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[Abstract] Primary cilia are microtubule-based sensory organelles surrounded by membrane. They can
detect mechanical and chemical stimuli. The last few years have uncovered cilia as unique signaling
hubs that host a number of receptors and effector molecules. Thus, defining how specific proteins
localize and are distributed along the cilium is critical to understanding its function.

Quantitative immunofluorescence can be used to accurately assess the localization of receptors and
signaling molecules within the primary cilia. However, image analysis can be time consuming, and there
are limited programs that can accurately determine staining intensity along the cilia. To overcome these
issues, we developed a series of MATLAB scripts to accurately measure staining intensity along the
length of the cilia, in both a semi-automated and automated fashion. Here, we describe the scripts and
include a protocol for image analysis for each. With these scripts, the protocols can be used to analyze
the distribution of any ciliary protein using immunofluorescence images.
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[Background] Primary cilia are microtubule-based sensory organelles that function as antenna-like
structures emerging from the cell body. They detect mechanical and chemical signals from the
environment and are involved in a range of biological processes critical for homeostasis (Goetz and
Anderson, 2010; Anvarian et al., 2019). Not surprisingly, genetic cilia defects result in various clinical
manifestations, called ciliopathies (Goetz and Anderson, 2010). Interestingly, the ciliary membrane
hosts unique receptors and effector molecules that control a number of signaling pathways and
biological processes. These include oncogenic receptor tyrosine kinases (RTKs), such as insulin-like
growth factor receptor (IGF-1R) or platelet-derived growth factor receptor alpha (PDGFR-a), and G-
protein coupled receptors (GPCRs), such as smoothened (SMO) (Christensen et al., 2012; Schou et al.,
2015).

We previously reported that primary cilia mediate resistance to several kinase inhibitors in cancer
cells (Jenks et al., 2018). Drug resistant cells show more cilia, longer cilia, the appearance of cilia
terminal fragments (CTF), and increased activation of the cilia-specific Hedgehog signaling pathway
(Jenks et al., 2018). Significantly, targeting cilia or ciliary signaling can sensitize drug-resistant cells to
their respective inhibitors (Jenks et al., 2018). Interestingly, drug resistant cells show changes in the
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distribution of cilia proteins, including Kif7 and IFT81. While control cells showed Kif7 and IFT81
distributed along the cilia and at the cilia tip, drug resistant cells showed a significant decrease in the
distribution of these proteins along the cilia (Jenks et al., 2018). In addition, we observed changes in a
number of proteins and ciliary receptors in drug resistant cells, highlighting the importance of developing
accurate image analysis tools for cilia research.

These results presented us with the challenge of being able to measure the distribution of proteins
along the cilium. The accurate quantification of fluorescence intensity in microscopy images is an
important part of cilia research. For this purpose, two open source software packages have been
described (Lauring et al., 2019; Hansen et al., 2021). To accurately quantify the distribution of proteins
along the cilia, we developed a series of MATLAB scripts that support cilia analysis using the improfile
function of MATLAB and adaptive threshold for binarization. Our protocols are versatile, intuitive, and
start with a manual script that is then fully automated. As cilia and cilia staining can be heterogeneous,
our automated protocol can be adapted to different conditions by changing the pixel intensity threshold,

named “level” in the script. These scripts are outlined here, along with a detailed step-by-step guide to

use them with examples. A supplementary section with each script is included.

Materials and Reagents

12 mm round coverslips (Fisher Scientific, catalog number: 11846933)
6-well plates (Corning, catalog number: 353046)
16% Formaldehyde (Thermo Fisher Scientific, catalog number: 28908)
NaCl (VWR International, catalog number: 10241)
KCI (VWR International, catalog number: 10198)
KH2PO4 (VWR International, catalog number: 10203)
NazHPO4 (VWR International, catalog number: 10249)
HCI (VWR International, catalog number: 45002)
Triton-X-100 (Sigma-Aldrich, catalog number: T8787)
. Bovine Serum Albumin (BSA) (Sigma-Aldrich, catalog number: A7906)
. 4',6-Diamidine-2'-phenylindole dihydrochloride (DAPI) (Thermo Fisher Scientific, catalog
number: D1306)
. Methanol (VWR International, catalog number: 20847.318)
. Prolong Gold Mounting Media (Thermo Fisher Scientific catalog number: P10144)
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. Superfrost adhesion slides (Thermo Fisher Scientific, catalog number: 10149870)
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. Poly-L-lysine (Sigma-Aldrich, catalog number: P6282)
. PTEM Buffer (see Recipes)

. 1% Phosphate Buffered Saline (1% PBS) (see Recipes)
. 1x PBST (see Recipes)

. 1x PBSBT (see Recipes)
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Antibodies
1. Primary antibodies: mouse anti-acetylated tubulin (1:2,000 dilution; Sigma-Aldrich, catalog

o > 0N

number: T7451)

Mouse anti-y-tubulin (1:500 dilution; Santa Cruz, catalog number: sc-51715)

Rabbit anti-IFT81 antibody (1:200 dilution; Proteintech, catalog number: 17744-1-AP)

Rabbit anti-Arl13B (1:500; Proteintech, catalog number: 17711-1-AP)

Secondary antibodies: Alexa Fluor 488 (Thermo Fisher Scientific, catalog number: A-21141),
594 (Thermo Fisher Scientific, catalog number: A11037), or 680 (Thermo Fisher Scientific,
catalog number: A31562) (1:500 dilution)

Cell lines

A204 and RPE-1 cell lines were used as indicated. Cells were grown in Dulbecco’s Modified Eagle
Medium (DMEM) and Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 (DMEM:F12)

media with 10% FBS, respectively.

Equipment
1. Orbital shaker
2. Epifluorescence microscope: Upright microscope (Axio Imager M2; Zeiss) equipped with 100x
oil objectives, 1.4 numerical aperture (N.A.), a camera (ORCA R2; Hamamatsu Photonics), and
a computer with image-processing software (Zen)
Zeiss 710 confocal microscope with Zen software
Computer specifications: To run MATLAB — Intel or AMD x86-64 processor with four logical cores
and AVX2, 8 GB RAM, Windows 7 or newer operating system
Software
1. Mathworks MATLAB (version R2020b) with the image processing toolbox
2. Excel (Microsoft)
3. Zen (Zeiss image acquisition software)
Procedure

A. Seeding cells and fixation for ciliogenesis assay

1.
2.

Wash 13 mm coverslips in 1 N HCI at 55°C overnight in a flask in an orbital shaker at 140 x g.
After extensive washing, coat coverslips with 0.1 mg/ml poly-L-lysine for 1 h at room
temperature.

Wash coverslips with water and let dry overnight.

Before plating, place coverslips under UV light for 15 min.
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5. Seed cells onto coverslips at a density of 4 x 10° per well in 6 well plates (Diameter = 3.5 cm).
This is approximately a 60% density, so the cells will be around 80% the next day. This can vary
between cell lines, and we suggest optimization.

Allow cells to attach for 24 h.
Wash cells 3x with serum free media (SFM) and keep in SFM for 48 h.

8. Wash 2x with 1x PBS (alternatively with PTEM buffer) and proceed to fix (4% formaldehyde
diluted in 1x PBS or Methanol at -20°C, as desired).

B. Immunostaining protocol
Note: All steps to be carried out at room temperature.
1. Place coverslips in a humid chamber and wash 2x with 1x PBST to permeabilize cells. Leave
in second wash for 5 min.
Block cells using 3% (w/v) bovine serum albumin in 1x PBST (PBSBT) for 5 min.
Add primary antibodies diluted in PBSBT and incubate for 1 h.
Wash coverslips 3x with 1x PBST for 5 min.
Add secondary antibodies diluted 1:500 in PBSBT and incubate for 1 h.
Wash coverslips 3x with 1x PBST for 5 min.
Add DAPI diluted in PBSBT and incubate for 2 min.
Wash 2x, apply drops of ProLong Gold to a slide, and mount. Allow to dry in the dark overnight.
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After 24 h, seal with nail polish.
C. Image acquisition
Images were acquired using an 100x oil objective (1.4 NA). Exposure times were set equally for all

images amongst different conditions. Images were acquired using Zeiss analysis software (Zen).

