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SUMMARY: 34 
We describe the method for quantitative analysis of the distribution of Aspergillus fumigatus 35 
conidia (3 µm in size) in the airways of mice. The method also can be used for the analysis of 36 
microparticles and nanoparticle agglomerate distribution in the airways in various pathological 37 
condition models. 38 
 39 
ABSTRACT: 40 
Aspergillus fumigatus conidia are airborne pathogens that can penetrate human airways. 41 
Immunocompetent people without allergies exhibit resistance and immunological tolerance, 42 
while in immunocompromised patients, conidia can colonize airways and cause severe invasive 43 
respiratory disorders. Various cells in different airway compartments are involved in the immune 44 
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response that prevents fungal invasion; however, the spatio-temporal aspects of pathogen 45 
elimination are still not completely understood. Three-dimensional (3D) imaging of optically 46 
cleared whole-mount organs, particularly the lungs of experimental mice, permits detection of 47 
fluorescently labeled pathogens in the airways at different time points after infection. In the 48 
present study, we describe an experimental setup to perform a quantitative analysis of A. 49 
fumigatus conidia distribution in the airways. Using fluorescent confocal laser scanning 50 
microscopy (CLSM), we traced the location of fluorescently labeled conidia in the bronchial 51 
branches and the alveolar compartment 6 hours after oropharyngeal application to mice. The 52 
approach described here was previously used for detection of the precise pathogen location and 53 
identification of the pathogen-interacting cells at different phases of the immune response. The 54 
experimental setup can be used to estimate the kinetics of the pathogen elimination in different 55 
pathological conditions. 56 
 57 
INTRODUCTION: 58 
On a daily basis, people inhale airborne pathogens, including spores of opportunistic fungi 59 
Aspergillus fumigatus (A. fumigatus conidia) that can penetrate the respiratory tract1. The 60 
respiratory tract of mammals is a system of airways of different generations that are 61 
characterized by the different structures of the airway walls2,3,4. Tracheobronchial walls consist 62 
of several cell types among which are ciliated cells that provide the mucociliary clearance5. In the 63 
alveoli, there are no ciliated cells and the penetrating alveolar space pathogens cannot be 64 
eliminated by the mucociliary clearance6. Moreover, each airway generation is a niche for 65 
multiple immune cell populations and subsets of these populations are unique for certain airway 66 
compartments. Thus, alveolar macrophages reside in the alveolar compartments, while both the 67 
trachea and conducting airways are lined with the intraepithelial dendritic cells7,8. 68 
 69 
The approximate size of A. fumigatus conidia is 2-3.5 µm9. Since the diameter of small airways in 70 
humans and even in mice exceeds 3.5 µm, it was suggested that conidia can penetrate the 71 
alveolar space2,10,11. In fact, histological examination showed the fungal growth in the alveoli of 72 
the patients suffering from aspergillosis12. Conidia were also detected in the alveoli of infected 73 
mice using live imaging of the thick lung slices13. Simultaneously, conidia were detected in the 74 
luminal side of the bronchial epithelium of mice14. 75 
 76 
Three-dimensional (3D) imaging of the optically cleared whole-mount mouse lungs permits 77 
morphometric analysis of the airways15. Particularly, the quantitative analysis of the visceral 78 
pleural nerve distribution was performed using optically cleared mouse lung specimens15. 79 
Recently, Amich et al.16 investigated the fungal growth after intranasal application of conidia to 80 
the immunocompromised mice using a light-sheet fluorescence microscopy of optically cleared 81 
mouse lung specimens. The precise location of the resting conidia in the airways at different time 82 
points after the infection is important for identifying the cell populations that can provide 83 
sufficient antifungal defense in certain phases of inflammation. However, due to the relatively 84 
small size, the spatio-temporal aspects of A. fumigatus conidia distribution in the airways are 85 
poorly characterized. 86 
 87 
Here, we present an experimental setup for the quantitative analysis of A. fumigatus conidia 88 



