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[Abstract] Visual impairments, notably loss of contrast sensitivity and color vision, were documented in 

Alzheimer’s disease (AD) patients yet are critically understudied. This protocol describes a novel visual-
stimuli four-arm maze (ViS4M; also called visual x-maze), which is a versatile x-shaped maze equipped 

with spectrum- and intensity-controlled light-emitting diode (LED) sources and dynamic grayscale 
objects. The ViS4M is designed to allow the assessment of color and contrast vision along with 

locomotor and cognitive functions in mice. In the color testing mode, the spectral distributions of the 
LED lights create four homogenous spaces that differ in chromaticity and luminance, corresponding to 

the mouse visual system. In the contrast sensitivity test, the four grayscale objects are placed in the 
middle of each arm, contrasting against the black walls and the white floors of the maze. Upon entering 

the maze, healthy wild-type (WT) mice tend to spontaneously alternate between arms, even under 
equiluminant conditions of illumination, suggesting that cognitively and visually intact mice use both 

color and brightness as cues to navigate the maze. Evaluation of the double-transgenic APPSWE/PS1ΔE9 
mouse model of AD (AD+ mice) reveals substantial deficits to alternate in both color and contrast modes 

at an early age, when hippocampal-based memory and learning is still intact. Profiling of timespan, 
entries, and transition patterns between the different arms uncovers variable aging and AD-associated 

impairments in color discrimination and contrast sensitivity. The analysis of arm sequences of alternation 
reveals different pathways of exploration in young WT, old WT, and AD+ mice, which can be used as 

color and contrast imprints of functionally intact versus impaired mice. Overall, we describe the utility of 
a novel visual x-maze test to identify behavioral changes in mice related to cognition, as well as color 

and contrast vision, with high precision and reproducibility. 
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Graphic abstract: 
 

 
Exploratory behavior of AD+ mice versus age- and sex-matched WT mice is tracked (top left: 
trajectory from a 5-min video file) in a novel visual-stimuli four-arm maze (ViS4M; also named 
visual x-maze) equipped with spectrum- and intensity-controlled LED sources or grayscale 
objects.  
Consecutive arm entries reveal that APPSWE/PS1ΔE9 (AD+) mice alternate less between arms, as 

opposed to WT mice. Sequence analysis, according to the three alternation pathways (depicted by white, 
yellow, and brown arrows) under different conditions of illumination, uncovers specific deficits linked to 
color vision in AD+ mice, evidenced by a color imprint chart.  

 
Keywords: Rodent maze, Cognition, Visual impairments, Behavioral changes, Neurodegenerative 

disease, Aging, Apparatus, Retinal pathology 
 
[Background] Mounting evidence indicates that the pathology of Alzheimer’s Disease (AD) is not 
restricted to the brain but also extends to the retina. Multiple studies have shown that the retina of mild 

cognitively impaired (MCI) and AD patients exhibit the neuropathological hallmarks of AD – amyloid β-
protein (Aβ) plaques and hyperphosphorylated tau – along with gliosis, vascular dysfunctions, and 

neuronal degeneration (Blanks et al., 1996a and 1996b; Koronyo-Hamaoui et al., 2011; La Morgia et al., 
2016; Koronyo et al., 2017; Dumitrascu et al., 2020; Lee et al., 2020; Lemmens et al., 2020; Shi et al., 

2020b; Dumitrascu et al., 2021; Shi et al., 2021; Ngolab et al., 2021; Tadokoro et al., 2021). Moreover, 
retinal pathology appears to mirror the disease in the brain (Koronyo-Hamaoui et al., 2011; La Morgia 
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et al., 2016; Koronyo et al., 2017; Doustar et al., 2020, Dumitrascu et al., 2020; Shi et al., 2020a and 

2020b; Risacher et al., 2020). Clinically, both color and contrast sensitivity were significantly impaired in 
AD patients when compared with healthy individuals (Chang et al., 2014; Polo et al., 2017). Indeed, 

visual impairments are among the earliest symptoms documented in these patients, especially loss of 
contrast sensitivity (Crow et al., 2003; Risacher et al., 2013; Javaid et al., 2016; Salobrar-García et al., 

2019) and altered color vision reminiscent of tritanomaly, an abnormality of blue-sensitive retinal cones 
(Cronin-Golomb et al., 1993; Wijk et al., 1999; Salobrar-García et al., 2019). 

