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ABSTRACT 16 

Glomeruli are neuropil rich regions of the main or accessory olfactory bulbs where 17 

the axons of olfactory or vomeronasal neurons and dendrites of mitral/tufted cells form 18 

synaptic connections. In the main olfactory system olfactory sensory neurons (OSNs) 19 

expressing the same receptor innervate one or two glomeruli. However, in the accessory 20 

olfactory system, vomeronasal sensory neurons (VSNs) expressing the same receptor 21 

can innervate up to 30 different glomeruli in the accessory olfactory bulb (AOB). 22 

Genetic mutation disrupting genes with a role in defining the identity/diversity of 23 

olfactory and vomeronasal neurons can alter number and size of glomeruli. Interestingly, 24 

two cell surface molecules, Kirrel2 and Kirrel3, have been indicated to play a critical role 25 

in the organization of axons into glomeruli in the AOB.  26 

Being able to quantify differences in glomeruli features such as number, size or 27 

immunoreactivity for specific markers is an important experimental approach to validate 28 

the role of specific genes in controlling neuronal connectivity and circuit formation in 29 

control or mutant animals. Since the manual recognition and quantification of glomeruli 30 

on digital images is a challenging and time-consuming task, we generated a program in 31 

Python able to identify glomeruli in digital images and quantify their properties, such as 32 
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size, number, and pixel intensity. Validation of our program indicates that our script is a 33 

fast and suitable tool for high throughput quantification of glomerular features of mouse 34 

lines with different genetic makeup. 35 

 36 

INTRODUCTION 37 

An important aspect in neuroscience is to identify genes responsible for synaptic 38 

target specificity. Guidance cues, surface molecules, and cell adhesion molecules are 39 

key players in axon guidance and synapse formation across different types of neurons 40 

(Cloutier et al. 2002; Dean et al. 2003; Martin et al. 2015). Vomeronasal sensory neurons 41 

(VSNs) located in the vomeronasal organ (VNO) express vomeronasal receptors (VRs) 42 

which detect certain chemosignals and transduce that signal to the accessory olfactory 43 

bulb (AOB) in the brain.  44 

Most of the neurons of the vomeronasal epithelium (VNE) belong to two main 45 

populations which detect different types of pheromones and play different roles in elicited 46 

social responses. VSNs located in the apical region of the vomeronasal epithelium 47 

express members of the vomeronasal receptor type 1 (V1rs) family which transduce their 48 

signal through the Gai2 G-protein subunit, express the transcription factor (TF) Meis2  49 

and the guidance cue receptor Nrp2 (Dulac and Axel 1995; Enomoto et al. 2011) . These 50 

neurons project their axons to the anterior portion of the AOB. VSNs located in the basal 51 

region of the VNE express  vomeronasal type 2 receptors (V2rs) (Silvotti et al. 2011), 52 

transduce their signal through the Gao G-protein subunit, express the TF AP-2e (Enomoto 53 

et al. 2011; Lin et al. 2018), and the guidance cue receptor Robo2. These neurons project 54 

their axons to the posterior AOB (Figure 1). A third subtype of VSNs express Formyl 55 

peptide receptors (Fprs)(Bufe et al. 2012). Neurons expressing mFpr-rs1 also express 56 

Gαo whereas Gαi2 expressing neurons can express mFpr-rs3, mFpr-rs4, mFpr-rs6, 57 

and mFpr-rs7 (Bufe et al. 2012; Riviere et al. 2009). Proper differentiation, organization, 58 

and signaling in VSNs are necessary for their individual roles in integrating external cues 59 

and translating them into behaviors (Brignall and Cloutier 2015; Chamero et al. 2012).  60 

Glomeruli are neuropil rich regions of the olfactory bulbs where the axons of 61 

olfactory or vomeronasal neurons and dendrites of mitral/tufted cells form synaptic 62 

connections. The organization of axons and the glomeruli they innervate largely relies on 63 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 24, 2021. ; https://doi.org/10.1101/2021.06.24.449743doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.24.449743


 3 

the type of olfactory/vomeronasal receptor gene expressed by individual neurons. The 64 

main olfactory sensory neurons (OSNs) expressing the same receptor innervate one or 65 

two glomeruli. However, in the accessory olfactory system, vomeronasal sensory neurons 66 

(VSNs) expressing the same receptor can innervate up to 30 different glomeruli in the 67 

accessory olfactory bulb (AOB)(Chamero et al. 2012).  68 

The fasciculation of the vomeronasal axons and formation of synaptic connections 69 

with their targets in the brain are mediated by the guidance molecules, the vomeronasal 70 

receptor(s) expressed, and by complex expression of cell surface molecules (Brignall and 71 

Cloutier 2015).  The Kirrel family of cell surface molecules have been previously shown 72 

to play a relevant role in controlling axon coalescence in the olfactory and vomeronasal 73 

systems (Prince et al. 2013; Serizawa et al. 2006; Vaddadi et al. 2019). Combinatorial 74 

expression of Kirrel2 and Kirrel3 in VSNs assist in the formation and organization of 75 

glomeruli in the AOB.  Notably, neurons projecting to the anterior portion of the AOB 76 

mostly express Kirrel2 while the basal neurons, projecting to the posterior AOB are mostly 77 

positive for Kirrel3 (Figure 3B)(Brignall and Cloutier 2015; Prince et al. 2013).  78 