Description of MATLAB scripts and analysis

CILIA 1 (Four channel raw intensity): cilia_linesc_raw_int_v9

This script measures fluorescence intensity (channel 2) along a linescan drawn manually and
outputs average intensity in 10 equal segments along the linescan. This allows the user to compare
cilia of different length. Cilia are segmented in a user- interactive manner using the improfile function
from MATLAB, which retrieves the intensity values of pixels along a multiline path defined by the
user. This script also measures the length of the segmented cilium. The data is exported as an excel
spreadsheet and saved using the same filename as the TIFF file. A cilia marker (i.e., acetylated
tubulin or Arl13B) can be used to define the cilium path. Intensity profiles are then retrieved from the
channels of interest. To reduce noise, the average fluorescence intensity of three pixels (above, on,
and below the path) is measured for each position along the cilium (taking an average of multiple
pixels reduces the impact of a single noisy pixel). A description of how to use this script is detailed
below.
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Four (4) fluorescent channels. For the example shown: channel 1 (C1) is the centriole marker (y-
tubulin), channel 2 (C2) is the protein of interest (IFT81), channel 3 (C3) is the cilia marker
(acetylated tubulin), and channel 4 (C4) is the nuclear stain (DAPI). Cilia are manually defined, and
then the script will divide cilia into 10 equal sections (bins). The raw pixel intensity of channel 3 will
be measured along the defined cilia and presented as 10 cilia sections running from the base to the

cilia tip. In the example below, this script is used to quantify IFT81 (Figures 1-8).

Figure 1. A204 IFT81 image used for CILIA 1 script MATLAB analysis.
A204 cells were serum starved for 48 h to induce ciliogenesis, then fixed and stained with
antibodies for IFT81 (red), acetylated tubulin (green), and y-tubulin (white). The nuclear stain is

DAPI (blue). Scale bar = 10 ym.

1. Opening MATLAB, importing data, and preparing script

a. Image exporting and saving
Export images as TIFF file format; an individual image is required for each fluorescent
channel. The channels for analysis have been exported in the following order in the example
shown: centriole marker, channel 1 (C1), signal to be analyzed, channel 2 (C2), acetylated
tubulin or cilia marker of choice, channel 3 (C3) and DAPI or alternative nuclear stain,
channel 4 (C4). An image of an overlay of all channels C1 + C2 + C3 + C4 is included in the
file exported. In order for the script to work correctly, channel 2 (C2) must be the channel to
be analyzed and channel 3 (C3) a cilia marker. The markers used for channel 1 and 4 can
be changed if required.

b. Open MATLAB.

c. Add the four script files to the MATLAB directory (left sidebar) by dragging files.

d. Add the TIFF image files to be analyzed to the left sidebar (Figure 2).
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= C 1-2-Image Export-01_c14+2+3+4.tif
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Figure 2. Importing data into MATLAB.
Drag the script files and images to be analyzed into the MATLAB left sidebar of the operating

interface. Images must be imported as the individual fluorescent channels as TIFF files.

e. Inline 12 of the script, change the name of the file to the same as the file to be analyzed.

Exclude the TIFF file extension from the file name in the script (Figure 3).

HOME. PLOTS APPS EDITOR PUBLISH VIEW BN I@ Q search Documentation m
Qﬂ o Q (q Find Files. << Insert F P ~ D @ ] Run Section @
() Compare v S{GoTov Comment % 9% %3
New Open Save Breakpoints  Run  Runand [%} Advance  Runand
- - ~  &Print v QFind v Indent [5] & [ - v Advance Time
FILE NAVIGATE EDIT BREAKPOINTS. RUN =
< = [ &l & [/ > Users » andrewjenks » Documents » MATLAB » IFT81 analysis P
Current Folder [OB ¥ Edi Users/andrewjenks/Documents/MATLAB/IFT81 analysis/cilia_linesc_raw_int_v9.m Workspace ®
B Name & : cilia_linesc_raw_int_vo.m | + | NameTa [valae
a € 1-2-Image Export-01_c1.tif § 3 % This script measures intensity (one channel) along a linescan drawn T
Image E"P"“:Ol-‘“_z'*a”'"f 2 % manually and outputs average intensity in n bins along the linescan
Image Export-01_c2.ti 3 % This script also measures the length of the segmented cilium
gi:g::::g: :ﬁﬁﬁﬁ:gi“ﬁflf 4 % The data is exported as an excel spreadsheet and saved using the filename. o
P s b e 5 % Be careful not to overwrite excel files if you are segmenting more than
R nattmacm 6 % one cilium per image !!111
B imoverteyn 7-  clear all, close all;
Bvistabelsm 8 % variables
i 9-  nb_bin = 10;
10
1 %% open images
12-  filename = 'C 1-2-Image Export-01';
13 %I = imread([filename,'_cl+2+3+4.tif']);
14 - Ic = imread([filename,' c1.tif']);
15-  Ic = rgb2gray(Ic);
16-  Ir = imread([filename,’' c2.tif']);
17 - Ir = rgb2gray(Ir);
18 - Ig = imread([filename,' _c3.tif']);
19-  Ig = rgb2gray(Ig);
20-  Ib = imread([filename,’' _cd.tif']);
21-  Ib = rgb2gray(Ib);
2
23 sfigure, imshow(I, [ 1); title('merge');
24 - figure, imshow(Ic, [ ]1); title('Ic');
25-  figure, imshow(Ir, [ 1); title('Ir'); |
26 -  figure, imshow(Ig, [ 1); title('Ig'); =
27 % interactive linescans
28-  [cx, cy, ] = improfile;
29 %c_g = improfile(Ig, cx, cy);
30-  cr = improfile(Ir, cx, cy);
31
32 %% draw linescan on Ir
33-  figure, hold on
34 - imshow(Ir, []); halfmax; title('rawim with linescans');
35-  lne(cx, cy, ‘Color’, 'r', ‘LineWidth', 1)
36 - hold off
3
Command Window ®
Details ~ B>
Ready UTF-8 script ln 12 Col 34

Figure 3. Changing script file name.
Change the filename in script (line 12, highlighted in blue) to the same name as the files to be

analyzed. The TIFF extension should not be included in the filename.
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f.  Click on the dash sign (-) next to line 28 in the script; this will add a breakpoint in the script,

which allows the script to be paused at this point (Figure 4).

0h o [ W | @ Insert IXU' E3 [ D | 8 rumsecon &

Compare ~ {GoTov Comment % &
New Open Save == P b % % Sreakpoints | Run |Runand [ Advance  Runand

- - ~  &Print v QFind v Indent [5] &F & v | Advance Time

FILE NAVIGATE EDIT BREAKPOINTS RUN =
< = [ @l @ 9/ » Users » andrewjenks » Documents » MATLAB » IFT81 analysis P
Current Folder ® Workspace ®
B Name & § cilia_linesc_raw_int_v9.m + | [NameTA [Valae
a) € 1-2-Image Export-01_c1.tif § 1 % This script measures intensity (one channel) along a linescan drawn =
2 gig::::g: é::::g}g’:f,”**“‘ 2 % manually and outputs average intensity in n bins along the linescan
> _c2. 3 % This script also measures the length of the segmented cilium
gtg:::::i E::::gi-ﬁ::: 4 % The data is exported as an excel spreadsheet and saved using the filename. I
B il e ro S 5 % Be careful not to overwrite excel files if you are segmenting more than
R naltmam 6 % one cilium per image !!111
) imoveriaym 7 clear all, close all;
Bvistabelsm 8 W variables
o 9-  nb_bin = 10;
10
1 %% open images
12-  filename = 'C 1-2-Image Export-01|;
13 %I = imread([filename,'_c1+2+3+4.tif']);
14 -  Ic = imread([filename, ' _c1.tif']);
15(= Ic = rgb2gray(Ic);
16 - Ir = imread([filename,' c2.tif']);
17-  Ir = rgb2gray(Ir);
18-  Ig = imread([filename,’ c3.tif']);
19 - Ig = rgb2gray(Ig);
20-  Ib = imread([filename,’' _cd.tif']);
21-  Ib = rgb2gray(Ib);
2
23 sfigure, imshow(I, [ 1); title('merge');
24~ figure, imshow(Ic, [ 1); title('Ic');
25-  figure, imshow(Ir, [ 1); title('Ir'); L
26-  figure, imshow(Ig, [ 1); title('Ig'); =
27 %% interactive linescans
—eeePp 280 [cx, cy, c] = improfile;
29 %c_g = improfile(Ig, cx, cy);
30-  cr = improfile(Ir, cx, cy);
31
32 % draw linescan on Ir
33-  figure, hold on
34 - imshow(Ir, [1); halfmax; title('rawim with linescans');
35 - line(cx, cy, 'Color', 'r', 'LineWidth', 1)
36-  hold off
3
Command Window ®
Details R S
Ready UTF-8 script ln 12 Col 34

Figure 4. Selecting file to be analyzed and inserting a breakpoint in the script.
Insert a breakpoint in the script by clicking on the dash sign next to line 28; this will convert the
dash to a red circle (highlighted with an arrow). Run the script by clicking “run” (green icon

boxed-in in red).

