheep blood agar at 37°C overnight (S. 

pneumoniae required +5% CO₂). They were then resuspended in 

saline, serially diluted to 1:10⁹, and 10 microliters of each dilution 

was plated and incubated for 24 hours. Colony counts were cor-

related to OD600nm to prepare solutions with 1×10⁹ colony-for-

ming units per milliliter (CFU/ml) according to optical density (19).

Surgical procedure

The detailed protocol described in this article is published in 

protocols.io (dx.doi.org/10.17504/protocols.io.rm7vzxwzxgx1/

v2) and can be found as supplementary file within this arti-

cle. Briefly, mice underwent micro-surgery (Figure 1B) using a 

stereomicroscope under anesthesia and analgesia administered 

according to safety recommendations (20,21). An 8-mm midline 

incision was performed over the nasal dorsum to the snout and 

skin flaps were raised to expose the nasal bone. A 1.5-mm micro-

drill (Medtronic) was used to drill the nasal bone over the nasal 

fossa and the upper part of the septum was removed. A pre-cut 

(4 mm x 1 mm x 1 mm) and sterilized nasal tampon (Medtronic) 

was soaked with ten microliters of a 109 CFU/ml solution of the 

corresponding bacteria or saline for controls. The tampon was 

placed in the nasal cavity, partially blocking the sinus outflow 

tracts, leaving sufficient space to breathe through the inferior 

meatus (Figure 1C). The skin was then sutured and mice were 

placed in a warm cage for recovery. Animal health and behavior 

were closely watched and monitored every day for one week 

and then four times a week until completion of the experiment 

to ensure well-being. If mice reached a score of non-well-being, 

mainly observed with respiratory distress, or lost more than 

20% of their body weight, they were euthanized according to 

humane endpoints. 
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Sacrifice and sampling

Four, eight or twelve weeks after surgery, mice were euthani-

zed. Blood was drawn from the inferior cava vein and serum 

was collected. Then, a tracheotomy enabled nasal lavage (NL) 

via inserting a 22G cannula (VersatusTM I.V Catheter) towards 

the choanae. One ml of saline was softly flushed in 200 µL 

increments and recovered at the nostrils. Ten microliters were 

cultured, and the remaining NL fluid was centrifuged to separate 

cell pellets for cytospins, with the supernatant stored for further 

processing. Skulls were harvested, decapitated, cleaned of soft 

tissue, fixed in 4% formaldehyde and decalcified in Osteoral™ 

(RAL Diagnostics) for 5 days. The region containing paranasal 

sinuses was preserved, dehydrated, and treated according to 

standard paraffin-embedding procedures.

Bacterial culture

Ten microliters from NL were plated on sheep blood agar. Plates 

were incubated at 37°C (5% CO₂ for S. pneumoniae) for 24 hours, 

after which bacterial colonies were identified and counted.

Cytospins from NL and inflammatory cell count

NL was collected as described above and centrifuged to sepa-

rate the cell pellet. It was resuspended in 100 microliters of PBS 

and processed in a Thermo Shandon Cytospin at 500 rpm for 5 

minutes. Cytospins were stained with the Kwik-Diff™ kit (Thermo 

Fisher Scientific), coverslipped and scanned using a Pannoramic 

Scan II (3DHistech). Total inflammatory cells and neutrophils 

were counted with QuPath (22). Results are presented as median 

± IQR.

Cytokine/chemokine measurements in NL

A custom mouse pro-inflammatory panel was used to detect 

multiple cytokines and chemokines in the NL fluid using the 

MSDTM V-PLEX technology (MSD, Rockville, MD) according 

to manufacturer’s instructions: IFNγ, (lower limit of detection 

Figure 1. Experimental set up of the bacterial-induced nCRS mouse model and murine sinus anatomy. (A) Experimental design. (B) Overview of the 

surgical procedure. 1- The mouse is fixed in the surgical area. 2- Skin flaps are opened and 3- the nasal bones are drilled to expose the nasal mucosa. 