When experimentally analyzed, glomeruli are usually hand traced on digital images 79 

to generate regions of interest (ROIs) which can then be analyzed for number, size, and 80 

color composition or intensity using image analysis software, such as ImageJ (Naik et al. 81 

2020; Prince et al. 2013). On histological sections glomeruli are commonly identified as 82 

OMP-positive and/or VGluT2 positive structures surrounded by a non-innervated region 83 

(Prince et al. 2013). 84 

Notably, human made identification of glomeruli can be inconsistent, as it is 85 

dependent on the investigators’ ability to recognize complex morphological structures. 86 

These factors can compromise consistency in measurement when images are analyzed 87 

by different researchers. Additionally, this kind of analysis is usually tedious and time 88 

consuming. In order to facilitate this process and increase consistency, we generated an 89 

image processing program in Python that can be used to quantify glomeruli size, number, 90 

and immunostaining intensity. 91 

The program employs OpenCV, which is an open source image processing library 92 

(Bradski 2000)  that has been previously used in biological applications to identify patterns 93 

in an image on digital images (Cosentino et al. 2015; Dominguez et al. 2017; Lutnick et 94 
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al. 2019; Obando et al. 2018; Uchida 2013).  Our software separates multichannel images 95 

into single color images, uses adaptive thresholding to identify patterns, and quantifies 96 

features such as area, number of objects, and intensity for the selected channels.  97 

We validated our bioinformatic tool and tested various parameters on samples of 98 

previously published wild-type controls and mutant animals carrying genetic mutations 99 

affecting glomeruli protein expression, size, and number (Prince et al. 2013). By 100 

comparing human and automated identification of glomeruli we noticed obvious 101 

differences in what would be considered one or multiple glomeruli. However, when 102 

normalized, the discrepancies between manual and automated quantifications did not 103 

compromise the detection of significant differences between genotypes. Our data suggest 104 

that our script can be used as a suitable tool to perform high-throughput analysis of 105 

glomeruli features and identify differences between mice with different genetic makeup. 106 

 107 

 108 

MATERIALS AND METHODS 109 

 110 

Manual Quantification of Glomeruli Structure and Formation 111 

Selection of glomeruli were performed on 20µm parasagittal cryosections of adult mice 112 

immunostained with markers expressed by the glomeruli in the AOB and imaged through 113 

confocal microscopy. Glomeruli in the anterior and posterior regions of the AOB were 114 

defined as discrete regions of OMP+ or VGluT2+ axonal endings with similar composition 115 

of Kirrel2 and Kirrel3 expression that differ from neighboring regions. Anterior and 116 

posterior regions of the AOB were identified based on differential staining against Nrp2, 117 

Robo2, and BS-Lectin (Antibodies and concentrations used can be found in Key 118 

Resources Table). Manual quantifications for glomerular size, number per section, and 119 

immunoreactivity were performed on confocal images using FIJI 2.1.0.  120 

 121 

 122 

Image Preparation for Automated Analysis 123 

 Confocal images were imported into FIJI 2.1.0, where the relevant Z-stacks were 124 

combined using Maximum Intensity Z-projection. The individual ROIs were generated by 125 
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identifying the anterior and posterior glomerular regions of the AOB through 126 

morphological and histological means. The area outside of the desired region to quantify 127 

was cropped out to limit quantification of irrelevant regions. All images were saved as 128 

TIFF files to preserve the individual channels. 129 

 130 

Development of Image Analysis Program 131 

This program is written in Python 3 generation programing language. The images 132 

are subjected to thresholding, which is done by ADAPTIVE_THRESH_GAUSSIAN_C 133 

method in OpenCV, to convert images into binary. Also, the constant subtraction value 134 

for chosen Gaussian thresholding set to 4 for all images. This specific method requires a 135 

set block size, which determines the number of pixels surrounding a given pixel that 136 

should be considered to set the threshold limit. The threshold for each pixel is then set by 137 

comparing the intensity the pixel intensity to the average intensity of all the pixels in the 138 

block. The object identification was performed using three different squared block sizes 139 

to check the program output sensitivity for this parameter. Smaller block sizes consider 140 

smaller area in a pixel proximity and results in smaller identified objects on average. 141 

For glomeruli identification, the program uses OpenCV library and its “contours” 142 

tool. RETR_EXTERNAL flag is implemented to pick the most outer region of identified 143 

objects and ignore all inside complexity such as holes. It is also known as "parent 144 

contours" in OpenCV. Another restriction for detected patterns is size limit. This limit set 145 

a minimum threshold to ignore all miniscule contours. All processes were done for six 146 

different minimum size limits to check how this parameter affects the ability to detect 147 

phenotypic differences between control and wildtype animals. 148 

In this paper we only used Block size and minimum size limit to identify glomeruli, 149 

however, other functions that may assist in glomeruli detection and/or limit the 150 

identification of objects that are not glomeruli (e.g., nerve fibers) such as morphology filter 151 

tools (i.e., circular filter, ellipse filter, ratio filter), histograms, and selection filters are still 152 

in development. 153 

 Instructions for installation, program requirements, and access to the code are 154 

accessible as supplementary data and at https://github.com/ForniLab/Glomeruli-155 