2. Defining cilia and analyzing IFT81 pixel intensity
a. Run the script by pressing the green icon on top of “run,” highlighted in Figure 4. An image
of acetylated tubulin will appear in a new window. Click on “tools>zoom in” and draw a
square around the cilia to be analyzed.
b. Press “continue” on script (“continue” is found in the same place as the run icon).
c. Using the cursor, draw a line along the center of the cilia starting from the base to the tip of
the cilia. If the cilia bends, stop, click, and continue. When the line reaches the cilia tip,

double click with the left mouse button (Figure 5).
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Figure 5. Identifying the cilium to be analyzed.
Draw a line along the center of the magnified cilium, ensuring the line goes from the base to the
tip of the cilium. Double click when the line is at the cilium tip. This example uses A204 cells.

d. The line drawn along the cilia will be automatically overlaid onto the IFT81 staining image,
and pixel intensity will be measured along this line (measurements extend several pixels at
the tip and in the lateral direction throughout the cilia, to ensure pixel intensity of the cilia is
measured) (Figure 6).

File Edit View Insert Tools Desktop Window Help e

Dede @ 08 KE

rawim with linoscans

Figure 6. Cilium line overlaid on to IFT81 image.
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The line drawn along the cilium will be automatically transferred to the IFT81 image, and the

pixel intensity of this section of the image will be measured.

e. Ahistogram of the IFT81 staining is displayed (Figure 7).

File Edit View Insert Tools Desktop Window Help ~
Desde @ 08 KE

Figure 7. IFT81 pixel intensity histogram.

Example of the histogram produced with the script. The average pixel intensity for each section
of a cilium (1-10, proximal to distal) is shown. In the y-axis is the average pixel intensity, and the
x-axis shows the cilium divided into 10 equal sections. Section 1 represents the cilium base and

section 10 the tip. The base of the cilium was determined using the centrosomal marker y-tubulin.

f.  An Excel spreadsheet of the IFT81 staining of the cilia is shown in the current folder side
bar. This spreadsheet presents the average pixel intensity of the cilia divided into 10
sections (1 proximal-10 distal), and it also includes the cilia length. If multiple cilia are to be
analyzed per image, it is important to change the name of the file so that the file is not

overwritten when subsequent cilia are analyzed (Figure 8).
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19-  Ig = rgb2gray(Ig); o Ir 10241344 uint8
20-  Ib = imread([filename, ' _cd.tif']); i Ir_line 101x1 double
21-  Ib = rgb2gray(Ib); (tH nb_bin 10
22 )] output 1x11 cell
23 sfigure, imshow(I, [ 1); title('merge'); c r_int_bin [34.9091,33.484...
24 - figure, imshow(Ic, [ 1); title('Ic'); (0l row_names 1x1 cell
25-  figure, imshow(Ir, [ ]); title('Ir'); _ =T Lxl1 table
26-  figure, imshow(Ig, [ 1); title('Ig'); = [Hy2 [34.9091;33.484...
27 %% interactive linescans
280  [cx, cy, c] = improfile;
29 %c_g = improfile(Ig, cx, cy);
30 - cr = improfile(Ir, cx, cy);
31
32 %% draw linescan on Ir
33-  figure, hold on
34~ dmshow(Ir, [1); halfmax; title('rawim with linescans');
35-  line(cx, cy, 'Color’, 'r', 'LineWidth', 1)
36 - hold off
37
Command Window ®
28 lcx, ¢y, <1 = improTile;
C 1-2-Image Export-01_dataxlsx (.. A | |fe>>

Figure 8. Excel spreadsheet with data.
The Excel spreadsheet of IFT81 pixel intensity will appear in the current folder side bar
(highlighted in blue). If multiple cilia are to be analyzed per image, change the name of the file

to avoid overwriting this file.

Data analysis

In a typical experiment, pixel intensity is analyzed using 150 cilia for each experimental condition.
The data is then presented as pixel intensity along proximal to distal sections of the cilium. Statistical
significance is calculated using a Student’'s t-test. In this example, our analysis showed that
dasatinib resistant A204 cells had lower IFT81 protein levels along the proximal and distal ends of
the cilia (Jenks et al., 2018). This method can be used for analyzing the distribution of any signal
given by a protein or biological molecule that can be imaged using immunofluorescence. This
highlights the versatility of this analysis tool, which enables the accurate quantification of the
distribution of cilia-localized proteins.
This detailed protocol will allow the user to:
1. Analyze the ciliary distribution of any protein that can be observed using immunofluorescence.
2. Compare the distribution of ciliary proteins in different groups of cell lines (e.g., drug resistant

cell lines compared to drug sensitive cell lines).

Quantitatively analyze the levels of protein localization to the cilium.

Measure cilium length.

Present data for publication.
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Additional MATLAB scripts: CILIA 2, CILIA 3, CILIA 4, and CILIA §

Four additional MATLAB scripts were designed for analyzing cilia protein localization. Each script

uses a similar workflow to the example described (Figures 1-8). CILIA 2 can automatically identify
and quantify cilia length and intensity. CILIA 2 and CILIA 3 require the combined images to have 4
fluorescent channels. In order for CILIA 2 (cilia_linesc_aut_v6) to automatically quantify cilia from
an image, the order of the exported TIFF fluorescent channels must be as follows: channel 1-
centriolar marker, channel 2-signal to be analyzed, channel 3-Arl13B or cilia marker of choice, and
channel 4-DAPI or alternative nuclear marker. An overlay of all channels must be included in order
for this script to automatically identify and orientate cilia. CILIA 3 also requires channel 2 to be the
signal to be analyzed and channel 3 to be the cilia marker; however, the remaining channels can be
changed as the cilia is manually defined. CILIA 2 (cilia_linesc_aut_v6) (protocol detailed in Figures
9-15) and CILIA 3 (cilia_linesc_int_v9) (protocol detailed in Figures 9, 16-22) present staining
intensity as average pixel intensity of each of the 10 cilia sections divided by the average pixel
intensity of the entire cilia. The remaining two additional scripts, CILIA 4 (cilia_linesc_raw_int_3c_v9)
and CILIA 5 (cilia_linesc_int_3c_v9), only need three fluorescent channels and require exported
TIFF fluorescent channels to be organized as follows: channel 1-Arl13B or cilia marker of choice
and channel 2-signal to be analyzed. For the example shown, DAPI was used in channel 3 to define
the nucleus (this staining can be changed if required). CILIA 4 (cilia_linesc_raw_int_3c_v9) and
CILIA 5 (cilia_linesc_int_3c_v9) only differ in how the staining intensity is presented. CILIA 4
(cilia_linesc_raw_int_3c_v9) (protocol detailed in Figures 23-30) produces results as average pixel
intensity, and CILIA 5 (cilia_linesc_int_3c_v9) (protocol detailed in Figures 31-37) produces results
as average pixel intensity of each of the 10 cilia sections divided by the average pixel intensity of
the entire cilia. These additional scripts are further described below, using a composite image of

cilia stained with acetylated tubulin and Arl13B (Figure 9).

Figure 9. RPE-1 cilia image used in the analyses with CILIA 2 and CILIA 3 scripts.
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RPE-1 cells were serum starved for 48 h to induce ciliogenesis, then fixed and stained with
antibodies for Arl13B (red), acetylated tubulin (green), and y-tubulin (white). Nuclear stain is

DAPI (blue). Scale bar = 10 ym.