4- A pre-cut to size sterile nasal tampon is 5- inoculated with a saline or bacterial solution and 6- inserted into the nasal cavity of the mice. Last, 7- skin 

is sutured with non-resorbable sutures. (C) Murine sinus anatomy, coronal sections, of a mouse inoculated with saline at four weeks post-surgery, H&E 

staining. Rectangles indicate the regions of the maxillary sinuses that were selected in each mouse to evaluate different histological features in a sys-

tematic way. Nasal tampon partially blocking the nasal cavity is indicated with an asterisk (*). Zoom in shows the general state at the sinus epithelial 

layer, without noticeable signs of inflammation due to the presence of the nasal tampon inoculated with saline.
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(LLD)= 0.07 pg/ml); IL-1β (LLD=0.081 pg/ml); IL-2 (LLD= 0.24 

pg/ml); KC/GRO (LLD= 0.18 pg/ml); IP-10 (LLD= 0.328 pg/ml); 

IL-12p70 (LLD= 6.22 pg/ml); TNFα (LLD= 0.08 pg/ml); IL-33 (LLD= 

0.28 pg/ml); IL-17A/F (LLD= 0.1 pg/ml); MIP-2 (LLD= 0.049 pg/

ml). Results are presented as median ± IQR.

Histological and immunohistochemical analysis of the para-

nasal sinuses

Four μm paraffin sections were cut and stained. All slides were 

scanned using a Pannoramic Scan II (3DHistech). Histological 

features were consistently analyzed in three regions of each 

maxillary sinus (lateral and medial areas; Figure 1C). Giemsa 

staining was performed to assess epithelial thickness, measured 

from basolateral to apical poles using Cytomine (23). Results are 

presented as the median of 24 measurements/mouse ± IQR. 

Subepithelial fibrosis was evaluated as collagen deposition via 

Sirius Red (SR) staining and analyzed with ImageJ based on 

the method described by Courtoy (24). Results are presented as 

median of 6 measurements/mouse ± IQR. Neutrophilic infil-

tration was analyzed through Ly6G-specific immunohistoche-

mistry (IHC) using rat anti-mouse Ly6G (BD Bioscience, 551459) 

incubated for one hour at room temperature. Quantification was 

performed with QuPath (22) and expressed as the percentage of 

positive area. Results are presented as median of 6 measure-

ments/mouse ± IQR. To assess bacterial presence, IHC was per-

formed with specific antibodies for S. aureus (PA17246, Thermo 

Scientific) and P. aeruginosa (ab68538, Abcam), incubated for 

one hour at room temperature.

Statistics

Post-operative survival was analyzed using a Kaplan-Meier curve 

in GraphPad Prism 8.0. Statistical analyses of outcomes were 

also performed in Prism, with results presented as median ± IQR. 

Statistical differences between experimental groups, comparing 

disease group to the control group of the same time point, were 

evaluated using the Kruskal-Wallis test, with Dunn’s post-hoc 

control test for comparing multiple groups. A value of p<0.05 

was considered significant. For cytokine/chemokine measure-

ments, due to low sample sizes from dilution factor in NL, the 

Mann-Whitney U test was used to compare inoculated groups 

with controls, alongside the Kruskal-Wallis test to confirm 

trends. Results are indicated in different coloured stars on the 

graphs.

Results
Mice inoculated with S. aureus have a higher survival rate 

than S. pneumoniae and P. aeruginosa

No mice showed signs of local infection at the incision, nostrils, 

or eyes at any time point. Survival rates at 3 months post-surge-

ry were significantly lower in mice with S. pneumoniae-induced 

CRS (80%) and P. aeruginosa-induced CRS (77%) compared to 

S. aureus (97%) and saline controls (100%). None of the saline-

inoculated mice showed high discomfort or mortality (Figure 2).

S. aureus and P. aeruginosa remain detectable in nasal secre-

tions up to 12 weeks post-operatively

Bacterial persistence in the nasal cavity was assessed 24 hours 

after seeding the NL in agar cultures. S. aureus was detected in 

62% of mice at four weeks, 64% at eight weeks, and 45% at twel-

ve weeks after surgery (Figure 3A). S. pneumoniae was detected 

in 33% at 4 weeks, 44% at 8 weeks, and 40% at 12 weeks after 

surgery (Figure 3A). P. aeruginosa was recovered in 50% of mice 

at 4 weeks, 45% at 8 weeks, and 30% at 12 weeks after surgery 

(Figure 3A). Cultures from saline-inoculated mice showed typical 

nasal commensals (data not shown). 