Analyzer. 156 
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 157 

Experimental Design and Statistical Analysis 158 

 Data from the automated analysis were generated for area (# of pixels) and 159 

average intensity level per pixel. Human data were generated for area as µm2 and 160 

intensity as corrected total fluorescence level (CTF) per µm2. Data from manual and 161 

automated analysis were exported to Microsoft Excel. For each experiment we analyzed 162 

at least 3 samples per genotype/condition. The values (size, number of glomeruli, 163 

intensity) for each sample were averaged as one datapoint. Averaged data were imported 164 

and analyzed using GraphPad Prism9. **Comparison of manual and automated values 165 

were performed on normalized values to the average of each dataset. All data were 166 

collected from mice kept under similar housing conditions, in transparent cages on a 167 

normal 12 hr. light/dark cycle. Tissue collected from males and females in the same 168 

genotype/treatment group were combined; ages analyzed are indicated in text and 169 

figures. Sample sizes and p-values are indicated as single points in each graph and/or in 170 

figure legends. The data are presented as mean ± SEM. Two-tailed, unpaired t-test were 171 

used for all statistical analyses, and calculated p-values <0.05 were considered 172 

statistically significant. 173 

 174 

Automated Analysis of Images Using Gaussian Adaptive Thresholding  175 

The human identification of glomeruli is based on prior knowledge or an expectation 176 

of a probable shape. Therefore, the experience and personal preferences can affect 177 

manual selection of glomeruli (Beck and Kastner 2009).  178 

Our goal when developing this program was to identify “objects”/regions of interest 179 

(ROIs) based on continuous regions of color composition and intensity.  180 

As a first step, the software separates multichannel (Figure 2A) images into individual 181 

channels (Figure 2 B). The target colors and staining are supposed to represent glomeruli 182 

areas as illuminated regions (Figure 2C). To identify distinct patterns, based on relative 183 

intensity, we used adaptive Gaussian threshold (Otsu 1979) (Figure 2D). This 184 

thresholding technique is based on the relative intensity of neighboring regions. The 185 

threshold for each pixel is set by comparing the intensity of each pixel to the average 186 

intensity of the pixels in the surrounding area. The surrounding area is a square region is 187 
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referred as “block” and the number of pixels included in this area is referred to in this 188 

paper as “block size.” If the average intensity of all the pixels in the block is greater than 189 

the intensity of the pixel, the pixel is discarded.  190 

To identify glomeruli, the binary channels are processed by OpenCV library contour 191 

finding function to seek all possible external contours (Figure 2E). The contour size is 192 

defined as all pixels that are enclosed by the contour border. Contours can be as small 193 

as 1 pixel in size. To discriminate between objects of interest and noise we set minimum 194 

size limits for the identified contours (Figure 2F). Throughout this paper, we set different 195 

block sizes and minimum size limits to test the influence of these parameters in identifying 196 

distinct glomeruli (see Figure 4). This program extracts average pixel intensity and the 197 

size per contour and records their numbers in aAOB and pAOB by creating masks out of 198 

identified contours (Figure 2G).  199 

 200 

RESULTS AND DISCUSSION 201 

 202 

Detection and quantifications of glomeruli size and immunoreactivity in the 203 

anterior and posterior AOB of WT animals. 204 

We tested our script on histological sections of the AOB of adult wild type mice, 205 

where glomeruli of the anterior and posterior AOB were previously manually identified 206 

and traced based on immunoreactivity against Robo2, Nrp2 (Figure 3A), and anti-VGluT2 207 

(Figure 3A’), or Kirrel2, Kirrel3 (Figure 3B), and anti-VGluT2 (Figure 3B’). The manually 208 

made ROIs for the glomeruli were used to quantify the average glomerular size (µm2), 209 

and average number of glomeruli in aAOB and pAOB per section. The same ROIs were 210 

used to quantify and the average immunoreactivity for Kirrel2 and Kirrel3 for the glomeruli 211 

in each region.  212 

For automated quantification, our script was able to identify glomeruli in the aAOB 213 

(Figure 3C) and pAOB (Figure 3C’). Dashed rectangles show same regions in the anterior 214 

AOB (Figure 3B’, C) and posterior AOB (Figure 3B’, C’). The magnified selections of the 215 

anterior are shown in Figure 3D and D’ and the magnified selection for the posterior are 216 

shown in Figure 3D’’ and D’’’. Figure 3D,D’’ are resulting glomeruli identified by the 217 

program and Figure 3D’, D’’’ are the manually identified glomeruli. Here, the blue channel 218 
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(VGluT2) was used, and adaptive threshold block size was set to 101 and all contours 219 

below 40 pixels in size were discarded. The presumptive glomeruli areas identified by the 220 

program after thresholding appeared obviously smaller and surrounded by sharper edges 221 

compared to what can be identified by humans on non-naive images (Figure 3D-D’”). The 222 

automated selections yielded glomerular area (# of pixels), number of glomeruli per 223 

section, and immunofluorescence. To compare automated and manual methods, the 224 

values for glomerular area (Figure 3E), number per section (Figure 3F), and differential 225 

immunoreactivity for Kirrel2 and Kirrel3 (Figure 3G) in anterior and posterior AOBs were 226 

normalized to the average of each dataset. The automated quantifications did not result 227 

to be significantly different from the human made ones, suggesting that our script could 228 

be further tested to analyze different parameters of genetically modified mouse models.  229 