CILIA 2 — Automated four channel automated script (cilia_linesc_aut_v6):

Four (4) fluorescent channels. For the example shown, C1 is the centriole marker (y-tubulin), C2 is
the protein of interest (acetylated tubulin), C3 is the cilia marker (Arl13B), and C4 is the nuclear stain
(DAPI). Cilia are automatically defined by the script and divided into 10 equal sections. Data is
presented as channel 2 pixel intensity of each cilia section divided by the average channel 2 pixel
intensity along the entire cilia. This ratio will be presented as 10 cilia sections (bins), running from
the base to the cilia tip. In the example shown in Figures 10-15, it is used to quantify acetylated

tubulin. To detect all cilia, it might be necessary to adjust the channel 2 pixel intensity threshold on

line 10 of the script (level).

HOME pLOTS APPS BT S EIIOI Qsearch Documentation m
= = 1 1, New Variable » Analyze Code () ¢3 Community
E B O g & B2 O ta) B oreeeces & @8
E} Open Variable ~ & Run and Time = S Request Support
New  New  New Open [{f]Compare Import  Save Favorites simulink ~ Layout (Sjsetpath  Add-Ons Help —
Script  Live Script v < Data Workspace (% Clear Workspace ~ - (42 Clear Commands ~ - - ~  [Zl Learn MATLAB
FILE VARIABLE CODE SIMULINK RESOURCES =

< & [ &l @ [9/ » Users » andrewjenks » Documents » MATLAB » Automated v 0
Current Folder [OBll Command Window [l Workspace ®

B Namev — Name & Value

7] vislabels.m %

~ MIX 58-1-Image Export-296_c4.tif
~ MIX 58-1-Image Export-296_c3.tif

~ MIX 58-1-Image Export-296_c2.tif

~ MIX 58-1-Image Export-296_c1+42+3+4...
= MIX 58-1-Image Export-296_c1.tif

7) imoverlay.m

%] halfmax.m

#) cilia_linesc_aut_v6.m

|Details ~
Ready

Figure 10. Importing data into MATLAB.
Drag the script files and images to be analyzed into the MATLAB far-left window of the operating

interface. Images must be imported as the individual fluorescent channels as TIFF files.
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G % T D I DIOIf X search Documentation

HOME ots APPS EDITOR PUBLISH
{'L_‘ ™ El Q) Find Files. <@ Insert fx < {> FRmeErn
New: Open) save L2 Compare (] GolTo x| Comment % % 431 ||y J\ooines | Run Rumand [ Advance  Runand
-~ - v &S Print v Q Find ~ Indent [] & [i3 - v Advance Time
FILE NAVIGATE EOIT BREAKPOINTS RUN =
< = (5 ] § [/ » Users » andrewjenks » Documents » MATLAB » Automated MED
Current Folder [OIl ¥ Editor - /Users/andrewjenks/Documents/MATLAB/Automated)/cili ._aut ) Workspace ®
gv’::l:i:ls " | | cilia_linesc_aut_v6.m* | + | - Name & Value
5 % This script automatically segments cilia, measures an intensity profile O

 MIX 58-1-Image Export-296_cA.tif
~ MIX 58-1-Image Export-296_c3.tif
 MIX 58-1-Image Export-296_c2.tif

1
2 % along the cilia. Intensity profiles are oriented based on centrosome o
3
>~ 4
= MIX 58-1-Image Export-296_c142+3+4... |
6
7
8

% staining (left: cilium base, right: cilium tip)
% This script needs 3 images - cilium marker (Ig), centrosome marker (Ic), and
% protein of interest (Ir) whose intensity profile is measured.

~ MIX 58-1-Image Export-296_c1.tif - clear all, close all;

Y imoverlay.m
halfmax.m

A

%% variables
- nb_bin = 1o;

lesc_aut_v6.m’ 9

- level = o.

1 E
12 %% open images |
13 - filename = 'EIX sa—1—1ma§e Exéort—zss"; =
14 - I = imread([filename,' c1+2+3+4.tif']); =i
s/ imread( [filename, ' _c1.tif']);

16 - Ir = imread([filename,' c2.tif']); =|
17-  Ir = rgb2gray(Ir); -
18- Ig = imread([filename,' c3.tif']); =|
19 - Ig = rgb2gray(Ig); =
20 - Ib = imread([filename,’ cd.tif']); =
21-  Ib = rgb2gray(Ib); -
2 H
23-  figure, imshow(Ic, [1); title('Ic');
24 %figure, imshow(Ib, [ 1); title('Ib');
25 - figure, imshow(Ig, [ ]); title('Ig'); -
26 - figure, imshow(Ir, [ 1); title('Ir'); =
27 - figure, imshow(I, [1); title(‘'merge');
28 =
29 %% segment cilia using green channel m|
30 slevel = graythresh(Ir);
31-  Irbw= imbinarize(Ig, level); =
32-  Irbw = bwareaopen(Irbw, 100);
33 sfigure, imshow(Irbw); title('Irbw'); i
34 - [L, num) = bwlabel(Irbw);
35-  statsl = regionprops(L, 'Eccentricity’, 'PixelldxList');
36 %fiaure. vislabels(1): title('l1 labeled obiects'): halfmax
Command Window ®
Details ~ | |[f>
Ready UTF-8 script Ln 13 Col 38

Figure 11. Changing the script file name.
Change the filename in script (line 13, highlighted in blue) to the same name as the files to be

analyzed. The TIFF extension should not be included in the filename.

HoME ots aves EoITOR pusLsH view GBI IENSIONGI] Q search Documentation
Find Filg I < =]
& @) (B B (o R B (3 un section

(L2l Compare v ) GoTov Comment % % %3

New Open Save Breakpoints Runand [ Advance  Runand
-~ - & Print v Q Find v Indent [5] & (3 - Advance Time
FILE NAVIGATE EDIT BREAKPOINTS RUN =
< = (& &l & [/ > Users » andrewjenks » Documents > MATLAB » Automated P
Current Folder (OBl FZ Editor - /Users/andrewjenks/Documents/MATLAB/Automated)/cili Workspace ®
B Namev a_linesc_aut_ve.m* 3% | + | Name & Value
) vislabels.m % This script automatically segments cilia, measures an intensity profile O
) MIX 58-1-Image Export-296_c4.tif % along the cilia. Intensity profiles are oriented based on centrosome
~ MIX 58-1-Image Export-296_c3.tif : T cild i
B ol o B s st % staining (left: cilium base, right: cilium tip)
> mage Export-296_c2.til % This script needs 3 images - cilium marker (Ig), centrosome marker (Ic), and
2 mi ;g:i::::g: 3::2:532—3:;*3”” % protein of interest (Ir) whose intensity profile is measured.
2 -c1. clear all, close all;
) imoverlay.m
*) halfmax.m i m
) cilia_linesc_aut_v6.m* ol :’.;_‘;3;‘2"}:? il
- level = o. -
1 I
12 %% open images [
13- filename = 'MIX 58-1-Image Export-296'; =
4 - I= imread([filename,' c1+2+3+4.tif']); =
15 - imread( [filename, ' _c1.tif']);
16 -  Ir = imread([filename,' c2.tif']); =
17 - Ir = rgb2gray(Ir); -
18-  Ig = imread([filename,' c3.tif']); &
19 -  Ig = rgb2gray(Ig); =
20 - Ib = imread([filename,' c4.tif']); I
21-  Ib = rgb2gray(Ib); -
2 =
23-  figure, imshow(Ic, [1); title('Ic');
24 %figure, imshow(Ib, [ 1); title('Ib');
25 - figure, imshow(Ig, [ 1); title('Ig'); =
26 - figure, imshow(Ir, [ 1); title('Ir'); =
27 - figure, imshow(I, (1); title('merge');
28 =
29 %% segment cilia using green channel |
30 slevel = graythresh(Ir);
31-  Irbw = imbinarize(Ig, level); i
32-  Irbw = bwareaopen(Irbw, 100);
33 sfigure, imshow(Irbw); title('Irbw'); M
34 - [L, num] = bwlabel(Irbw);
35 - statsl = regionprops(L, 'Eccentricity’, 'PixelldxList');
36 %fioure. vislabels(l): title('l1 labeled obiects'): halfmax
Command Window ®
Details ~ | |[f>
Ready UTF-8 script Ln 13 Col 38

Figure 12. Running the script.
Start the script by pressing “run” (green icon highlighted on the top).
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File Edit View Insert Tools Desktop Window Help ~

Dede @ 08 KE

raw Ir with linescans

Figure 13. Cilia line overlaid on to acetylated tubulin image.