S. aureus and P. aeruginosa were detected in the nasal tampon of 

inoculated mice by IHC up to twelve weeks post-surgery. These 

bacteria were also present in the maxillary sinuses but less 

abundant in the mucosa and only up to 4 weeks (Figure 3B). The 

histological presence of S. pneumoniae could not be assessed. 

No cross-contamination occurred between the bacterial groups.

S. aureus and P. aeruginosa induce a more robust neutrophi-

lic sinus inflammation than S. pneumoniae

Mice with S. aureus-induced CRS had significantly hyperplastic 

sinus epithelium at four weeks (p<0.0001), eight weeks (p<0.01), 

and twelve weeks (p<0.01) post-surgery (Figure 4A, C). Mice 

with P. aeruginosa-induced CRS showed significant epithelial 

hyperplasia at four weeks (p<0.01), eight weeks (p<0.001), 

and twelve weeks (p<0.001) post-surgery (Figure 4A, C). The 

epithelium of S. pneumoniae-induced CRS mice was significantly 

thicker at four weeks (p<0.01) and twelve weeks (p<0.01) post-

surgery (Figure 4A, C).

Figure 2. Survival of operated mice. Kaplan-Meier survival curves of mice 

with bacterial-induced neutrophilic CRS. The survival of mice (from the 

date of surgery until the end of the protocol) is compared by a standard 

log rank to test differences between controls with a saline-inoculated 

nasal tampon and the different bacterial-inoculated nasal tampon 

groups in the probability of a death.
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Subepithelial fibrosis was significantly higher in mice inoculated 

with S. aureus and P. aeruginosa at twelve weeks post-surgery 

(both p<0.05) with trends observed after four weeks in the 

P. aeruginosa (p= 0.06) and S. pneumoniae groups (p=0.09) 

(Figure 4B, D).

Total inflammatory cells in NL of S. aureus-inoculated mice were 

increased four weeks (p=0.06) and especially twelve weeks 

(p<0.01) after surgery (Figure 5A). Neutrophils also increased at 

four weeks (p<0,01) and twelve weeks (p<0.001) after surgery 

(Figure 5B, C). In P. aeruginosa-inoculated mice, total inflam-

matory cells were significantly higher at twelve weeks (p<0.001) 

after surgery (Figure 5A) and neutrophils were increased at four 

weeks (p<0.05) and twelve weeks (p<0.001) after surgery (Figure 

5B, C). S. pneumoniae also caused a significant increase in total 

inflammatory cells at twelve weeks (p<0.05) after surgery (Fi-

gure 5A), mainly neutrophils (p<0.05), with a visible trend to an 

increase at four weeks (p= 0.05) after surgery (Figure 5B, C).

Significant neutrophilic influx was observed in the maxillary 

sinuses of S. aureus-inoculated mice at four weeks (p<0.001) and 

eight weeks (p<0.01) after surgery (Figure 5D, E). The same was 

seen in P. aeruginosa-inoculated mice at four weeks (p<0.01) and 

eight weeks (p<0.05) after surgery (Figure 5D, E), with a slight 

reduction at twelve weeks for both bacterial strains. S. pneumo-

niae-inoculated mice showed significant neutrophilic infiltration 

at eight weeks (p<0.05) after surgery (Figure 5D, E). 

Inoculation with S. aureus and P. aeruginosa led to increased 

nasal pro-inflammatory cytokine production

To explain the neutrophilic influx, non-T2 related cytokines were 

measured in NL and analyzed using the Mann-Whitney and 

Kruskal-Wallis tests (Figure 6).

IL-1β was significantly increased in S. aureus-inoculated mice 

at four weeks (p<0.05) after surgery, with a trend to persistent 

increase at twelve weeks (p= 0.052) after surgery (Figure 6A). 

IL-1β was also increased in P. aeruginosa-inoculated mice at four 

(p<0.05), eight (p<0.05) and twelve weeks (p<0.05) after surgery 

(Figure 6A). It was also increased in S. pneumoniae-inoculated 

mice at four weeks (p<0.05) after surgery (Figure 6A).

TNF-α was significantly increased in S. aureus-inoculated mice at 

four weeks (p<0.05) after surgery (Figure 6B).