  230 

 231 

A comparison of human and automated quantification of Kirrel3 mutants vs 232 

controls.  233 

To understand if this program was capable of detecting the differences in 234 

glomerular organization between mice carrying different genetic mutations, we analyzed 235 

the same image sets used to generate the previously published data for WT controls 236 

(Figure 4A) and Kirrel3 KO (Figure 4B) mutant mice where the glomeruli in the pAOB 237 

were estimated to be approximately twice as large and about half as many glomeruli in 238 

the pAOB, highlighted by BS-Lectin, when compared to WT controls (Prince et al. 2013). 239 

The confocal images were divided into separate sets of images containing either anterior 240 

or posterior AOBs for each animal and condition before being put through the automated 241 

analysis (as illustrated in Figure 3C, C’). 242 

To evaluate how the block size and minimum size limit would affect the detection 243 

of significant differences between the WT and Kirrel3 KOs we compared the resulting 244 

values obtained with different combinations of block size and minimum size limit through 245 

statistical analysis. The P-values from these analyses were graphed for glomerular size 246 

in the aAOB (Figure 4C) and pAOB (Figure 4D) as well as average number of glomeruli 247 

per section for the aAOB (Figure 4E) and pAOB (Figure 4F). We found that setting block 248 

size at value 101 selected most of the glomerular layer and allowed us to detect consistent 249 
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statistical differences between genotypes in size (Figure 4C, D) and number of glomeruli 250 

(Figure 4E, F) in both anterior and posterior regions when minimum size limits were 251 

implemented.  252 

To test the effects of various minimum size limits on detecting putative glomeruli 253 

across genotypes (compared with manually selected glomeruli in Figure 4G-J) we 254 

analyzed samples of Kirrel3 KOs and WT controls, implementing different size minimums, 255 

and then compared the average size and number of glomeruli for each condition. The 256 

results of these observations indicated that without setting a minimum size limit (Limit 1, 257 

Figure 4K, M) we could not detect significant differences in size (Figure 4K) and number 258 

(Figure L) of glomeruli between WT controls and Kirrel3 KOs. However, setting a 259 

minimum size limit of 60 allowed us to detect and confirm previously published differences 260 

between size (Figure 4M) and number of glomeruli per section (Figure 4N) in the pAOB 261 

(Prince et al. 2013). Notably, by setting limit sizes, and therefore creating specific cutoffs 262 

in the identification of the ROIs we also identified small but significant differences in the 263 

size (Figure 4L) in the aAOB which were not previously detected manually (Prince et al. 264 

2013). 265 

We found by testing these parameters that block size has a great influence on the 266 

regions recognized as glomeruli. In fact, by changing the block size we were able to obtain 267 

higher resolution in the identification of glomeruli as individual ROIs. By setting different 268 

values for block size (51, 101, 201 pixels) on the same biological samples we observed 269 

identified block 101 as the setting that yielded selections similar to manually made ROIs. 270 

These observations suggest that running comparative analysis with different block sizes 271 

could facilitate the identification of differences that can be further validated by human 272 

measurements (Figure 4).  273 

Interestingly, using these parameters, we found that limiting the number of small 274 

artifacts detected by the program is essential for detecting statistically significant 275 

differences between phenotypes (Figure 4C-F). By analyzing samples from mutant mice 276 

that have been shown to have aberrant glomeruli size and number we observed that 277 

setting the minimum size for object recognition is necessary to detect significant 278 

differences across samples. In fact, when no minimum size limit was implemented the 279 

previously reported phenotypic differences when comparing Kirrel3 KO mutants and WT 280 
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controls could not detected for glomeruli size (Figure 4K) or number (Figure 4M). 281 

However, by experimenting with different settings of block size and minimum size limits 282 

we found that in our experimental conditions that block size 101 and a minimum size limit 283 

of 60 were able to recapitulate the published differences between size (Figure 4L) and 284 

number of glomeruli (Figure 4N) in the pAOB between WT and Kirrel3 KOs (Prince et al. 285 

2013). Notably, by using consistent parameters for glomeruli detection and setting 286 

minimum limit sizes, therefore creating specific cutoffs for the inclusion of identified ROIs, 287 

we also found subtle but significant differences in the size of the glomeruli in the aAOB 288 

(Figure 4M) that were not previously detected by manual quantifications (Figure 4C-D’’). 289 

These data, if further confirmed, could point to previously undetected effects of Kirrel3 290 

mutation on neuronal populations.  291 

 In this article we present a new and free bioinformatic tool that allows us to perform 292 

automated quantification of structures, such as glomeruli in the AOB of rodents, using 293 

adaptive thresholding, which considers local differences in pixel intensity to identify 294 

regions that may be missed by using global thresholding, such as low intensity areas. 295 