Cilia will be automatically defined using Arl13B staining and y-tub to orientate cilia direction.
These cilia will be transferred to the acetylated tubulin image, and the pixel density of these
sections of the image will be analyzed.

File Edit View Insert Tools Desktop Window Help >
Dedse @ 0B KE

6 6
distance bins distance bins

normint

o 2 4 s s 10
distance bins distance bins

5

norm int

6 6
distanco bins distance bins

Figure 14. Acetylated tubulin pixel intensity histogram.

Example of the histograms produced from an image containing six cilia. The y-axis denotes
pixel intensity as a ratio of average pixel intensity divided by the average pixel intensity of the
entire cilia. Section 1 represents the cilia base and section 10 the cilia tip. The base of the cilia
was determined using the centrosomal marker y-tubulin.

Copyright © 2021 The Authors; exclusive licensee Bio-protocol LLC. 14


http://www.bio-protocol.org/e4248

Please cite this article as: Jenks, A. D. et al. (2021). Quantitative Determination of Primary Cilia Protein Distribution Using Immunofluorescence Staining
and MATLAB Analysis. Bio-protocol 11(23): e4248. DOI: 10.21769/BioProtoc.4248

Bio-protocol 11(23): e4248.

-
l:)l()-l)r()t(xj()l www.bio-protocol.org/e4248 DOI:10.21769/BioProtoc.4248
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c ~ {GoTov Comment % % %
oyear oTox Comment % % 43 groakpoms Run  Runand [ Advance  Runand
& T

New Open Save

v v v &Print~ QFind ~ Indent [F] & [ Advance ime
FILE NAVIGATE EDIT BREAKPOINTS RUN =
<= % (5 @l & [/ » Users » andrewjenks » Documents » MATLAB » Automated v p
Current Folder [P Z Editor - /Users/andrewjenks/Documents/MATLAB/Automated/cilia_linesc_aut_v6.m ® x | Workspace ®
cilia_linesc_aut_vé.m | + | Name & Value
1 % This script automatically segments cilia, measures an intensity profile e (Wav_cror 16 cell
el mage °°"~d"‘"" 2 % along the cilia. Intensity profiles are oriented based on centrosome _ [Havint 6x10 double
> mage Export=230.c4.ti 3 % staining (left: cilium base, right: cilium tip) L bin_size 6x10 double
3 m:; :g:i::’““ge :me:gg:’(;'(!: 4 % This script needs 3 images - cilium marker (Ig), centrosome marker (Ic), and (0 binEdges 1x6 cell
2 mage Export 2. B % protein of interest (Ir) whose intensity profile is measured. ] bw2 1024x1344 logical
 MIX 58-1-Image Export-296_cl+2+3+4...| ¢ coot oy 0l 7 bwé 1024x1344 logical
~ MIX 58-1-Image Export-296_c1.tif A (< bw_c 1024x1344 logical
&) imoveray.; 8 % varisbles He idx 011111
£ halfmax.m 9-  nb_bin = 10; o cent_x 217.8182
#) cilia_linesc_aut_v6.m 10 - level = 0.1; = [Hecenty 543.8182
1 [ Hcil_length 48;6
12 %% open images ] cil_number
13- filename = 'MIX 58-1-Image Export-296'; o [Heilx [94.5000,227.55...
14-  I= imread([filename,’ c1+2+3+4.tif']); = |ddly [885.6316,572.9...
15 - Ic = imread(([filename,’ _c1.tif']); cH closest_idx 37
16 - Ir = imread([filename,' _c2.tif']); = [Ocr 1x6 cell
17 - Ir = rgb2gray(Ir); = | cr_down 1x6 cell
18-  Ig = imread([filename,' c3.tif']); =| [@er_or 1x6 cell
19 -  Ig = rgb2gray(Ig); = [ er_or_av 1x6 cell
20-  Ib = imread([filename,’ cd.tif']); = 0] cr_or_cat 1x6 cell
21-  Ib = rgb2gray(Ib); Z |@lcr_or_down 1x6 cell
2 . @ cr_or_up 1x6 cell
23-  figure, imshow(Ic, [1); title('Ic'); O] cr_up 1x6 cell
2 sfigure, imshow(Ib, [ 1); title('Ib'); 1x6 cell
25 - figure, imshow(Ig, [ ]); title('Ig'); 1x6 cell
26 - figure, imshow(Ir, [ 1); title('Ir'); 1024x1344 single
27 - figure, imshow(I, (1); title('merge'); 1024x1344 single
28 - 1024x1344 single
29 %% segment cilia using green channel | 37x37 double
30 %level = graythresh(Ir); = |oddistcc (363.3783;30.74...
31 - Irbw = imbinarize(Ig, level); = | disttocent_1 [373.1794,8.183...
32-  Irbw= bwareaopen(Irbw, 100); ~ |dHdisttocent 2 [352.1435,53.54...
33 %figure, imshow(Irbw); title('Irbw'); — [ME 1024x1344x6 lo...
3¢ - (L, numl = bwlabel(Irbw); Y] end_p 1024x1344x6 lo...
35 - statsl = regionprops(L, 'Eccentricity', 'PixelldxList'); ki filename 'MIX 58-1-Image...
36 #fiaure. vislabels(l): title('l1 labeled obiects'): halfmax = 6
1 1 1024x1344x3 ui..
i Hib 1024x1344 uint8
Co,";m;"\(i:v_'{lf,?:;c_au(_vs © | i 1024x1344x3 ui..
MIX 58-1-Image Export-296_dataxl.. A | f>> R S

Figure 15. Example of pixel ratio excel spreadsheet.
The Excel spreadsheet of acetylated tubulin pixel ratio will appear in the current folder side bar
(highlighted in blue).

CILIA 3 — Four channel pixel ratio (cilia_linesc_int_v9):

Four (4) fluorescent channels. For the example shown, C1 is the centriole marker (y-tub), C2 is the
protein of interest (acetylated tubulin), C3 is the cilia marker (Arl13B), and C4 is the nuclear stain
(DAPI). Once cilia are manually defined, the script will then divide cilia into 10 equal sections.
Channel 2 pixel intensity of each section will be divided by the average channel 2 pixel intensity of
the entire cilia. This ratio will be presented as 10 cilia sections running from the base to the cilia tip.

In the example shown in Figures 16-22, it is used to quantify acetylated tubulin.
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#) vislabels.m

~ MIX 58-1-Image Export-296_cA.tif

= MIX 58~1-Image Export-296_c3.tif

= MIX 58-1-Image Export-296_c2.tif

= MIX 58-1-Image Export-296_c1+2+3+4...
~ MIX 58-1-Image Export-296_cL.tif

Y imoverlay.m
) halfmax.m

#) cilia_linesc_int_v9.m

Details A

Figure 16. Importing data into MATLAB.
Drag the script files and images to be analyzed into the MATLAB directory left sidebar of the
operating interface. Images must be imported as the individual fluorescent channels as TIFF