Sporadic and transgenic animal models of AD recapitulate AD pathology in the retina and present Aβ 
deposits and tauopathy that are linked with inflammation, vasculopathy, and neurodegeneration (Perez 

et al., 2009; Koronyo-Hamaoui et al., 2011; Koronyo et al., 2012; Hart et al., 2016; Doustar et al., 2017; 
Grimaldi et al., 2018; Hampel et al., 2018; Georgevsky et al., 2019; Chibhabha et al., 2020, Doustar   

et al., 2020; Habiba et al., 2020; Shi et al., 2020a; Shi et al., 2021). Transgenic mouse models of AD 
also show disturbances in the visual system, reduced function of ganglion cells and photoreceptors, as 

well as reduction of inner retinal thickness and atrophy of the visual cortex (Criscuolo et al., 2018; 
Chiquita et al., 2019). However, the specific visual changes in color and contrast vision have not been 

previously examined in transgenic mouse models of AD. 
Behavioral assessment of color vision and contrast sensitivity in C57BL/6 mice has been previously 

conducted by optomotor response (Sinex et al., 1979; Prusky et al., 2004), optokinetic reflex (van Alphen 
et al., 2009), and forced-choice procedures. The latter includes the visual water task (Jacobs et al., 2004; 

Prusky and Douglas, 2004), psychometric curves in freely moving mice (Busse et al., 2011), and the 
visual-stimulation environment (Denman et al., 2018). Forced-choice paradigms require days of training 

and thousands of trials, which are less suitable for aged mice, especially for sensitive, high-attrition rate 
AD-model mice. 

We created the behavioral visual-stimuli four-arm maze (ViS4M or visual x-maze), a novel, controlled, 
and user-friendly behavioral apparatus specialized for the detection of vision changes in mice (Vit et al., 

2021). Unlike previous behavioral tests, the ViS4M is highly sensitive and reproducible, allowing mice 
to move freely without introducing stress. Importantly, the test relies entirely on innate exploratory 

behavior and does not require a pre-training phase nor rewards. Moreover, this test can simultaneously 
assess locomotor, cognitive, and visual functions. We investigated color and contrast sensitivity in the 

double-transgenic APPSWE/PS1∆E9 (AD+) mice. These AD-model mice and wild-type (WT) mice were 
tested at three different ages, during six sessions (5 min each) of testing, in five color modes (five 

conditions of illumination), and one contrast mode. Using the novel ViS4M, we identified early and 
progressive impairments in color vision and contrast sensitivity in AD-model mice. 

In the present manuscript, we provide a detailed description and step-by-step configuration of the 
ViS4M and accessories, with numerous notes and tips in the equipment and procedure sections. In the 

data analysis section, we review all the parameters analyzed in the original study (total entries, timespan, 
alternation, and transitions) with their calculations and supported by relevant examples. We also present 

an additional analysis of alternation arm sequences and make freely available our own ViS4M Toolbox 
V1, which includes two Excel spreadsheets to automatically calculate all the aforementioned parameters 

http://www.bio-protocol.org/e4234
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upon inputting a sequence of arm entries in color and contrast modes. The comprehensive analysis of 

alternation sequences, as well as unidirectional and bidirectional transitions in combination with linear 
regressions and visualization tools, allow a better understanding of the locomotor, cognitive, and visual 

functions of mice measured in the ViS4M. 
 

Materials and Reagents 
 

Animals 
1. Double transgenic B6.Cg-Tg(APPSWE/PSEN1∆E9)85Dbo/Mmjax hemizygous (AD+) mouse strain 

[RRID:MMRRC_034832-JAX], initially purchased from the Mutant Mouse Resource and 
Research Center (MMRRC) at the Jackson Laboratory, then bred and maintained at Cedars-

Sinai Medical Center. 
2. Non-transgenic wild-type (WT) littermates (Jackson Laboratory, catalog number: 000664) 

The mouse colony is housed in a humidity- and temperature-controlled (21-22°C) vivarium on 
a 12:12-h light/dark cycle (lights on at 8:00 am; lights off at 8:00 pm) with free access to food 

and water. 
Three different cohorts of mice are tested, each representing a different age: 8.5-month-old WT 

(n=13; 9 males and 4 females) and AD+ (n=12; 9 males and 3 females), 13-month-old WT (n=11; 
6 males and 5 females) and AD+ (n=11; 4 males and 7 females), and 18-month-old WT (n=19; 

11 males and 8 females) and AD+ (n = 9; 5 males and 4 females). 
Note: The double-transgenic APPSWE/PS1ΔE9 is a well-established mouse strain, with early-

onset pathology of AD in the hippocampus and cortex (β-amyloid plaques, severe astrogliosis, 

and microgliosis, as well as brain plasticity deficits and synaptic loss). We and others also 

reported AD manifestation in the retina of these mice (Ning et al., 2008; Koronyo et al., 2012; 