   

distribution in the airways of infected mice. Using fluorescent confocal laser scanning microscopy 89 
(CLSM) of optically cleared lungs of mice that received an oropharyngeal application of the 90 
fluorescently labeled A. fumigatus conidia, we obtain 3D images and perform the image 91 
processing. Using 3D imaging of the whole-mount lung lobe, we have previously shown the 92 
distribution of A. fumigatus conidia in the conducting airway of mice 72 hours after conidia 93 
application8. 94 
 95 
PROTOCOL: 96 
 97 
All methods concerning laboratory animals described here have been approved by the 98 
Institutional Animal Care and Use Committee (IACUC) at the Shemyakin and Ovchinnikov Institute 99 
of Bioorganic Chemistry, Russian Academy of Sciences (protocol number 226/2017). 100 
 101 
1. A. fumigatus conidia application  102 
 103 
1.1 To obtain fluorescently labeled A. fumigatus conidia, fix 5 × 108 conidia by adding 1 mL of 104 
3% paraformaldehyde to the conidia pellet. Incubate in a 50 mL test tube for 2 h on a shaker at 105 
room temperature. 106 
 107 
1.2 Wash conidia with 20 mL of phosphate buffer saline (PBS) by centrifuging at 1,000 x g for 108 
15 min, gently removing the supernatant, and adding fresh PBS in a volume of 20 mL. Repeat. 109 
 110 
1.3 Dissolve the conidia in 900 µL of 0.1 M NaHCO3. 111 
 112 
1.4 Dissolve the succinimidyl ester of the 594-fluorescent dye in 100 µL of dimethyl sulfoxide 113 
and add to conidia. 114 
 115 
1.5 Incubate the conidia with the dye for 1 h on a shaker at 150 rpm at room temperature. 116 
 117 
1.6 Wash the conidia twice with 20 mL of PBS in the centrifuge at 1,000 x g for 15 min. 118 
 119 
1.7 Dilute the conidia to a concentration of 1 × 108 conidia/mL in PBS and store at 4 °C. 120 
 121 
1.8 Anesthetize the mouse with 0.5-3% isoflurane vapor. Put the mouse on the holder, fix the 122 
tongue with smooth forceps, and hold the nares. Take a single channel pipette and apply 50 µL 123 
of conidia suspension to the mouse pharynx. Wait until the suspension is inhaled. 124 
 125 
2. Specimen preparation 126 
 127 
2.1 Prepare the 50 mL test tube and fill it with 15 mL of fresh 2% paraformaldehyde. Place 128 
the medical instruments (15 cm toothed dissecting forceps, 8 cm fine-tipped forceps, and 10 cm 129 
scissors with blunt ends) into 70% ethanol solution. 130 
 131 



   

2.2 Euthanize the mouse in accordance with the IACUC protocol euthanized. Then place the 132 
mouse in the dorsal position and fix the mouse paws with needles. 133 
 134 
NOTE: If using cervical dislocation for euthanasia, ensure the integrity of the trachea. 135 
 136 
2.2.1 Treat the mouse with 70% ethanol using a sprayer. 137 
 138 
2.2.2 Make a median longitudinal cut in the ventral skin from the hind paws to the forepaws 139 
and the chin. 140 
 141 
2.2.3 Separate the skin from the subcutaneous tissue using toothed forceps and closed scissors. 142 
Fix the upper ends of the skin with needles. 143 
 144 
2.2.4 Make an incision in the abdominal wall and separate the liver from the diaphragm. 145 
Carefully pick the diaphragm with closed scissors and then cut the diaphragm. 146 
 147 
2.2.5 Make a medial cut of the thorax and neck connective tissues until the trachea is visible. 148 
 149 
2.3 Run a silk thread beneath the trachea and make a surgical knot using two forceps.  150 
 151 
NOTE: Alternatively, use dental floss instead of silk thread. 152 
 153 
2.3.1 Carefully pull the thread and cut off the lungs from the connective tissue with scissors. 154 
Hold the scissors perpendicular to the table. 155 
 156 
2.3.2 Put the lungs in the 50 mL test tube with 2% paraformaldehyde. Leave thread ends 157 
outside the tube, put the cover tight, and turn over the tube to cover the lungs with 158 
paraformaldehyde. Hold the lungs overnight at 4 °C. 159 
 160 
2.4 Dissect the lung lobes from the heart and each other with a scalpel. 161 
 162 
2.4.1 Put the lung lobes in a 24 well plate, with each lobe in a separate well. Wash the lung 163 
lobes in 1 mL of Tris-buffered saline (TBS) pH 7.4, 5 times for 1 h each on a shaker at 150 rpm. 164 
 165 
2.4.2 Replace 1 mL of TBS with 1 mL of the blocking buffer (1% Triton X 100, 5% powdered milk 166 
in TBS) and leave the specimen overnight at room temperature on a shaker. 167 
 168 
2.4.3 Replace the blocking buffer with 1 mL of streptavidin-488-fluorescent dye conjugate 169 
diluted 1:30 in TBS. Leave the specimen for at least 72 h at room temperature on a shaker (150 170 
rpm). 171 
 172 
2.5 Wash the specimen 5 times for 1 h each in 1 mL of TBS at room temperature on a shaker 173 
(150 rpm). Transfer the specimen to the new wells and cover it with 2% paraformaldehyde 174 
overnight at 4 °C for post-fixation. 175 