Figure 3. Bacterial cultures from NL at four, eight and twelve weeks after surgical inoculation. Bacterial count is expressed as CFU/ml. The initial inocu-

lation refers to the bacterial solution with which the nasal tampon was inoculated during the surgical procedure. (A) S. aureus count (left), S. pneumo-

niae count (middle) and P. aeruginosa count (right). (B) Specific staining for S. aureus and P. aeruginosa four weeks after surgery. Graphs depict median 

± Interquartile range (IQR). n= 9-13 mice/group.
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Although the canonical Th1-related cytokine IFN-γ was not de-

tected in our samples because of high dilution in NL, changes in 

IP-10 (CXCL10), a chemokine secreted in response to IFN-γ were 

found. Significantly increased IP-10 production by S. aureus-

inoculated mice was found at twelve weeks (p<0.05) after 

surgery (Figure 6 C), with a trend to increased IP-10 production 

at eight weeks (p=0.06) after surgery (Figure 6C). A significant 

increase of IP-10 was found in P. aeruginosa-inoculated mice at 

eight weeks (p<0.05) after surgery (Figure 6C).

MIP-2 was significantly increased in S. aureus-inoculated mice 

at four weeks (p<0.05) and twelve weeks (p<0.05) after surgery 

(Figure 6D), with a trend to increased MIP-2 at eight weeks 

(p=0.09) after surgery (Figure 6D).

IL-17A/F showed a trend to increased levels in S. aureus-inocu-

lated mice at eight weeks (p= 0.06) and twelve weeks (p=0.01) 

after surgery (Figure 6E) and in S. pneumoniae-inoculated mice 

at eight weeks (p=0.09) after surgery (Figure 6E).

There were no significant variations in levels of KC/GRO (CXCL1) 

in any of the experimental groups at any of the time points stu-

died (Figure 6F). Other cytokines that were tested, such as IFN-γ, 

IL-12p70, IL-33 or IL-2, were not consistently upregulated upon 

bacterial inoculation.

Discussion
The current study describes the validation of a robust mouse 

model of bacterial-induced nCRS, based on the combination 

of the introduction of a bacterial source in the nasal cavity and 

partial obstruction of the sinus outflow tract. We were able to 

Figure 4. Histological changes in a mouse model of bacterial-induced nCRS. (A) Epithelial thickness measurements on H&E staining. Graph depicts 

median (±IQR) of 24 measurements per mouse performed by using Cytomine (23). (B) Subepithelial collagen deposition quantification on SR staining. 

Graph depicts median (±IQR) of 6 measurements per mouse performed by using ImageJ based on Courtoy (24). (C) Representative pictures of the max-

illary sinus epithelial layer, H&E staining. Black bars indicate how the epithelial thickness measurements were performed, from the base to the apical 

pole of the epithelial cells. (D) Representative pictures of the maxillary sinus epithelial layer, SR staining. Kruskal-Wallis with Dunn’s post-hoc control 

test for comparing multiple groups: §p<0.1; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 compared to the control group of the same time point. n= 

9-13 mice/group for epithelial thickness; 3-5 mice/group for fibrosis quantification. Scale bar= 20 μm.
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Figure 5. Inflammatory cell count in the NL and neutrophilic infiltration at the maxillary sinuses of a mouse model of bacterial-induced nCRS. (A) 

Total inflammatory cells/ml. Graph depicts median (±IQR). Counting was performed by using Cytomine (23). (B) Neutrophils/ml. Graph depicts median 

(±IQR). Counting was performed by using Cytomine (23). (C) Overview of the cytospins per group. (D) Histological sub- and intra-epithelial neutrophilic 

infiltration, Ly6G staining. (E) Ly6G staining quantification in tissue. Graph depicts median (±IQR) of 6 measurements per mouse performed by using 

Qupath (22). Kruskal-Wallis with Dunn’s post-hoc control test for comparing multiple groups: §p<0.1; *p<0.05; **p<0.01; ***p<0.0001 compared to the 

control group of the same time point.  n= 9-13 mice/group.
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consistently induce general inflammatory features and a sinona-

sal neutrophilic influx up to 12 weeks after inoculation. S. aureus 

and P. aeruginosa have proven to be more potent inducers of 

persistent local neutrophilic inflammation than S. pneumoniae. 

This model might serve as a tool to study disease mechanisms of 

nCRS which remains currently a major research gap.  

CRS is a frequent chronic airway disease with a high disease 

burden and socio-economic impact. Despite non-eosinophilic 

CRS being a very frequent endotype, especially in Asia, it 

remains under-researched and targeted treatments are lacking. 