files.
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& Print v QFind ~ Indent [] ¢ (i3 Advance ime
FLE NAVIGATE EDIT BREAKPOINTS RUN =
< & (5 bl & 3/ » Users » andrewjenks » Documents » MATLAB » cilia_linesc_int_v9 v 0
Current Folder ® Workspace ®
fi Name ¥ cilia_linesc_int_vo.m 3| + | Name & Value
Elvislabels.m ) ! % This script measures intensity (one channel) along a linescan drawn =0
% m:i :gzi:::gg: E:z:::gg:i::; 2 % manually and outputs average intensity in n bins along the linescan
® WX 58-1-!mage Expon-296_(2.lif 3 % This script also measures the length of the segmented cilium
R) MIX S6-1-Image Export-296—c142+344, 4 % The data is exported as an excel spreadsheet and saved using the filename. I
® MIX 58-1-tmage Export-206-c1tt (I3 % Be careful not to overwrite excel files if you are segmenting more than
B imovertaym -C 6 % one cilium per image !!!!!
2 halfmanm 7-  clear all, close all;
A cilia_linesc_int_vo.m : 3 ::_;“;;fb;:j
10
1 %% open images
12 - filename = 'MIX 58-1-Image Export-296';
13 %I = imread([filename,'_c1+2+3+4.tif']);
14 - Ic = imread(([filename,' _c1.tif']);
15-  Ic = rgb2gray(Ic);
16 -  Ir = imread([filename,' c2.tif']);
17-  Ir = rgb2gray(Ir);
18 - Ig = imread([filename,' _c3.tif']);
19-  Ig = rgb2gray(Ig);
20 -  Ib = imread([filename,’ cd.tif']);
21-  Ib = rgb2gray(Ib);
2
23 sfigure, imshow(I, [ 1); title('merge');
24 - figure, imshow(Ic, [ 1); title('Ic');
25 - figure, imshow(Ir, [ ]); title('Ir'); o
26 - figure, imshow(Ig, [ 1); title('Ig'); =]
27 %% interactive linescans
28-  [ex, cy, cl = improfile;
29 %c_g = improfile(Ig, cx, cy);
30 - cr = improfile(Ir, cx, cy);
31
32 %% draw linescan on Ir
33-  figure, hold on
34 - imshow(Ir, []); halfmax; title('rawim with linescans');
35-  line(ex, cy, 'Color’, 'r', ‘LineWidth', 1)
36-  hold off
Command Window [C]
Details ~ ][>
UTF-8 script Ln 12 Col 13

Figure 17. Changing the script file name.
Change the filename in the script (line 12, highlighted in blue) to the same name as the files to

be analyzed. The TIFF extension should not be included in the file name.
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10
1 %% open images
12 - filename = 'MIX 58-1-Image Export-296|';
13 mread( [filename, '_c1+2+3+4.tif']);
14 - mread([filename, ' _cl1.tif']);
15 gb2gray(Ic)
16 - Ir = imread([filename,'_c2.tif']);
17-  Ir = rgb2gray(Ir);
18 Ig = imread([filename,' _c3.tif']);
19 Ig = rgb2gray(Ig);
20 Ib = imread([filename, ' _cd.tif']);
21-  Ib = rgb2gray(Ib);
2
23 %figure, imshow(I, [ ]); title('merge');
24 - figure, imshow(Ic, [ 1); title('Ic');
25 - figure, imshow(Ir, [ 1); title('Ir');
26 - figure, imshow(Ig, [ 1); title('Ig');
27 %% interactive linescans
et 28 ®  [cX, €y, €] = improfile;
29 %c_g = improfile(Ig, cx, cy);
30-  cr = improfile(Ir, cx, cy);
31
2 %% draw linescan on Ir
33-  figure, hold on
34 - imshow(Ir, [1); halfmax; title('rawim with linescans');
35-  lne(cx, cy, 'Color', 'r', 'LineWidth', 1)
36-  hold off
Command Window ®
Details ~ | |E>
UTF-8 script ln 12 Col 38

Figure 18. Selecting the file to be analyzed and inserting a breakpoint in the script.
Insert a breakpoint in the script by clicking on the dash sign next to line 28. This will convert the
dash to a red circle (highlighted with an arrow). Start the script by pressing “run” (green icon
highlighted on the top).

File Edit View Insert Tools Desktop Window Help =
Dede @ 0B KE

Figure 19. Identifying cilia to be analyzed.
Draw a line along the center of the magnified cilia, ensuring the line goes from the base to the

tip of the cilia. Double click when the line is at the cilia tip.
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Figure 20. Cilia line overlaid on to acetylated tubulin image.
The line drawn along the cilia will be transferred to the acetylated tubulin image. Then, the pixel

intensity of this section of the image will be analyzed.

File Edit View Insert Tools Desktop Window Help
Dede @ 08 RE

Figure 21. Acetylated tubulin pixel intensity histogram.

Example of the histogram produced for average pixel intensity in each section of a cilia (1
proximal to 10 distal). The y-axis shows pixel intensity as a ratio of average pixel intensity of
each section divided by the average pixel intensity of the entire cilia. Section 1 represents the
cilia base and section 10 the cilia tip. The base of the cilia was determined using the centrosomal
marker y-tubulin.
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Current Folder [Pl Z Editor - /Users/andrewjenks/Documents/MATLAB/cilia_linesc_int_v9/cilia_linesc_int_v9.m ® x  Workspace
cilia_linesc_int_vo.m | + Name & Value
Vislabels.m 1 % This script measures intensity (one channel) along a linescan drawn =0 [Hav_cr 56.7593
mage xpon,d!Xlﬂ 2 % manually and outputs average intensity in n bins along the linescan e av.int [1.0982,1.2375,1...
image Export < 3 % This script also measures the length of the segmented cilium £ bin_size [5,6,5,5,6,5,5,5,6...
= ::: 5’3:}::’“‘9* :xwmj%,(;.t!: 4 % The data is exported as an excel spreadsheet and saved using the filename. L binEdges 1x11 double
58-1-Image Export-296_c2.ti H % Be careful not to overwrite excel files if you are segmenting more than tHe 52x1 double
* MIX 58-1-Image Export-296_c1+2+3+4...[ ¢ % Sna eAltes per twege (1141 EH cil_tength 54
2 Mix S8-1-Image Export-296_cL.tif B Clear all, close all; EH cr Sax1 double
imoverlay.m 8 ANIVerisbias Herav 54x1 double
%] halfmax.m 9-  nb_bin = 10; {H er_cat 54x3 double
#) cilia_linesc_int_v9.m 10 - ’ |t er_down 54x1 double
1 % open images Her_up 54x1 double
12 - filename = 'MIX 58-1-Image Export-296'; o ex 52x1 double
13 %I = imread([filename,'_c1+2+3+4.tif']); oy 52x1 double
14 -  Ic = imread([filename,’' _c1.tif']); (i filename 'MIX 58-1-Image...
15 - Ic = rgb2gray(Ic); i 10
16 - Ir = imread([filename,' _c2.tif']); b 1024x1344 uint8
17-  Ir = rgb2gray(Ir); Hic 1024x1344 uint8
18 - Ig = imread([filename,' _c3.tif']); lg 1024x1344 uint8
19-  Ig = rgb2gray(Ig); H indx 54x1 double
20 - Ib = imread([filename,' c4.tif']); o Ir 1024x1344 uint8
21-  Ib = rgb2gray(Ib); (HIr_line 54x1 double
2 |cH nb_bin 10
23 sfigure, imshow(I, [ 1); title('merge'); 0] output 1x11 cell
24 - figure, imshow(Ic, [ ]); title('Ic'); i r_int_bin [1.0982,1.2375,1...
25-  figure, imshow(Ir, [ 1); title('Ir'); 0] row_names 1x1 cell
26 - figure, imshow(Ig, [ 1); title('Ig'); BT 1x11 table
27 %% interactive linescans ty2 [1.0982;1.2375;1...
280  [cx, cy, c] = improfile;
29 %c_g = improfile(Ig, cx, cy);
30 - cr = improfile(Ir, cx, cy);
31
32 %% draw linescan on Ir
33-  figure, hold on
34 - imshow(Ir, []); halfmax; title('rawim with linescans');
35-  lne(cx, cy, 'Color', 'r', 'LineWidth', 1)
36 -  hold off
2
Command Window ®
28 [cx, cy, c] = improfile;
MIX 58-1-Image Export-296_dataxl.. A | f>>

Figure 22. Example of average pixel intensity excel spreadsheet.
The Excel spreadsheet of acetylated tubulin pixel intensity will appear in the current folder side
bar (highlighted in blue). If multiple cilia are to be analyzed per image, change the name of the

file to avoid overwriting this file.

Finally, for the example of CILIA 4 and CILIA 5 scripts, we used the image shown in Figure 9 without

the y-tubulin staining (Figure 23).

Copyright © 2021 The Authors; exclusive licensee Bio-protocol LLC. 19


http://www.bio-protocol.org/e4248

Please cite this article as: Jenks, A. D. et al. (2021). Quantitative Determination of Primary Cilia Protein Distribution Using Immunofluorescence Staining
and MATLAB Analysis. Bio-protocol 11(23): e4248. DOI: 10.21769/BioProtoc.4248

Bio-protocol 11(23): e4248.

w -
blO-pI’OtOCOl www.bio-protocol.org/e4248 DOI:10.21769/BioProtoc.4248

Figure 23. RPE-1 cilia image used in the analyses with CILIA 4 and CILIA 5 scripts.