   

 176 
3. Mouse lung lobe optical clearing 177 
 178 
3.1. Place the specimen in the 5 mL glass bottle filled with 3 mL of 50% methanol-water 179 
solution and put it on to the sample mixer at room temperature for 1 h. 180 
 181 
3.2. Replace 3 mL of 50% methanol with 3 mL of 100% methanol and put it on to the sample 182 
mixer for 2 h. Prepare a 1:2 v/v mixture of benzyl alcohol and benzyl benzoate (BABB) in a total 183 
volume of 1 mL. 184 
 185 
3.3. Transfer the specimen to a 24 well plate and cover with 1 mL of BABB mixture for at least 186 
30 min. Do not leave the specimen in BABB for a long time; BABB can damage the plastic plate 187 
and make the specimen too rigid. 188 
 189 
3.4. Put the specimen in the cell imaging coverglass-bottom chamber. The sample is ready for 190 
imaging. 191 
 192 
4. Mouse lung lobe imaging with CLSM 193 
 194 
4.1. Turn the microscope system on. Open the microscope software. Turn the transmission 195 
light on in the Locate tab. Select the 10x objective. 196 
 197 
NOTE: For more detailed analysis, use the 20x objective, but it increases the time of the 198 
experiment and the image file size. 199 
 200 
4.2. Put the chamber with the specimen in the cover slide holder. Put the holder on the XY 201 
stage over the objective. Center the specimen using the XY controls of the stage on top of the 202 
objective. Use the transmission light and eyepiece to manually find the specimen Z-plane. 203 
 204 
4.3. Switch the software to the Acquisition tab. Select CLSM λ-mode. Turn the 488 nm and 205 
561 nm lasers on. Select the 488/561 nm dichroic mirror. Change the spectral range of the 206 
detector to 490-695 nm. Adjust the laser power to the appropriate range (10-50 µW). Adjust the 207 
Detector Gain between 750-900 range. 208 
 209 
NOTE: Higher gain settings are undesirable due to noise. 210 
 211 
4.4. Narrow the pinhole to 1 Airy unit by clicking 1 AU button. Set pixel resolution to 512 × 212 
512 pixels. 213 
 214 
4.5. Switch on the Z-stack mode. Start Live Imaging. Select the focal plane in which both dyes 215 
are visible. 216 
 217 



   