Mechanical obstruction from anatomical abnormalities, mucosal 

oedema and/or bacterial infection/colonization in biofilms have 

been postulated as potential drivers of the disease (25,26), but 

confirming studies are still lacking. A validated mouse model 

replicating the human situation could be helpful in studying the 

disease but is currently not available.

Over recent decades, researchers have explored animal models 

involving bacterial inoculation to replicate human nCRS. In 2001, 

Jacob published a method in which a nasal tampon soaked with 

Bacteroides fragilis was surgically placed in the nasal cavity of 

mice, inducing a neutrophilic inflammation of the nasal septum 

and lateral wall of the nasal fossa four weeks after post-surgery 

Figure 6. Cytokines and chemokines measurement by using MSDTM V-PLEX technology in the nasal lavage of a mouse model of bacterial-induced 

nCRS. (A) IL-1β, LLD= 0.081 pg/ml. (B) TNF-α, LLD= 0.08 pg/ml. (C) IP-10, LLD= 0.1 pg/ml. (D) MIP-2, LLD= 0.06 pg/ml. (E) IL-17A/F, LLD= 0.1 pg/ml. (F) 

KC/GRO, LLD= 0.18 pg/ml. Graphs depict median (±IQR). Kruskall Wallis with Dunn’s post-hoc control test for comparing multiple groups, in black 

*p<0.05; compared to the control group of the same time point.  Because of low numbers of samples reaching the detection limit, Mann-Whitney U 

test was used, in blue, for comparing the inoculated mice and control mice at the corresponding time points: §p<0.1; *p<0.05. n= 3-13 mice/group.
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(18). Later, another group extended the model to twelve weeks 

with S. pneumoniae to compare it with eosinophilic CRS (27). 

Despite promising results, these two studies lacked critical 

methodological details and outcomes, and no further publica-

tions followed using this model. Because of our interest in nCRS 

pathophysiology, we decided to optimize this surgical protocol 

and test different bacteria and time points. 

Human nCRS is histologically characterized by epithelial hyper-

plasia, fibrosis, and predominant mucosal influx by neutrophils 
(28). These features could be observed in our mice inoculated 

with S. aureus and P. aeruginosa, resembling the neutrophil-

driven inflammation and fibrosis seen in non-eosinophilic CRS in 

humans (12), which involves pro-inflammatory cytokines as well 

as canonical Type 1 and/or Type 3 mediators (28,29). Our model 

showed increased levels of IL-1β, with trends towards increases 

in TNF-α, neutrophil activator MIP-2, Type 1 chemokine IP-10, 

which is secreted in response to IFN-γ (30), and type 3 cytokine IL-

17A/F, especially in mice with S. aureus-induced nCRS. However, 

significance was often lacking due to dilution from using 1ml 

saline for nasal lavage, which led to an important dilution of 

nasal mediators that were often below detection limit (such as 

the typical Th1 cytokine IFN-γ). We therefore recommend using 

smaller NL volumes in case of specific study of local cytokines.

The strength of this paper lies in the fact that we provide 

guidance for a reproducible mouse model of nCRS, with the de-

tailed surgical method published on protocols.io and included 

as supplementary material within this article. In our hands, a key 

challenge was positioning the nasal tampon within the nasal 

cavity to induce local inflammation with the lowest mortality, 

achieved by removing the upper part of the septum and posi-

tioning the tampon in the upper and middle meatus, allowing 

nasal breathing. Secondly, in this paper we also standardized si-

nus inflammation assessment, focusing on 3 fixed regions of the 

maxillary sinuses, since they are located at a significant distance 

of the nasal tampon compared to the ethmoidal sinuses, avoi-

ding neutrophil influx due to the presence of a foreign object. 