RPE-1 cells were serum starved for 48 h to induce ciliogenesis, then fixed and stained with
antibodies for Arl13B (red) and acetylated tubulin (green). Nuclear stain is DAPI (blue). Scale
bar = 10 ym.

CILIA 4 — Three channel raw intensity script (cilia_linesc_raw_int_3c_v9):

This script uses three (3) fluorescent channels. For the example shown, C1 is the cilia marker
(Arl13B), C2 is the protein of interest (acetylated tubulin), and C3 is the nuclear stain (DAPI). Once
cilia are manually defined, the script will divide cilia into 10 equal sections, and the raw pixel intensity
of channel 2 will be measured along the defined cilia and presented as 10 cilia sections running
from the base to the cilia tip. In the example shown in Figures 24-30, this is used to quantify

acetylated tubulin.
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Figure 24. Importing data into MATLAB.

Drag the script files and images to be analyzed into the MATLAB far-left window of the operating

interface. Images must be imported as TIFF files of the individual fluorescent channels.

_

&0 e (7] s S 2 L3 ,L] > =" (] Run Section i'\?
New Open save \Comare > iCoTov Comment % % %3 oo jun  Runand [ Advance  Runand
v - & Print ~ Q Find ~ indent [5] &1 & - Advance Time
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fI Name)Y; cilia_linesc_raw_int_3c_v9.m* + Name & Value
£ vislabels.m . 1 % This script measures intensity (one channel) along a linescan drawn =
A MIX 58-1-Image Export-296_c3.tif 2 % manually and outputs average intensity in n bins along the linescan
 MIX 58-1-Image Export-296_c2.tif 3 % This script also measures the length of the segmented cilium
MIX 36-1-lmage Export=296 Ll 4 % The data is exported as an excel spreadsheet and saved using the filename.
ﬂ;:“ﬁ“e"“’"“ 5 % Be careful not to overwrite excel files if you are segmenting more than
ﬂ(;iim“i:::( T —— 6 % one cilium per image !!!!!
LIRS CTaNCInS 26 VR 7-  clear all, close all;
8 % variables
9-  nb_bin = 10;
10
1 %% open images
12-  filename = 'MIX 58-1-Image Export-296/';
13 %I = imread([filename,'_c1+2+3+
14 %Ic = imread([filename, '_c1.tif
15 sIc = rgb2gray(Ic);
16 - Ir = imread([filename,' c2.tif']);
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22
23 sfigure, imshow(I, [ 1); title('merge');
24 sfigure, imshow(Ic, [ 1); title('Ic');
25-  figure, imshow(Ir, [ 1); title('Ir');
26 - figure, imshow(Ig, [ 1); title('Ig');
27 %% interactive linescans
28 - [ex, cy, c] = improfile;
29 %c_g = improfile(Ig, cx, cy);
30 -  cr = improfile(Ir, cx, cy);
31
2 %% draw linescan on Ir
33-  figure, hold on
34~ imshow(Ir, [1); halfmax; title('rawim with linescans');
35-  lne(cx, cy, 'Color', 'r', ‘LineWidth', 1)
36 - hold off
37
Command Window ®
Details A | S>>
Ready UTF-8 script ln 12 Col 38

Figure 25. Changing the script file name.

Change the filename in the script (line 12, highlighted in blue) to the same as the files to be

analyzed. The TIFF extension should not be included in the file name.
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1 %% open images
12-  filename = 'MIX 58-1-Image Export-296';
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22
23 sfigure, imshow(I, [ 1); title('merge');
24 sfigure, imshow(Ic, [ 1); title('Ic');
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27 %% interactive linescans
—_—————— P20 [ex, cy, c] = improfile;
29 %c_g = improfile(Ig, cx, cy);
30 - cr = improfile(Ir, cx, cy);
31
32 %% draw linescan on Ir
33-  figure, hold on
34-  imshow(Ir, [1); halfmax; title(rawim with linescans');
35-  lne(cx, cy, 'Color', 'r', 'LineWidth', 1)
36 - hold off
3
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Figure 26. Selecting the file to be analyzed and inserting a breakpoint in the script.
Insert a breakpoint in the script by clicking on the dash sign next to line 28, which will convert
the dash to a red circle (highlighted using an arrow). Start the script by pressing “run” (green
icon “highlighted” on the top).

File Edit View Insert Tools Desktop Window Help =
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Figure 27. Identifying cilia to be analyzed.
Draw a line along the center of the magnified cilia going from the base to the tip of the cilia.

Double click when the line is at the cilia tip.
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Figure 28. Cilia line overlaid on to acetylated tubulin image.
The line drawn along the cilia will be transferred to the acetylated tubulin image, and the pixel

intensity of this section in the image will be analyzed.

File Edit View Insert Tools Desktop Window Help
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Figure 29. Acetylated tubulin pixel intensity histogram.
Example of the histogram produced for average pixel intensity in each section of a cilia (from 1
proximal to 10 distal). The y-axis shows pixel intensity, and the x-axis shows the cilia divided

into 10 equal sections. Section 1 represents the cilia base and section 10 the cilia tip.
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Command Window ®
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Figure 30. Example of average pixel intensity excel spreadsheet.
The Excel spreadsheet of acetylated tubulin pixel intensity will appear in the current folder side
bar (highlighted in blue). If multiple cilia are to be analyzed per image, change the name of the

file to avoid overwriting.

CILIA 5 — Three channel pixel ratio (cilia_linesc_int_3c_v9):

This script uses three (3) fluorescent channels. For the example shown, C1 is the cilia marker
(Arl13B), C2 is the protein of interest (acetylated tubulin), and C3 is the nuclear stain (DAPI). Once
cilia are manually defined, the script will divide cilia into 10 equal sections, and channel 2 pixel
intensity of each section will be divided by the average channel 2 pixel intensity of the entire cilia.
This ratio will be presented as 10 cilia sections running from the base to the cilia tip. In the example

shown in Figures 31-37, this is used to quantify acetylated tubulin.
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Figure 31. Importing data into MATLAB.
Drag the script files and images to be analyzed into the MATLAB left sidebar window of the

operating interface. Images must be imported as TIFF files from the individual fluorescent

channels.
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1 * open images 2
12-  filename = 'MIX 58-1-Image Export-296";
13 %I = inread([filenane,'_c1+2+3+4.tif']);
14 %Ic = imread([filename,'_cl.tif']);
15 xIc = rgb2gray(Ic);
16 -  Ir = imread([filename,’_c2.tif']);
17-  Ir = rgb2gray(Ir);
18- Ig = imread([filename,’ _c1.tif'l);
19-  Ig = rgb2gray(Ig);
20 %Ib = imread([filename,'_c4.tif']);
2 %Ib = rgb2gray(Ib);
22
23 %figure, imshow(I, [ ]); title('merge’);
24 wfigure, imshow(Ic, [ 1); title('Ic');
25-  figure, imshow(Ir, [ 1); title('Ir');
26 - figure, imshow(Ig, [ 1); title('Ig');
27 s interactive linescans
28 -  [cx, cy, cl = improfile;
29 %c_g = improfile(Ig, cx, cy);
30 - cr = improfile(Ir, cx, cy);
31
32 %% draw Uinescan on Ir
33-  figure, hold on
34 - imshow(Ir, [1); halfmax; title('rawim with linescans');
35-  lne(ex, cy, 'Color', 'r', 'LineWidth', 1)
36-  hold off
37
Command Window ®
Details a | K>
Ready UTF-8 script ln 12 Col 38

Figure 32. Changing script file name.