Using this program, we were able to perform rapid systematic comparative analysis of 296 

AOB glomeruli size, number, and immunoreactivity between mice with different genetic 297 

makeup applying consistent parameters across an entire image set. In order to optimize 298 

glomeruli detection starting from digital images that vary in quality and signal-noise ratio 299 

we identified block size and minimum size limits as key parameters. 300 

Optimization experiments for setting block size and minimum size limits should be 301 

performed for individual staining and sets of images as these could differ between labs 302 

for quality, contrast, definition, and noise. As in manual quantification, avoiding 303 

oversaturation of the images is fundamental and necessary for identification and selection 304 

of distinct regions. While the human eye may be able to infer the distinction between 305 

objects even in a slightly saturated setting based of other markers in the image, the 306 

program cannot make such distinctions as it uses adaptive thresholding to identify regions 307 

with similar intensity in a single channel (data not shown). Additionally, immunostaining 308 

and image acquisition should be performed as close to the same conditions and settings 309 

as possible. 310 
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Our program identifies putative glomeruli, using consistent parameters, where an 311 

ROI either define an entire glomerulus or a portion of it according to the adaptive 312 

thresholding (Figure 3D-D’’’, Figure 4G-J).  Notably, though the identified shapes between 313 

human and automated quantifications appeared different the normalized results from 314 

each method yielded comparable statistical significances (Fig 3E-G). These data indicate 315 

that our system is sensitive enough to detect differences across genotypes and that using 316 

consistent parameters could facilitate the identification of subtle differences that can be 317 

lost due to time constraints and variability between investigators.  318 

  319 
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 399 
FIGURES AND LEGENDS 400 

 401 

 402 

Figure 1 - Cartoon of mouse head. The VNO projects to the accessory olfactory bulb 403 

(AOB) (red, green). Schematic of the vomeronasal epithelium: VSNs in the apical region 404 

(green) project to the anterior AOB (a-AOB, green) while VSNs in the basal areas (red) 405 

project to the posterior AOB (p-AOB, red). VSNs, based on the receptor that they express 406 

(indicated by different colors: cyan, pink, blue and red) connect with specific mitral cells 407 

in the AOB (yellow, magenta, green, and purple) forming distinct glomeruli in the AOB. 408 

 409 

 410 
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Figure 2 - Diagram showing how the program identifies putative glomeruli in an ROI. A) 411 

The multichannel image of the anterior or posterior AOB (a multicolor image) is imported. 412 

In this RGB image the channels are stainings against BS-Lectin (red), Olfactory marker 413 

protein (OMP, green), and Hoescht (blue) counterstain, respectively. B) Split channels to 414 

isolate the separate staining. C) Choose the channel with the specific marker expressed 415 

by the glomeruli. D) Gaussian adaptive threshold is applied to the selected channel. E) 416 

The binary image is fed into the contour OpenCV algorithm to find all available objects 417 

and record all the identified objects and their locations. F) Use pattern recognition to select 418 

only the outermost/external contours (parent contours) and ignore all holes inside the 419 

identified objects/contours (child contours). G) Use the previously identified 420 

patterns/contours to create masks and crop its location from originally imported image 421 

and analyze the region. H) Using these masks, the program finds average intensity for 422 
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each channel (e.g., red, green, and blue) for each of the previously identified contours 423 

from the original image. The program exports data for the number of identified contours 424 

in the entire image, average color intensities per contour, and average contour size (# of 425 

pixels) for the imported image. 426 

  427 
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 428 

Figure 3 - Comparison of manual and automated selections of glomeruli in the anterior 429 

and posterior regions of the accessory olfactory bulb (AOB) in an adult wildtype mouse. 430 

The VGluT2 (blue) positive glomeruli (Block size 101 and limit size of 40 has been set for 431 

this analysis.) (A’, B’) in the AOB were manually identified and traced throughout the 432 

anterior (a) and posterior (p) regions. Identification of anterior and posterior AOB regions 433 

can be done based on morphology and immunohistochemical markers. A-A’) 434 
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Immunostainings against Nrp2 (green) and Robo2 (red) highlight the aAOB and pAOB, 435 

respectively. B-B’) Glomeruli throughout the AOB have varied composition of the cell 436 

surface molecules Kirrel2 (green) and Kirrel3 (red). C) Automated identification of 437 

glomeruli in anterior (C) and posterior (C’) regions based on VGluT2 (blue) 438 

immunostaining. D-D’’’) High magnification comparisons of automated selections after 439 

thresholding and manual selections of the same regions in anterior (D-D’) and posterior 440 

(D’’-D’’’) Dashed rectangle regions  (B’, C, C’) indicate regions used for magnified 441 

comparisons for automated and manually selected glomeruli/ E-G) Comparison of the 442 

normalized values from manual and automated glomeruli selections showed no 443 

statistically significant differences for the E) average size of glomeruli, F) # of 444 

glomeruli/section, and G) immunoreactivity of Kirrel2 and Kirrel3 in anterior and posterior 445 

regions of an adult wild-type AOB. 446 
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 447 

Figure 4 - The automated selection and analyses of glomeruli in Kirrel3 mutants and WT 448 

controls.  A-B) The olfactory marker protein (OMP, green) immunostaining and the BS-449 