Thirdly, to our knowledge, we are the first to describe the use of 

cytospins derived from NL, which proved to be a valuable tool to 

quantify sinonasal (neutrophilic) inflammation. Finally, we com-

pared the effects of three different bacteria that are relevant in 

upper airway disease, at three different time points to come up 

with the most appropriate model. We chose S. aureus because, 

despite its well-known production of superantigens eliciting a 

T2 IgE mediated inflammatory response, its presence has also 

been linked to the enhancement of non-T2 pathways involving 

type 1 and 3 mediators (11). S. pneumoniae was chosen because 

of its frequent link with acute rhinosinusitis (31). P. aeruginosa 

is a bacterium with a high pathogenic potential, which can be 

detected in the microbiome of certain severe CRS patients and 

more frequently in those suffering from cystic fibrosis (CF), cha-

racterized by non-T2 sinonasal inflammation (32). We found that 

both S. aureus and P. aeruginosa were the most potent inducers 

of local inflammation in comparison to S. pneumoniae, likely lin-

ked to the fact that S. pneumoniae was more easily cleared from 

the nasal cavities by mice. Another explanation might be S. au-

reus and P. aeruginosa biofilm-forming capacities (33,34), which are 

more structurally complex, more resistant to immune responses, 

as well as more adaptable to various environments compared to 

those from S. pneumoniae (33–36). Our findings, therefore, suggest 

that this persistent sinonasal presence of bacteria with patho-

genic capacity can be the driver for a long-lasting neutrophilic 

inflammation. We believe that this bacterial presence is more 

important than the mechanical obstruction of the sinus outflow 

tracts, since we also detected inflammatory changes in the sinu-

ses that were not fully blocked and for which drainage pathway 

was still functional (data not shown). Of note, mice that were 

inoculated with P. aeruginosa showed a prolonged and more 

complex postoperative healing process, with bony overgrowth 

at the level of the drilling, which was also reflected in a higher 

mortality rate compared to S. aureus. So, while P. aeruginosa 

could be used to study more severe exacerbations of the disease 

and wound healing processes, we suggest using S. aureus as the 

preferred pathogen for this mouse model.

Our study has limitations that should be considered. The 

relatively small sample size per experimental group may limit 

the statistical power and the generalizability of the results. This 

may be in part related to the mortality rate observed per group, 

so further consideration of the chosen pathogen is necessary. 

Therefore, we advise to use S. aureus with regards to its neglec-

table mortality rate. Moreover, while animal models provide a 

controlled environment for studying disease mechanisms, we 

should be cautious on how we extrapolate findings to human 

pathology. Therefore, further research and validation of our 

optimized mouse model of bacterial-induced nCRS is needed. 

Also, the potential contribution of mixed microbial communities 

or biofilm formation, which are more representative of the hu-

man sinonasal environment, was not explored in this study. By 

addressing these factors, we aim to inspire further research that 

validates and builds upon our findings, particularly in identi-

fying biomarkers and therapeutic targets and in better reflecting 

the complex etiology of human CRS for nCRS.

Conclusion
Overall, this mouse model mimics human non-eosinophilic CRS 

and can be used to study the mechanisms driving inflammation 

and tissue damage observed in human nCRS. New insights in 

the pathophysiology of non-eosinophilic CRS may allow the 

identification of biomarkers and even new therapeutic targets. 

Additionally, this model could be used to test the efficacy of 
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Disclaimer

DISCLAIMER � FOR INFORMATIONAL PURPOSES ONLY; USE AT YOUR OWN RISK

The protocol content here is for informational purposes only and does not constitute legal, medical, clinical,

or safety advice, or otherwise; content added to protocols.io is not peer-reviewed and may not have

undergone formal approval of any kind. Information presented in this protocol should not substitute for

independent professional judgment, advice, diagnosis, or treatment. Any action you take or refrain from

taking using or relying upon the information presented here is strictly at your own risk. You agree that

neither the Company nor any of the authors, contributors, administrators, or anyone else associated with 

protocols.io, can be held responsible for your use of the information contained in or linked to this protocol

or any of our Sites/Apps and Services.

Abstract

The present surgical procedure provides a step-by-step and detailed protocol with all the critical information to

develop a bacterial-induced neutrophilic local inflammation in the nasal mucosa of mice. The protocol is a

modified and optimized version of the work previously published by Jacob et al. in 2001. The procedure consists

of exposing and drilling out the nasal bones and the upper part of the septum followed by the insertion of a

bacterial-inoculated nasal tampon in the nasal cavity which remains in situ until sacrifice.
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1
Prepare the chosen bacteria 

1.1
Culture the corresponding bacteria on sheep blood agar plates �BD, Biosciences

254071�, according to their specific growth requirements. 