Change the filename in the script (line 12, highlighted in blue) to the same name as the file to

be analyzed. The TIFF extension should not be included in the file name.
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HOME pLOTS. APPS EDITOR PUBLISH VIEW S ENCIRON Q search Document m
=1 2 Lt S el E3 P | ¥ prrenseaion &
{:]Compare v ©{GoTov Comment % & %3
New Open Save Breakpoints | Run |Runand [ Advance  Runand
v v v &Print v Q Find ~ indent [5] & (& - v | Advance Time
FILE NAVIGATE [ BREAKPOINTS RUN
<& =) @l $ [0/ » Users » andrewjenks » Documents » MATLAB » cilia_linesc_int_3c_v -2
Current Folder OB W% Editor - /Users/andrewjenks/Documents/MATLAB/cilia_linesc_int_3c_v9/cilia_linesc_int_3c_v9.m Workspace ®
& Name v cilia_linesc_int_3c_vo.m + Name 4 Value
£ vislabels.m 1 % This script measures intensity (one channel) along a linescan drawn =
MIX 58-1-Image Export-296_c3.tif 2 % manually and outputs average intensity in n bins along the linescan
S MIX 58-1-Image Export-296_c2.tif 3 % This script also measures the length of the segmented cilium
u:‘:""’éfsl’at'r’“’““‘ Export-296_cL.if 4 % The data is exported as an excel spreadsheet and saved using the filename.
= & 5 % Be careful not to overwrite excel files if you are segmenting more than
) halfmax.m i
#) cilia_linesc_int_3c_vo.m g postnd e e
nesc_int_3c_v3. 7 clear all, close all;
8 W variables
9-  nb_bin = 10;
10
1 %% open images
12-  filename = 'MIX 58-1-Image Export-296';
13 %I = imread([filename, ' _c1+2+3+4.tif']);
14 %Ic = imread([filename, ' _c1.tif']);
15 sIc = rgb2gray(Ic);
16 - Ir = imread([filename, ' _c2.tif']);
17 -  Ir = rgb2gray(Ir);
18-  Ig = imread([filename,' c1.tif']);
19-  Ig = rgb2gray(Ig);
20 %Ib = imread([filename,’ cd.tif']);
2n %Ib = rgb2gray(Ib);
2
23 %figure, imshow(I, [ 1); title('merge');
2 sfigure, imshow(Ic, [ 1); title('Ic');
25 - figure, imshow(Ir, [ ]); title('Ir');
26 - figure, imshow(Ig, [ 1); title('Ig');
27 %% interactive linescans
——P 28 @ [cx, cy, c] = improfile;
29 %c_g = improfile(Ig, cx, cy);
30 - cr = improfile(Ir, cx, cy);
31
32 W draw linescan on Ir
33-  figure, hold on
34-  imshow(Ir, [1); halfmax; title(rawim with linescans');
35-  lne(cx, cy, 'Color', 'r', 'LineWidth', 1)
36 - hold off
kS
Command Window ®
A ||E>>
Ready UTF-8 script ln 12 Col 38

Figure 33. Selecting the file to be analyzed and inserting a breakpoint in the script.
Insert a breakpoint in the script by clicking on the dash sign next to line 28, converting the dash
to a red circle (highlighted using an arrow). Start the script by pressing “run” (green icon
“highlighted” on the top).

File Edit View Insert Tools Desktop Window Help
Dede @ 0B KE

Figure 34. Identifying cilia to be analyzed.
Draw a line along the center of the magnified cilia, ensuring the line goes from the base to the

tip of the cilia. Double click when the line is at the cilia tip.
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File Edit View Insert Tools Desktop Window Help
Dede @ 0B KE

Figure 35. Cilia line overlaid on to acetylated tubulin image.
The line drawn along the cilia will be transferred to the acetylated tubulin image, and the pixel

intensity in this section of the image will be analyzed.

File Edit View Insert Tools Desktop Window Help
Dede @ 08 RE

Figure 36. Acetylated tubulin pixel intensity histogram.
Example of a histogram calculated with CILIA 5 script. The y-axis shows pixel intensity as a ratio
of average pixel intensity of each section divided by the average pixel intensity of the entire cilia.

Section 1 represents the cilia base and section 10 the cilia tip.
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Home pLots aves eDITOR pusLsH view IR NCICNON C 5earch Documentation
by [ @fndne < |nsmi\,fxg 3 P e &
New Open Save [l Compar | SolTosgliCorment S26-5% 129 Breakpoints Run Run and & Advance Run and
v v v &Pt v Q Find ~ indent [5] & (& - Advance Time
FILE NAVIGATE EDIT BREAKPOINTS RUN =
* P Ha 3 / » Users » andrewjenks » Documents » MATLAB » cilia_linesc_int_3c_v9 v 0
Current Folder \Z Editor - /Users/andrewjenks/Documents/MATLAB/cilia_linesc_int_3c_v9/cilia_linesc_int_3c_v9.m ® x  Workspace ®
¥ cilia_linesc_int_3c_vo.m + Name & Value
AR 1 % This script measures intensity (one channel) along a linescan drawn == [EHaver 55.7963
531’“‘9“ E""""Z%f"“""" 2 % manually and outputs average intensity in n bins along the linescan c av_int [1.0853,1.2469,1...
) MIX 58-1-Image Export-296_c3.t 3 % This script also measures the length of the segmented cilium £ bin_size [5.6,5.5,6.5,5.5.6...
e ::}_:E::: Ei:ﬁi?é-:ii!? 4 % The data is exported as an excel spreadsheet and saved using the filename. ] binkdges Bl s dostlé
,ﬂ’imw"hvm s s % Be careful not to overwrite excel files if you are segmenting more than _ch“ " 54* ouve
B halfman 6 % one cilium per image !!!!! H cil_teng
gl 7 clear all, close all; £ cr 54x1 double
#) cilia_linesc_int_3c_v.m G % verlobies B erav S4x1 double
9-  nb_bin = 10; H er_cat 54x3 double
10 ] er_down Sax1 double
1 %% open images o er_up 54x1 double
12-  filename = 'MIX 58-1-Image Export-296'; o ex 54x1 double
13 %I = imread([filename,'_c1+2+3+4.tif']); == 54x1 double
1 %Ic = imread([filename,’ _c1.tif']); ([ filename 'MIX 58-1-Image...
15 sIc = rgb2gray(Ic); i 10
16 -  Ir = imread([filename,' _c2.tif']); g 1024x1344 uint8
17-  Ir = rgb2gray(Ir); o indx 54x1 double
18 - Ig = imread([filename,' c1.tif']); o Ir 1024x1344 uint8
19- Ig = rgb2gray(Ig); (HIr_line 54x1 double
20 %Ib = imread([filename,' cd.tif']); il nb_bin 1o
21 %Ib = rgb2gray(Ib); ] output 1x11 cell
= H r_int_bin [1.0853,1.2469,1...
23 sfigure, imshow(I, [ 1); title('merge’); 0] row_names 1x1 cell
24 %figure, imshow(Ic, [ 1); title('Ic'); EHT 1x11 table
25-  figure, imshow(Ir, [ 1); title('Ir'); tHy2 [1.0853;1.2469;1...
26 - figure, imshow(Ig, [ 1); title('Ig');
27 %% interactive linescans
80 [ex, cy, c] = improfile;
29 %c_g = improfile(Ig, cx, cy);
30 -  cr = improfile(Ir, cx, cy);
31
32 % draw linescan on Ir
33-  figure, hold on
3¢ - imshow(Ir, [1); halfmax; title('rawim with linescans');
35-  lne(cx, cy, 'Color', 'r', 'LineWidth', 1)
36-  hold off
37
Command Window ®
25_lcx, ¢y, €1 = improTite;
MIX 58-1-Image Export-296_dataxl.. A | fi>>

Figure 37. Example of pixel intensity excel spreadsheet.
The Excel spreadsheet of acetylated tubulin pixel intensity will appear in the current folder side
bar (highlighted in blue). If multiple cilia are to be analyzed per image, change the name of the

file to avoid overwriting.

Recipes

1. PTEM Buffer
20 mM PIPES, pH 6.8
0.2% Triton X-100
10 mM EGTA
1 mM MgClz
2. 1% Phosphate Buffered Saline (1x PBS)
Dissolve 10 g/L NaCl, 0.25 g/L KCI, 0.25 g/L KH2PO4 and 1.437 g/L NazHPO..
Adjust pH to 7.2 using HCI.
3. 1x PBST
1x PBS
0.1% v/v Triton-X-100
4. 1x PBSBT
1x PBS
0.1% (v/v) Triton-X-100
3% (w/v) bovine serum albumin
0.05% (w/v) NaNs
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