NOTE: If necessary, adjust the laser power to normalize the brightness of the two fluorescent 218 
dyes. Use Gallery and Single-channel mode, to avoid clipping and to precisely match fluorescence 219 
intensity. 220 
 221 
4.6. Expand the appeared Z-stack pane. Use the focusing wheel and find the lowest plane of 222 
the sample. Use the First button in the Z-stack pane. Move the focal plane upwards to find the 223 
top boundary of the specimen and save the position by using the Last button. Check the 224 
representation of the sample depth in the Z-stack pane. 225 
 226 
NOTE: A representation of the sample depth will appear in the Z-stack pane after the First and 227 
the Last positions are chosen. 228 
 229 
4.7. Position the objective using the focusing wheel near the bottom of the specimen, by 230 
looking at the Z-stack pane. This is approximately 20 µm from the bottom of the specimen. 231 
 232 
4.8. Turn the Z-stack mode off and turn the Tile Scan mode on. Acquire the image with an 233 
appropriate number of tiles for the size of the specimen. 5 × 5 tiles are a good starting point. 234 
 235 
4.9. Adjust the number of tiles and the specimen XY position until the whole lung fits inside 236 
the tiled image. Recheck the correctness of the Z-stack positions with the newly obtained XY 237 
position of the center of the sample. 238 
 239 
4.10. Turn both Z-stack and Tile Scan modes on. Set Z step (in Z-stack pane) to 5 µm. Set 240 
Scanning Speed to 6. Turn the Autosave function on. Turn the option Saving Separate Tiles on. 241 
Name the file. Press the Start Experiment button. 242 
 243 
4.11. Verify that the experiment does not exceed the allocated time on the microscope; if so – 244 
adjust the speed. 245 
 246 
NOTE: The approximate file size is more than 10 Gb; be sure that there is enough space on the 247 
hard drive. 248 
 249 
5. Spectral unmixing and stitching 250 
 251 
5.1. Use the software for the initial image processing. For spectral unmixing, select the 252 
Unmixing option. Select two regions corresponding to the streptavidin/airways and conidia to 253 
acquire the spectra from the image. Click Start Unmixing. 254 
 255 
NOTE: Alternatively, use the existing spectra for 488 and 594 nm fluorochromes. 256 
 257 
5.2. Open the file for the image processing and select the Processing tab. In the Methods 258 
section, select Geometric and Stitching. In the Parameter section, select the New Output and 259 
mark the Fuse Tiles option. Use the reference mode with the selected channel corresponding to 260 
the airway fluorescence. Apply the Stitching by clicking Apply. 261 



   

 262 
6. Image processing: surface rendering 263 
 264 
6.1. Open the image as a Surpass 3D View. Create an airway surface using the option Surface 265 
for the channel that was used for the airway visualization. Choose the Smoothing parameter of 266 
10 μm. 267 
 268 
NOTE: Choose the automatic threshold value as well. 269 
 270 
6.2. Visually inspect the surface. Choose the thresholds to reduce the outlying signal. Remove 271 
the surfaces of pleura and vessels. 272 
 273 
6.3. Create a mask for the airway surface using options Edit and Mask All. Select the airway 274 
channel and set Voxels outside the surface to 0.001. 275 
 276 
6.4. Save the file with the airway mask as a TIFF series to the folder. Save the file with the 277 
conidia channel as a TIFF series to the separate folder. 278 
 279 
7. Image processing: mask correction 280 
 281 
7.1. Open the file with the airway mask in an open-source platform for biological-image 282 
analysis17 as an 8-bit image. Make the image binary by clicking Process | Binary | Make Binary. 283 
 284 
NOTE: If necessary, correct the mask: remove the excessive surfaces using the Polygon selection 285 
and Delete tab. Alternatively, use the Flood Fill Tool. 286 
 287 
7.2. Draw the missing surfaces using several times Dilate (3D): click Plugins | Process | Dilate 288 
(3D). Fill the holes by clicking Process | Binary | Fill Holes. Use selection and ROI manager 289 
interpolation to fill the residual holes in the mask manually. Apply several Erode (3D) options 290 
(Plugins | Process | Erode (3D)) to resample the mask thickness. 291 
 292 
NOTE: Create macros by using Plugins | Macros options for multiple Dilate (3D) and Erode (3D) 293 
repeats. 294 
 295 
Ensure the number of Erode (3D) is equal to the number of Dilate (3D) applications. 296 
 297 
7.3. Save the mask in a new folder as a TIFF series. 298 
 299 
8. Conidia quantitative analysis 300 
 301 
8.1. Open the app in the programming and numeric computing platform: 302 
https://www.mathworks.com/matlabcentral/fileexchange/84525-conidia_counter. 303 
 304 
8.2. Press the Add files button. Select the airway mask folder and the conidia folder. 305 

https://www.mathworks.com/matlabcentral/fileexchange/84525-conidia_counter


   