Mirzaei et al., 2019; Doustar et al., 2020, Shi et al., 2020a and 2020b). Importantly, cognitive 

deficits in these mice have been well documented and reproducible. We developed the ViS4M 

to further characterize visual function, especially color vision and contrast sensitivity. AD 

pathology in the retina of other mouse strains has been confirmed, such as the aggressive-

phenotype 5xFAD or the triple-transgenic 3xTg mice (Criscuolo et al., 2018; Grimaldi et al., 2018; 

Habiba et al., 2020). This protocol could be implemented on different AD mouse strains, normal 

aging, and other neurodegenerative models to evaluate visual function. 

 
Equipment 
 
A. Visual-stimuli four-arm maze (ViS4M) apparatus 

Note: The visual-stimuli four-arm maze (ViS4M or Visual X-maze) that we describe below was 

conceived and developed in-house by our team. The prototype used to collect the present data 

shares the same specifications (including the color LED lights) with the now commercially available 

ViS4M manufactured by Maze Engineers (https://conductscience.com/maze/portfolio/visual-x-maze-

http://www.bio-protocol.org/e4234
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vis4m/). 

1. Backbone of apparatus 
a. Custom-made x-shaped enclosure built with 15 cm-high black plexiglass walls attached to a 

glass base 
Each arm is perpendicular to the two adjacent arms and is 45 cm long and 10 cm wide 

(Figure 1A-1B). 
b. Removable transparent floor plates that can be installed at two different levels (6 cm or 11 

cm above the glass base) in each arm and in the center of the ViS4M (Figure 1C) 
c. White translucent acrylic plates that can be inserted below each floor level by sliding within 

small track brackets made of plexiglass (Figure 1C-1D) 
Note: Behavioral testing is carried out either on the upper level (color mode) or the lower 

level (contrast mode) but not simultaneously on both levels. 

d. The center of the apparatus is a neutral area with no white translucent plate and no light 

source directly below it (Figure 1A-1C) 
e. Plastic transparent covers with perforated holes to help with breathing 

Note: Color vision and contrast sensitivity are different aspects of vision that involve different 

photoreceptors. While the contrast mode involves the function of rods (lower mesopic range), 

the color mode requires functional cones (transition between mesopic and photopic range). 

These two modalities of testing are complementary to appreciate the functionality of rod and 

cone photoreceptors. 

2. Light-emitting diode (LED) lights (for color mode) 

Each LED strip source consists of an array of surface-mounted device (SMD) 3528 LED chips 
evenly spaced in four rows (27 LED chips per row) and is individually inserted in each arm of the 

ViS4M, directly onto the glass base (Figure 1D). Spectra of the light sources were determined 
using an Ocean Optics USB2000 spectrometer and further validated with a Sekonic C700-U 

spectrometer (Figure 1E). 
a. Red monochromatic light: wavelength (λ) = 628 nm, full width at half maximum (FWHM) = 

17 nm 
b. Green monochromatic light: λ = 517 nm, FWHM = 31 nm 

c. Blue monochromatic light: λ = 452 nm, FWHM = 22 nm 
d. White light: λ1 = 441 nm, FWHM = 19 nm and λ2 = 533 nm, FWHM = 104 nm 

The white LED is made of a blue-emitting diode that also excites a yellow-emitting phosphor 
[cerium doped yttrium aluminum garnet (Ce:YAG-Y3Al5O12) crystals] embedded in the 

epoxy dome. 
Note: The criterion for choosing the LED colors is as follows: the red light as a dark-space 

control arm with low- to no-color stimulus; the green light to stimulate the mouse retinal M-

opsin in M-cones, without stimulating S-opsin; and the blue light to stimulate the mouse 

retinal S-opsin in S- and M-cones, in addition to the M-opsin. 

The following components control the brightness of the light stimuli. 

http://www.bio-protocol.org/e4234
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e. LED single color dimmers using pulse width modulation (PWM) technology 

f. Individual remote devices to control the dimmers 

 
Figure 1. Characteristics of the ViS4M in color mode.  
(A) Photograph and (B) illustration of the x-shaped ViS4M in color mode with apparatus 
measurements. (C) Photograph of the ViS4M in color mode, E condition, showing the illuminated 

arms. (D) Photograph of an arm with the opening for the red lights and with the white translucent 
plate inserted at the upper level. (E) Illustration of the positioning of the clear floor and white 

translucent diffuser plates within the arms of the maze, paired with a photograph of the outside 
front-view of an arm. (F) Spectral distribution of the LED sources according to mouse M- and S-
opsins sensitivity with table showing the characteristics of the light stimuli (wavelength, FWHM). 