Lectin (red) staining with a Hoescht (blue) counterstain on the AOBs of adult WT control 450 

(A) and Kirrel3 KO mutant (B). OMP is present throughout the fibers of all VSNs while 451 

BS-lectin is more highly expressed by fibers in the posterior AOB. Dashed boxes indicate 452 

the regions magnified for comparison in G-J. C-F) Resulting P-Values when comparing 453 

WT and Kirrel3 KOs when using various settings for block size (51, 101, 201) and 454 

minimum size limit (1, 20, 40, 60, 80, 100). The resulting p-values for average glomeruli 455 
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size in the aAOB(C) and pAOB (D) and for the average number of glomeruli per section 456 

in the aAOB (E) and pAOB (F). Horizontal red dotted line indicates p-value = 0.05. G-J) 457 

Comparison of manual tracings of the WT (I,K) and Kirrel3 KO (J,L) glomeruli in the 458 

anterior (G, H) and posterior (I,J) AOB to the automated identification of glomeruli at block 459 

size 101 with minimum size limits at 1, 60, and 100. K-N) Automated quantifications at 460 

block size 101 for glomerular size (K,L) and # of glomeruli (M,N) without a minimum size 461 

limit (Limit = 1, K, M) small regions were included in the quantifications making any 462 

phenotypic differences across genotypes undetectable in both the anterior and posterior 463 

AOB. The same automated identification of glomeruli including a minimum size limit of 60 464 

(L, N)) showed could detect differences in glomerular size (L) and (number (N) in the WT 465 

and Kirrel3 mutant mice in the pAOB, as expected. However, using these parameters our 466 

program also detected significant differences in glomerular size in the anterior AOB but 467 

no significant difference in the number of glomeruli. 468 

 469 
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1- Installing Python 3.x. 
 
Step 1: Please visit official Python website (https://www.python.org). 
Step 2: Download and install the latest Python 3.x installer corresponding to your operating 
system. (64-bit version is recommended.) 

 
 
Please note: for windows users, please check mark “Add Python 3.x to Path” on installation. 
 

 
 
Step 3: check if Python is installed properly. Please open command prompt CMD (or terminal for 
MAC/Linux users) and enter the following command: python --version 
The result should be as follows: Python 3.7.2 
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Please note: if you got different version of Python on CMD/Terminal output, that means you have 
installed multiple Python engine and the default is the one that appeared in CMD/Terminal. It is 
strongly recommended to uninstall all existing Python engines and reinstall the desired one again. 
 

2- Installing required Python packages. 
 
All required packages to run the software properly are listed into a file called 
“requirements.txt”. This file should be available on repository. 
a) In order to install packages, please visit “Glomeruli-Analyzer” project webpage download it 

as a zip file. 
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b) Please extract downloaded zip file in a folder and follow navigate to this path to get 
“requirements.txt”: 

 

Next, open CMD/Terminal in the corresponding folder that you have put the downloaded 
file and enter this code into CMD/Terminal: pip3 install -r requirements.txt 

 

 
 
The required packages should start to install afterwards. Otherwise please check what packages 
are not able to be downloaded/installed and look for the error through pythons forums to 
throubleshoot it.  
If everything installed properly and you run the code again should should receive the following 
message in CMD/Terminal: Requirement already satisfied: … 
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There are various ways to run the program in different operating systems. In general, we divide it into 
two different methods: 

1- Run by CMD/Terminal (multiprocessing) 
 
Please download the whole folder as a zip file and extract it into a folder in your local machine. 
Step1: put all images into “images” folder. (subfolders would be ignored) 
Step2: change setting in “setting_batch.py” into your desired values. 
Step3: run CMD/Terminal in the extracted folder and enter the following code:  
 

 Preferred for Windows/Linus users (multiprocessing) 

python filter_batch_multiprocessing.py 
 

Preferred for Windows/Linus/MAC users  

python filter_batch_labview.py 
 

Please wait until the process is completed. 
Step4: check “output” folder for all analyzed images output. Each images analysis should be 
separated into folders. 
Step5: there is an “output.txt” in “output” folder which include all parameters for all images. 
One may copy all data and paste it into an excel file. 
 

2- Using compiled GUI or LabVIEW subVI. 
In order to use compiled GUI please choose the corresponding file for your operating system 
and run the compiled standalone program. 
a) (Recommended) To use LabVIEW sub-VI: 

i. Please download, install, and activate LabVIEW community (above 2020) from its 
official website: 
(https://www.ni.com/en-us/support/downloads/software-
products/download.labview.html) 
Please note: if you installed Python 3.x 64-bit you have to install LabVIEW 2020 64-bit, 
and vice versa for 32-bit version as well. 
 

ii. Open GUI.vi in LabVIEW and run it. 
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To run the program press “run continuously” on toolbar. 

 
 

b) Run compiled version: 
Windows OS: please run “Application.exe” and on the very left of the toolbar click “run 
continuously”. 
MAC OS: please run “Application-MAC” and on the very left of the toolbar click “run 
continuously”. 