 306 
8.3. Set a custom threshold between 0 and 1. Press the OK button. 307 
 308 
8.4. Save the output table to the custom .xls file. 309 
 310 
8.5. Analyze the data with software for statistical analysis. 311 
 312 
REPRESENTATIVE RESULTS: 313 
Following the protocol above, the 3D image showing the airways and A. fumigatus conidia in the 314 
lung lobe of a mouse was obtained (Figure 1A). Streptavidin (that was used for airway 315 
visualization) labeled bronchi and bronchioles15. Additionally, the large vessels, which are easily 316 
distinguishable from the airways by their morphology, and pleura are visualized in the airway 317 
channel (Figure 1A-C). The creation of the airway surface and mask permitted removal of the 318 
vessel and the pleura projections in the airway channel; however, the integrity of the airway 319 
surface is destroyed due to the weak signal of streptavidin in several bronchial branches (Figure 320 
1B-C). The further processing of the airway mask permits the repair of the missing fragments 321 
(Figure 1D). 322 
 323 
The distribution of A. fumigatus conidia in the lungs of mice was estimated using the left or right 324 
superior lung lobes at different time points after conidia application. For the right superior lung 325 
lobe, the image consists of approximately 30 tiles and around 250 Z-stacks. After stitching, the 326 
image that was acquired with the resolution 512 × 512 had an image size of 2360 × 2815 pixels 327 
and the size of one pixel is 2.77 µm × 2.77 µm, which is comparable with the size of A. fumigatus 328 
conidia that is 2-3.5 µm9. 329 
 330 
The enlarged image of the distal airway region demonstrates that detection of the precise 331 
location of conidia (inside or outside the bronchial branches) is quite difficult due to the 332 
complexity of the image and the small size of conidia in relation to the size of the airways (Figure 333 
2A). Precise examination revealed that conidia were located both inside and outside the 334 
bronchial branches (Figure 2B-C). 335 
 336 
The threshold settings of the conidia channel greatly influence the resulting number of conidia 337 
(Figure 2B-C). To make the unbiased quantitative analysis we developed an app in the 338 
programming and numeric computing platform that allows estimating the number of conidia 339 
inside and outside the airway mask, avoiding the manual threshold setting. The app acts based 340 
on the following algorithm. First, the conidia channel is segmented into a binary 3D stack of 341 
images using an optimal threshold value. As was described above, the selected imaging 342 
resolution permits the identification of one conidium as one pixel. The usage of streptavidin for 343 
airway labeling permits visualization of bronchi but not alveoli15. Therefore, conidia residing in 344 
bronchi are defined as conidia pixels inside the airways mask, while conidia residing in alveoli are 345 
defined as conidia pixels outside the airway mask. Considering this, in the next step of the 346 
algorithm, a binary AND operation is performed for the airway mask image and the conidia image 347 
to extract pixels of conidia that reside in bronchi. Similarly, the remaining conidia pixels are 348 
extracted to obtain the number of conidia in alveoli. The resulting percentage of conidia in 349 



   

