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[Abstract] Ex vivo biophysical measurements provide valuable insights into understanding both
physiological and pathogenic processes. One critical physiological mechanism that is regulated by these
biophysical properties is cilia-generated flow that mediates mucociliary clearance, which is known to
provide protection against foreign particles and pathogens in the upper airway. To measure ciliary
clearance, several techniques have been implemented, including the use of radiolabeled particles and
imaging with single-photon emission computerized tomography (SPECT) methods. Although non-
invasive, these tests require the use of specialized equipment, limiting widespread use. Here we
describe a method of ex vivo imaging of cilia-generated flow, adapted from previously reported methods,
to make it more accessible and higher throughput for researchers. We excise trachea from mice quickly
after euthanasia, cut it longitudinally and place it in an inhouse made slide. We apply fluorescent
particles to measure particle movement under a fluorescent microscope, followed by analysis with
Imaged, allowing calculation of fluid flow generated by cilia under different conditions. This method
enables ex vivo measurements in tissue with minimal investment or special equipment, giving
opportunity to investigate and discover important biophysical properties associated with ciliary
movement of the trachea in physiology and disease.
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[Background] The composition of diverse biophysical properties, each aiding a specified function, make
up the human body. A key example of this is the generation of flow in many different organ systems,
including the central nervous system (Olstad et al., 2019), reproductive tracts (Afzelius et al., 1978; Yuan
et al., 2019) and the pulmonary system (Satir and Sleigh, 1990), made by specialized ciliated cells.
Understanding how the environment or external stimuli affect these processes can give us insights into
disease. In our recent study (Kudo et al., 2019), we explored how humidity affects influenza infections
in a mouse model. By using this method of ex-vivo measurement of cilia-generated flow in mice, we
were able to visually measure how ambient humidity altered the rate of virus clearance (Figures 1 and
2). Previous studies have used radiolabeled particles to measure mucociliary clearance using a
noninvasive method (Hua et al., 2010; Bustamante-Marin and Ostrowski, 2017). However, this requires
the use of radioactive materials and SPECT or other machines to measure radioactivity that may not be

readily available. Measurements like this can be made more accessible using ex vivo imaging of
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particles in tissue (Nance et al., 2012; Francis and Lo, 2013; Mastorakos et al., 2015 and 2016). Here,
we describe a detailed method of measuring the flow generated by cilia in upper airway tissue, adapted
from Francis and Lo (2013). Our method is easy to perform and allows for measurement of large
numbers of mice at a relatively low cost. This protocol can also be performed in a short time, allowing
for the preservation of biological differences and measurement in a large number of animals. Finally, it
can be adopted for other organ systems or tissues, measuring various biophysical properties, as shown
by Nance et al. (2012), in identifying what criteria drug loaded particles must meet to navigate through
brain parenchyma. Altogether, this protocol will provide researchers with an easy to follow, step-by-step

methodology to measure properties of biological tissues ex vivo (Figure 3).

Materials and Reagents

1. Superfrost Plus Gold Slides (Thermo Fisher Scientific, catalog number: FT4981GLPLUS).
Brand is not critical
Square Cover Slips (Thermo Fisher Scientific, catalog number: 18X18-1). Brand is not critical
Electrical tape (3M Safety, Scotch, Purchase in Amazon). Brand is not critical
FluoSpheres carboxylate, 0.2 ym crimson, 625/645 (Life Technologies, catalog number: F8806)
Alternate sizes/chemistry can be used depending on experimental design, refer to background
above

5. 6-well plate (Fisher Scientific, Corning). Brand is not critical, does not have to be tissue culture

quality

Mice

PBS (Millipore Sigma, catalog number: D8537). Brand is not critical

Super glue (Loctite, Purchase in Amazon). Brand is not critical

© © N o

1:1,000 volume/volume of FluoSpheres carboxylate in PBS (see Recipes)

Equipment

Dissection scissors (Fine Science Tools, catalog number: 14061-10) Brand is not critical
Electric Razor (Purchase from Amazon) Brand is not critical

Hair removal product, Nair (Purchase from Amazon) Brand is not critical

Forceps (Fine Science Tools) Brand is not critical

Micro dissection scissors (Fine Science Tools) Brand is not critical

Scalpel (Purchase from Amazon) Optional and brand is not critical

Dissection microscope (Laxco, LMS-Z200) Optional and brand is not critical

© N kb=

Bruker Opterra Swept Field Microscope (Bruker) Brand is not critical, microscope must be

equipped with high-speed fluorescent camera (Photometrics Evolve Delta EMCCD camera)
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Software

Obtaining images Prairie View 5.4 (Bruker) Brand is not critical, any software associated with

microscope will work

2. Analysis Software ImageJ (Directionalityy, = Mtrack2, Manual Tracking, NIH,
https://imagej.nih.gov/ij/) Other software can be used for analysis
Procedure

A. Prepare slides

1.

Make a stack of electrical tape to a thickness of ~1.5 mm (7 pieces of tape) (Figures 1A-1B).
Note: The thickness of the tape here can vary depending on the thickness of tissue you are
interested in working with, with the thickness corresponding to the tissue touching both the
bottom of the slide and the coverslip without distorting the tissue significantly. However, it is
important to keep the thickness consistent between samples, as thickness can affect your
imaging later on.

Cut a small section using a scalpel to allow for housing of the trachea (Figure 1C).

Put the tape on a slide to make a slide with a housing chamber usable with most microscopes
(Figure 1D).

Note: Slides can be prepared in large numbers easily before experiment. Do this to speed up

throughput of experiments.