 
3. Grayscale objects (for contrast mode) 

Four objects have the following characteristics (Figure 2A). 
a. Identical shape of a right-angled triangular prism 

b. Dimensions: base (adjacent side) = 5 cm; height (opposite side) = 1 cm 
c. Different shades (black, gray, white, and clear) that create different contrasts with the black 

walls and white floors of the maze (Figure 2B) 

http://www.bio-protocol.org/e4234
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The luminance ratios of the objects against the black walls and/or white floors as measured 

with a light meter are indicated below. 
d. Black object against the black walls = 1.06 (minimal to no contrast) 

e. Gray object against the black walls = 6.00 
f. White object against the black walls = 9.69 (high contrast against the black walls but minimal 

contrast with the white floor) 
g. Clear object against the black walls = 6.56 

h. Flexible positioning and location for the placement of the grayscale objects to accommodate 
investigator’s goals 

 

 
Figure 2. Characteristics of the ViS4M in contrast mode.  
(A) Photograph of the ViS4M in contrast mode with measurements for positioning of the 
grayscale objects. (B) Photographs of the objects within each arm as seen from the center of the 

ViS4M. Objects, black walls, and white floors are delineated to better assess contrasts. (A-B) B, 
Black; C, Clear; G, Gray; W, White. 

 
B. Other accessories 

1. Sekonic Flashmate L-308S light meter (Sekonic, catalog number: 401-309) 
2. Timer 

3. Digital USB camera 
Note: A color camera is preferable to identify the colored arms. However, a black and white 

camera can be used, provided the position of each arm on the screen is recorded. A short clip 

of the apparatus positioning can be made prior to each testing session with the lights of the room 

turned on and the arms identified by name. 

4. USB camera varifocal lens with 2.8-12 mm focal length 

 
 

 

http://www.bio-protocol.org/e4234
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Software 
 

1. Rodent Toolbox V1 (freely available at https://www.ndcn.ox.ac.uk/team/stuart-peirson) 

2. ANY-maze behavior tracking software 6.3 (www.stoeltingco.com/anymaze/video-
tracking/software.html) or other video tracking software, such as EthoVision XT 

(www.noldus.com/ethovision-xt 
3. ViS4M Toolbox V1 (Supplementary file: ViS4M Toolbox V1) 

4. GraphPad Prism 9.0 

5. ParallelSets V2 (freely available at Parallel Sets (eagereyes.org)) 

6. Circos online (freely available at mkweb.bcgsc.ca/tableviewer/) 
 

Procedure 
 
A. Configuration of the ViS4M 

1. Place the transparent floor inside the arms at the chosen level and insert the center zone 
transparent floor at the same level (color mode: upper level; contrast mode: lower level) (Figure 

1C). 
2. Position the clear plastic covers on top of the arms. 

3. Slide the translucent white plates within the brackets below the floors (Figure 1D). 
4. Set up the visual stimuli. 

a. Color mode only: Install the LED light sources directly on top of the glass base in their 
respective arm (Figure 1D). 

Note: The arrangement of the LED chips in combination with the white translucent plates and 

the clear covers is optimized to allow the light to diffuse equally in all directions and create a 

spatially homogenous stimulus. No individual LED spots are discernable. 

b. Contrast mode only: position the grayscale objects individually, in the middle of their 

respective arm, on their base, with their opposite side facing at ½ -length (22.5 cm) of the 
entrance of the arm (Figure 2A-2B). 

 
B. Configuration of the light intensities according to the illumination conditions 

1. Plug the light sources into a power outlet. 
2. Turn on the lights using the individual remote controls, then turn off the ambient light of the room. 

The following steps pertain to the use of a Sekonic Flashmate L-308S light meter to measure 
incident illuminance (page 19 of operating manual). 

3. Attach the Lumidisc accessory to the light meter. 
4. Set EV (Exposure Value) mode and ISO 100 on the device. 

5. Position the flat surface of the light meter sensor facing and about 2 cm above the floor (mouse 
eye level) at a locus situated in the middle of the arm. 

Note: The positioning of the sensor and locus of measurement were chosen for consistency and 

http://www.bio-protocol.org/e4234
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practicability, assuming the light coming from each LED source diffused in all directions equally 

into its respective arm. 