 

 

To process an RIO, you may choose your best setting by buttons and available controls and after all 
parameters are set, please click “Save setting”: 

 

The following message should be appeared in message box. And in the program root folder 
“setting_batch.py” should be added/created at the same time. 
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Please note if “setting_batch.py” is an old one (check the modified time of the file), that means GUI did 
not run properly. Then please use another mentioned (1 or 2) method. 

After saving setting, by clicking on “Run” button “outputs” folder should be updated with the last 
process images and the following message should be appeared there. 

 

Please note if “outputs” folder did not update with new processed file, that means GUI did not run 
properly and it is highly recommended to run the program by Terminal/CMD. To do so, please open 
Terminal/CMD in the program root folder and run the following code: 

python filter_batch_labview.py 

In terminal you would see, total process time, number of files and some process information per each 
image as follows. Below is the result of processing red and green channel for “test.png” sample file 
which is available in folder “images”. 
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The goal of using morphological filters is to ignore axon like identified shapes or in other words set a 
limit of acceptance of elongated contours. 

In circular filter, program encircles contours into a 
circle. By calculating the contour area and circle area 

the following ratio is determined: !"#$ %&!'  

This ratio indicates how thin and elongated is the 
contour. So, for axon like contours this ratio is low. 
Circular filter tries to put a limit of acceptance for 
this ratio to ignore axon like contours. 

 

Ellipse filter inherited the same method of circular 
filter; however, it encircles contours with an ellipse. 

The (")*&	,-$. (,/*&	,-$.'  is calculated to check 

how elongated is the contour. Smaller ratio means 
more elongated shape. 

 

 

In both cases acceptable range of circular/ellipse ratio is defined as below: 

 

 

 

 

Ratio filter also is another tool to help removing axon like shapes with a different method. In this method 

program computes the following ratio of each contour: 0&"($1$& ,&$,'  

The larger ratio indicates the more snakier shapes (or contours with more thin wire like branches). To set 
a limit of acceptance, by setting a positive number (λ), program ignores all contours that has a ratio below 
the following range:  

,22$01,34$	&,1"*	 < 	 ((,-"(7(	&,1"*	 − 	9:) 
Here σ indicates standard deviation of ratio distribution. 

 

 

 

 

Acceptable range: [1ℎ&$.ℎ*4>, 	1] 
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Histogram  

In order to determine threshold ratio in morphological filters, histogram of ratio distribution helps. This 
feature allow program to generate histogram of ratio distribution of circular and ellipse filters. Below is 
a sample of generated histogram for RGB channels (see figure 1,2). 

 

Size limit filter 

The goal of this tool is to eliminate miniscule identified contours. Figure 3 is a sample of processed raw 
ROI image which contains a large number of tiny patterns. 

 

Figure 3 - sample of output for a raw ROI. Too many tiny patterns are identified in image. 

However, set a size limit threshold helps to purify program output (see Figure 4). 

 

Figure 4 - Set size limit 10, 40 and 10 for RGB channels respectively helps to eliminate small redundant patterns. 

 

Figure 1 - Circular ratio distribution histogram 

 

 

Figure 2 - Ellipse ratio distribution histogram 
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Technical Setting Description 
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Path Information 

Name Description Value 
Available in 

GUI 
(graphical interface) 

Available in 
file 

(manual edit) 

Input folder Folder name which contains ROIs. (no path 
is acceptable, just the name + “/”) Name + “/” ü ü 

Detailed 
output 

Enable/Disable contour details per images. 
This option allows program to generate full 
detailed result per ROI. 

True/False ü ü 

Transparent 
corrector 

Removes any available solid background 
from ROIs. True/False ü ü 

Channel 
process 

Determines which channel should be 
processed. True/False ü ü 

 

Advanced Tools 

Name Description Value 
Available in 

GUI 
(graphical interface) 

Available in 
file 

(manual edit) 
Contour 
detail 
reporter  

For development purpose – generates all 
points in contours in OpenCV Raw format. True/False ü ü 

Zero-pixel 
reporter 

For development purpose – reports how 
many pixels with absolute value 0 are exist in 
ROIs. 

True/False ü ü 

Biggest 
contour 
generator 

Generate the most biggest identified 
contours in the separated image output.  True/False ü ü 

Number of 
most biggest 
contours  

Determines the number of biggest contours 
that should be included in output. Integer > 0 ü ü 

 

Python 
version  

Installed and default python version. Just 
first two values are acceptable. For example, 
3.7 or 3.9 not 3.7.2 or 3.9.1 

3.x ü û 

 

Process 
order  

Blue Ch. For development purpose – 
determines which channel processed 
first and so on. 

0 ,1 ,2 ü ü Green Ch. 
Red Ch. 
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Thresholds 

Name Description Value 
Available in 

GUI 
(graphical interface) 

Available in 
file 

(manual edit) 

Global  

Blue Activates when adaptive threshold is 
disabled. A small LED indicator is 
below each channel box which turns 
on when global threshold activates for 
each channel. 