A

Figure 1. Preparation of chamber slides for measurement of mucociliary clearance. A-B.
Electrical tape was stacked on top of each other to make a stack equivalent to ~1.5 mm (white

arrow). C. Sections were cut in the center of the tape to create a chamber for tissue. D. Tape
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was attached to slide for imaging. E. Example of Tracheal tissue that was cut longitudinally and

placed in the chamber with cover slip.

B. Dissection of trachea (Time sensitive)

The following procedure, till the image acquisition should be performed uninterrupted for each

mouse (rather than extracting all tracheae for the experiments) and quickly for best results.

1.

N o o M

Euthanize mice in accordance with local institutional animal care and use committee (IACUC)
policies and protocol.

Immobilize mouse using a dissection board or by taping mouse onto a hard surface. Immediately
expose neck skin using a hair removal product of your choice (Nair, Electric Razor), make a
~3 cm incision from the chest to nose, and move salivary glands aside to expose trachea of
mice.

Clean connective tissue associated with trachea and make transverse cut on the superior end
of the trachea. Keep trachea taut by holding this side with forceps.

Cut inferior end of trachea.

Immediately transfer to 6 well plate with ~1 ml PBS.

Cut longitudinally through trachea using the micro dissection scissors.

Immediately continue onto next step.

C. Mounting trachea

1.

4.

Prepare a solution of 1:1,000 of FluoSpheres carboxylate in PBS.

Note: Prepare large batches for use of your entire experiment. Vortex initial solution well, and
vortex the mix well between each use.

Place trachea from Procedure B into slide from Procedure A with the lumen side facing up.
Note: Having the tape height match the tissue thickness is critical, as this allows the coverslip
to prevent the trachea from refolding during imaging.

Place ~250 pl of 1:1,000 FluoSphere solution in the chamber, place a few drops of super glue
on edges of tape and coverslip (Figure 1E).

Note: Take precaution not to put excess liquid in chamber and to not put excess glue on tape.
Aim for having enough liquid to submerge sample, or fully covering the center, without it spilling
over. Mixing of the liquid submerging the sample with the super glue will result in unreliable
results. Optimize with practice slides to get exact volume needed for each setup.

Immediately continue onto next step.

D. Imaging

1.

Microscope should be turned on and set into the correct position. Use a slide with particle
solution but no organ as a positive control (refer to Video 1).
Note: Imaging was performed under room temperature. However, experiments can be

performed under different temperatures if your microscope setup allows for different
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temperature settings.

Video 1. Example of particles moving in free solution in a brownian motion

Place slide into position.

*Important* Change focus until you find a plane where particles seem to be static. This is the
plane of the tissue, where particles are attached/engulfed to the mucus/cells on the surface.
From there move focus up a set amount for each image. This is important because the
measurement of the flow generated by cilia will change as a function of the distance away from
the surface of the cilia. Thus, to generate data that can be compared between samples, this
distance must be kept constant (refer to Video 2). In our experiments, we used a distance of

~1 um distance from the surface of the cilia.

Video 2. Example of particles moving with directionality due to cilia generated flow

4. Acquire image at speeds at or above 100 frames per second (we acquired at 100 fps for 30 s).
Images were taken with microscope settings; Image Size: 512 ym x 512 ym, FOV: 204.2 pm x

204.2 ym, and Pixel Size 0.399 pm x 0.399 um.
Copyright © 2020 The Authors; exclusive licensee Bio-protocol LLC. 5
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Note: The two imaging lasers in our experiments were 488 nm and 561 nm, with the emission
filters optimized for GFP and RFP. The two cameras on the microscope are 512 um x 512 um
Photometrics Evolve Delta EMCCD cameras. The Laser is scanned with either a slit or an array
of 32 pinholes, which is designed to increase scan speed, which is 67 fps max speed at full

frame, with smaller ROIs allowing for much faster speeds.

5. ltis critical that these images are taken as quickly as possible; in our hands, all images were
taken within 5 min of dissection, and saw decreased viability of tissue after 10 min.
Note: The key component to this step is feeling comfortable with the procedure and decreasing
the time between dissection and imaging. Practice to get a good flow going, or work in pairs to
have one person dissect while another sets up the microscope in order to set up an optimal
imaging condition. As a positive control of cilia movement regulation, mice housed in higher
ambient humidity (~50%) will show higher cilia particle velocity (Kudo et al., 2019). As a negative
control, mouse housed in lower ambient humidity can be used, or trachea that has be excised

for a prolonged time period (> 10 min) can be used.

Data analysis

Load data into FIJI/Imaged using File > Import > Image sequence.

2. Analyze particle velocity using Plugins > Tracking > MTrack2 (https://imagej.net/MTrack2).

Note: Use imaged settings Image > Adjust > Brightness/Contrast to ensure a high signal to noise
ratio. This will allow for the MTrack2 program to identify the particles better.
3. Measure single particle trajectory by using Plugins > Tracking > Manual Tracking

(https://imagej.nih.gov/ij/plugins/track/track.html) (Figure 2).

Note: This function will allow for coordinates of a single particle to be recorded. This can be then
graphed using a graphing software to show the entire trajectory of a particle over a given time.
Calculate directionality of flow using Analyze > Directionality (Figure 3).

Export video (Videos 1 and 2) versions of particle flow using File > Save As > AVI.
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Figure 2. Cilia generated flow and directionality analysis of Videos 1 and 2. A.
Quantification of cilia generated flow in Videos 1 and 2 using Data analysis section of the

protocol. B-C. Quantification of frequency of directionality of Videos 1 and 2.
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Figure 3. Schematic of principal steps in cilia generated flow measurement

Recipes

1. 1:1,000 volume/volume of FluoSpheres carboxylate in PBS
Solution should be stored in the dark

We made fresh solution each day and equilibrated to room temperature before use
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