bronchi and alveoli relative to the overall amount of conidia in the lung is presented in the bar 350 
chart and the output table of the app user interface. 351 
 352 
Using this approach, the quantitative analysis of the conidia distribution in the airways of mice 353 
was performed for the time point of 6 hours after conidia application (Figure 2D). The data 354 
suggest that upon oropharyngeal application, the majority of conidia penetrate the alveolar 355 
space and locate there at the beginning of the inflammatory immune response. 356 
 357 
FIGURE AND TABLE LEGENDS: 358 
Figure 1. The principle of airway image processing. (A) 3D image of the right superior lung lobe 359 
of a mouse, 24 hours after conidia application showing biotin-rich structures (streptavidin, white) 360 
and A. fumigatus conidia (magenta). (B,C) The surface (green) and the mask (orange) for the 361 
airways. Streptavidin-positive large vessels are indicated with fine arrows. The missing airway 362 
fragments in the surface and the mask are indicated with arrows; the excessive structures with 363 
arrowheads. Scale bar is 1000 µm. (D) The airway mask after the corrections. 364 
 365 
Figure 2. Conidia image processing and quantitative analysis. (A) Enlarged image of the distal 366 
airways (Streptavidin, grey shades) and A. fumigatus conidia (magenta) that are presented in 367 
Figure 1A. Scale bar is 300 µm B, C. Enlarged image arbitrary boxed on (A) is represented as a Z-368 
slice with a high threshold (B) and a low threshold value (C). Conidia inside the airway are 369 
indicated with arrows, and outside with arrowheads. Scale bar is 150 µm. (D) Quantitative 370 
analysis of conidia in the bronchial branches and the alveolar space. The data are shown as the 371 
median and interquartile range for 4 mice, 6 h after receiving A. fumigatus conidia. 372 
 373 
DISCUSSION: 374 
Whole-organ 3D imaging permits obtaining of the data without dissection of the specimen, which 375 
is of great importance for investigating the spatial aspects of the anatomical distribution of the 376 
pathogen in the organism. There are several techniques and modifications of tissue optical 377 
clearing that help to overcome the laser light scattering and allow whole-organ imaging15,16,18,19. 378 
One of the custom tissue clearing approaches consists of methanol-based tissue dehydration and 379 
delipidation followed by optical clearing with BABB. The approach was developed more than 100 380 
years ago and has several modifications. In our work, we use the simplest modification that was 381 
described by Scott et al.15 Such an approach is optimal for usage with fluorescently labeled 382 
pathogens. Moreover, the fluorochromes with high photostability are preferable for prolonged 383 
imaging. Unfortunately, visualization of transgenic TdTomato A. fumigatus conidia is not possible 384 
using this method, due to the high sensitivity of TdTomato to BABB (data not shown). Thus, the 385 
approach that we describe here permits successful detection of resting or fixed pathogens, but 386 
cannot be used for imaging of growing A. fumigatus conidia or hyphae. Additionally, the 387 
immunohistochemical staining of the specimen with the high-affinity binding substances is 388 
preferable. Thus, we also faced trouble trying to apply the fluorescently labeled antibodies to 389 
visualize vessels and lymphatics in whole-mount lung lobe specimens. However, Scott et al.15 390 
visualized nerve fibers using two-step staining with antibodies against PGP 9.5. This indicates that 391 
some antibodies can be used for staining with the following optical clearing using BABB. We also 392 
lost the fluorescent signal from the 0.1 µm fluorescent latex particles after BABB clearing, while 393 



   

the usage of clearing-enhanced 3D (Ce3D) clearing solution18 did not affect the fluorescent signal 394 
of the particles. 395 
 396 
In the present approach, we use streptavidin to label airways. Streptavidin binds endogenous 397 
biotin that is considered to be expressed in Clara cells (and the alveolar type II epithelial cells to 398 
a lesser extent)20. As Clara cells (also known as Club cells) in the absence of inflammation reside 399 
in the bronchi and bronchioles, but not in the alveolar compartment, streptavidin staining 400 
visualizes only bronchial branches. Therefore, in the present approach, all the conidia outside the 401 
streptavidin-labeled airways were determined as being located in the alveolar space. For the 402 
more precise detection of the conidia location, some other airway markers, such as SOX9, should 403 
be used3. In case, when antibody usage is necessary Ce3D or three-dimensional imaging of 404 
solvent-cleared organs (3DISCO)19 techniques are more appropriate than BAAB-based optical 405 
clearing. However, BABB optical clearing is the most simple and time-consuming approach, and 406 
therefore is the most advantageous for the in advance fluorescently labeled conidia detection in 407 
the marked with streptavidin airways. 408 
 409 
3D imaging of the mouse lungs can also be performed using optical projection tomography 410 
integrated microscopy3. However, due to the limitation in the resolution of tomography, CLSM is 411 
more suitable for the simultaneous imaging of the airways and 3 µm conidia. In our case, a single 412 
conidium is seen as one pixel. The processing of such images allowed quantification of conidia 413 
inside and outside the bronchial branches. The method also can be applied to compare 414 
anatomical conidia distribution in the immunocompetent and immunocompromised mice. The 415 
approach can also be utilized to estimate the kinetics of the conidia elimination from the airways 416 
of mice. Moreover, the combination of the approach of the whole airway morphometry that was 417 
developed by Scott et al.15 with the algorithm for unbiased conidia quantitative analysis can be 418 
helpful in the precise location of A. fumigatus conidia and other particles of comparable size in 419 
different generations of the bronchial tree. 420 
 421 
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