1.2
In our hands, bacteria strains used were Pseudomonas aeruginosa Vitroids

TM

 �Sigma-

Aldrich, VT000256�, Staphylococcus aureus Lenticules

TM

 �Sigma-Aldrich, CRM06571M)

and Streptococcus pneumoniae �ATCC , 49619

TM

). Overnight culture conditions were

37°C for S. aureus and P. aeruginosa and 37°C in 5% CO

2

 for S. pneumoniae.

2
Prepare the nasal tampon

2.1
In our hands, a Merocel pope ear wick �Medtronic, MI, USA) was cut at a dimension of 4

mm x 1 mm x 1 mm and sterilized by dry heat 100ºC during 3h.

3
Prepare and sterilize your instruments for the surgical procedure

3.1
Stereomicroscope �Motic SMZ�171�

1.5-mm microdrill �Medtronic, MI, USA�

Sterile fields �Hartmann Mediset )

Temperature monitor �PhysioSuite  Kent Scientific Corporation)

15-mm scalpel blade

5.0 non-resorbable polypropylene sutures �Monosoft

TM

, Covidien)

Scalpel

Forceps

Scissors

Needles

Gloves �CardinalHealth

TM

 Protexis

TM 

PI micro surgical gloves)

Eye drops �Ocry-gel, TVM�

Chlorhexidine digluconate �Hibidil , Regent Medical).

Tape

IR lamp �IR100 Infrared lamp, MEDISANA )

Ultrasonic bath �Clifton)

1d

4h

The day before surgery

Pre-surgery
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Surgery platform

4
Prepare your bacterial solution

4.1
From the bacterial cultures, take isolated colonies and prepare serial dilutions up to 10

9

CFU/ml in NaCl 0.9% and measure it with a spectrophotometer with a reference optical

absorbance at 600nm �OD

600nm

) = 1.

5
Administration of anesthesia and analgesia to the mouse

5.1
Weight the mouse and administer general anesthesia accordingly: a mix of Xylazin

(maximum 15mg/kg) and Ketamin (maximum 80 mg/kg) intraperitoneally.

5.2
Administer analgesia: Temgésic (maximum 0,05 mg/kg) subcutneously.

6
Wait 15�20 minutes for the aesthesia and analgesia to do their effect before starting the

surgical intervention.

7
Shave the snout over the intervention area and fix the mouse on a sterile field �Figure 1,

A�.

8
Monitor and maintain the intraoperative body temperature of the mouse during the

procedure.

9
Disinfect the intervention area with Chlorhexidine digluconate and use eye drops to

prevent eyes from drying.

10
Use a 15-mm scalpel blade to make a 8-mm midline incision over the nasal dorsum to the

snout. Raise skin flaps laterally to expose the nasal bone �Figure 1, B�. 

11
Use a 1.5-mm microdrill to drill the nasal bone over the nasal fossa and remove the upper

part of the septum. Be extremely careful not to drill completely the bucco-sinusal bone

communication. Clear out any bleeding to prevent aspiration �Figure 1, C�.

12
Inoculate the pre-cut nasal tampon with 10 μL of the corresponding bacterial solution or

saline for controls and carefully place it into the nasal cavity �Figure 1, D�F�.

30m

30m

Surgical procedure

10m
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Suture skin flaps with 5.0 non-resorbable polypropylene sutures and dettach the mouse

from the surgical field �Figure 1, G�.

14
Place the mouse in a cage softly heated laterally by an IR lamp for recovery after surgery.

Make sure the lamp is not too close or too far from the cage �Figure 1, H�.
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Figure 1. Overview of the surgical procedure. (A) The mouse is (xed in the surgical area.

(B) Skin )aps are opened and (C) the nasal bones are drilled to expose the nasal mucosa.

(D-E) A pre-cut sterile nasal tampon is inoculated with a saline or bacterial solution and

(F) inserted into the nasal cavity of the mouse. Last, (G) skin is sutured with non-

resorbable sutures and (H) the mouse is placed in a warm environment to recover.
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Video: surgical intervention.

16
Once awake and active, place the mouse into an ABSL�2 facility.

17
To overcome the possible post-operative pain, administer Temgésic (maximum 0,05

mg/kg) subcutaneously to the mice every 12h for 24h after surgery.

18
Closely watch the animals every day for at least one week to ensure their well-being.

According to humane endpoints, mice reaching a score of non well-being or losing more

than 20% of their body weight must be euthanized.
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Post-surgery care
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