Integer > 0 ü ü Green 

Red 

Adaptive 
Blue Enable/Disable adaptive threshold per 

channel. Integer > 0 ü ü Green 
Red 

Block size Determines adaptive threshold block 
size Odd Integer > 8 ü ü 

 

Morphological Filter (ellipse and circular) 

Name Description Value 
Available in 

GUI 
(graphical interface) 

Available in 
file 

(manual edit) 

Activate Enable/Disable both ellipse and circular 
filters True/False ü ü 

Elliptical 
Ratio 
Filter 

Blue This filter tries to encircle each contour 
by an ellipse. It determines the ratio of 
(minor axis)/(major axis). Next, filters out 
all those contours which has smaller 
value than computed ratio.   

> 0 ü ü Green 

Red 

Circular 
Ratio 
Filter 

Blue This filter tries to encircle each contour 
by a circle. For circular filter it computes 
ratio of (contour area)/(circle area). 
Next, filters out all those contours which 
has smaller value than computed ratio.   

> 0 ü ü 
Green 

Red 

 

Morphological Filter (Ratio) 

Name Description Value 
Available in 

GUI 
(graphical interface) 

Available in 
file 

(manual edit) 

Activate Enable/Disable both ellipse and 
circular filters True/False ü ü 

Ratio 
Filter 

Blue This filter find the ration of (contour 
perimeter)/(contour size)  and ignores 
those who have ratio above 
(maximum ratio – [entered value]*std) 

> 0 ü ü Green 

Red 
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Selection Filter 

Name Description Value 
Available in 

GUI 
(graphical interface) 

Available in 
file 

(manual edit) 

Selection 
Filter 

Blue 
If activated labels contours and asks 
for contour number to remove. The 
contour numbers are supposed to be 
in a text file with the name of “filter-
number-(R/G/B).txt” for each channel 
per image separately. It is not 
designed for batch process. (Disabled 
in current version)   

True/False ü ü Green 

Red 

 

Size Filter 

Name Description Value 
Available in 

GUI 
(graphical interface) 

Available in 
file 

(manual edit) 
Minimum 
limit size 

Blue Set the minimum acceptable contour 
size per channels.   Integer > 0 ü ü Green 

Red 

Maximum 
limit size 

Blue 
Set the maximum acceptable contour 
size per channels.   Integer > 0 ü ü Green 

Red 
 

Visual Effects 

Name Description Value 
Available in 

GUI 
(graphical interface) 

Available in 
file 

(manual edit) 

General border 
color 

Contour color border for isolated 
channel contour maps 

RGB Color 
Code ü ü 

Border thickness 
(single channel) 

Contour border thickness in isolated 
channel contour maps Integer > 0 ü ü 

Border thickness 
(overlay) 

Contour border thickness in 
transparent overlay contour maps Integer > 0 ü ü 

Filling contours by 
solid color 

Enable/Disable filling contours with 
solid color (the same color as border). True/False ü ü 

Overlay 
Transparency 

Sets transparency factor. 1 means 
totally transparent, and 0 means 
opaque. 

0.0 – 1.0 ü ü 

Border 
colors in 
full map 

Blue 
Ch. 

Determines the contour border color 
per channel in full contour map 

RGB Color 
Code ü ü Green 

Ch. 
Red 
Ch. 
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Border 
colors in 
transparent 
map 

Blue 
Ch. Determines the contour border color 

per channel in transparent contour 
map 

RGB Color 
Code ü ü Green 

Ch. 
Red 
Ch. 

 

Order of plot in histogram 

Name Description Value 
Available 

in GUI 
(graphical interface) 

Available in 
file 

(manual edit) 
Activate 
Histogram 

Enable/Disable generating histogram for 
elliptical and circular filter ratios. True/False ü ü 

Channel 
Order 

Blue 

Order channels for generated histogram. 
1 has the most priority. 1, 2, 3 ü ü Green 

Red 

Number of bins Determines the number of bins for 
generating histogram. Integer > 0 ü ü 

 

Color Recipe 

Name Description Value 
Available in 

GUI 
(graphical interface) 

Available in 
file 

(manual edit) 

# channels  
Determines how many channels are 
integrated into ROI. (In this version, 
program just accept 3 or 4) 

3, 4 ü ü 

BLUE 
The channel number to set as blue 
channel. Maximum possible value is the 
ROI channel number. 

Integers < # channels ü ü 

GREEN 
The channel number to set as green 
channel. Maximum possible value is the 
ROI channel number. 

Integers < # channels ü ü 

RED  
The channel number to set as red 
channel. Maximum possible value is the 
ROI channel number. 

Integers < # channels ü ü 

To be 
ignored 

Channel number which is supposed to 
be ignored in analysis. Integers < # channels ü ü 
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Save & Run 

Name Description Value 
Available in 

GUI 
(graphical interface) 

Available in 
file 

(manual edit) 
Save 
setting  

Saves the current setting as the one which program 
use it. - ü ü 

Run Run the process. Please wait until processing LED 
turns off. Program runs with the last saved setting. - ü ü 

Profile 
name 

The name of current setting that wants to be saved 
and be loaded in future. 

Integers < # 
channels ü ü 

Save 
Saves the current values into a file which can be 
loaded in future. All profiles will save into “profiles” 
folder with “.ini” file extension. 

Integers < # 
channels ü ü 

Saved 
profiles 

This drop-down list shows all available profile to 
choose and load.  

Integers < # 
channels ü ü 

Load Loads the selected profile from drop-down list.    
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