6. Take the measurement. 

7. Adjust the brightness of the light stimulus using the remote control and take a new measurement, 
if necessary. 

8. Record the EV and proceed to the other three arms following steps 5 through 7. 
9. Convert the recorded EV to illuminance units (lux) and luminance units (cd/m2) using the 

relationships lux = 2.5×2EV and cd/m2 = 2(EV-3), respectively. 
Note: Illuminance and luminance are photometric measures of perceived brightness of a light 

source as it relates to the human eye according to the spectral sensitivity function. Although 

they provide informative characteristics of the light source to the human experimenter, they are 

irrelevant to the mouse visual system. Radiometric measures of irradiance should be used and 

can be estimated using the Rodent Toolbox V1 (freely available at 

https://www.ndcn.ox.ac.uk/team/stuart-peirson). 

10. In the Rodent Toolbox V1 (under Toolbox tab), select the type of light source. 

11. Enter the details (λ, FWHM) and illuminance (lux) of the light stimulus. 
12. Record the estimated irradiance (μW/cm2). 

Note: In our original Scientific Reports manuscript (Vit et al., 2021), we describe five different 

conditions of illumination. For the purpose of this protocol, we provide data analysis from two 

out of these five configurations: Red High (RH) and Equal (E) conditions. Photometric and 

radiometric characteristics of these two conditions are shown in Table 1. 

 
Table 1. Photometric and radiometric measures and estimations of the light stimuli 

 

Red High 

 

 

Equal 

 
 R B G W  R B G W 

EV 5.4 1.9 4.7 6.0  4.9 4.9 4.9 4.7 

Illuminance (lux) 103 9 66 164  76 75 73 67 

Luminance (cd/m2) 4.4 0.4 3.2 8.1  3.7 3.6 3.7 3.3 

Irradiance 

(μW/cm2) 
52 29 14 40  38 244 17 16 

 
From the measurements of EV (using the Sekonic L-308S light meter) to the calculation of 

estimated photometric (illuminance, luminance) and radiometric characteristics (irradiance) of 
the four light sources under RH and E conditions of illumination 

 

http://www.bio-protocol.org/e4234
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C. Configure the camera for video recording 

1. Position the camera with the varifocal lens above the ViS4M. 
2. Connect the camera to a laptop via USB port and open ANY-maze behavior tracking software. 

Note: We do not track animal trajectory in real time. However, we use ANY-maze behavior 

tracking software to record and save video files of all testing sessions for later analysis. A free 

version of the software can be used for this purpose. 

3. Use the varifocal lens so the entire apparatus fits the image. 

4. Adjust the exposure to obtain acceptable contrast of the mouse over the background for tracking 
Note: A small portion at the end of the arms is significantly darker upon illumination as compared 

to the middle of the arms. To set the exposure, we use small black objects (remote controls) 

across the arms to verify contrast is sufficient in the entire apparatus. 

5. Re-adjust the exposure in between each condition of illumination. 
 

 
Video 1. A video of a mouse exploring the ViS4M in the color mode.  
The sequence of colored arm entries and alternations are indicated (speed ×2). 

 
D. Behavioral testing (Video 1) 

1. Turn off the ambient light of the room. 
2. (Contrast mode only) Turn on dim red-light illumination (mesopic, ~0.1 cd/m2). 

Note: All testing takes place in the dark during the last third of the light cycle (between 4:00 pm 

and 8:00 pm). The sole light source is provided by the illuminated arms of the ViS4M. Mice are 

only tested once a day. Different conditions of testing (in color and contrast mode) are carried 

out on consecutive days. 

3. Bring the mice to the testing room. 
4. Leave the animals undisturbed for a short 30-min period of time to habituate to the dark room. 

5. At the end of the acclimation period, proceed with the testing of the first mouse. 
Note: We recommend tail-marking mice the day prior to testing for easy and fast identification. 

Since the lights of the testing room are turned off, a flashlight can be used if necessary. 

http://www.bio-protocol.org/e4234
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6. Start the video recording and present the mouse ID to the camera. 

7. Identify the mouse in its home cage and place it in the center of the maze through the opened 
top. 

8. Cover the opened center of the apparatus with a clear plastic or Plexiglass plate and start the 
timer. 

9. Leave the mouse to freely explore the maze for 5 min. 
Note: We recommend counting the number of entries during testing. A minimum of eight entries 

is required to assure an appropriate number of four-arm alternations (see Data analysis for 

definition of parameters). In contrast mode, the presence of the objects does not prevent the 

mice from fully exploring the arms of the ViS4M. Most of the mice show no hesitation to jump 

over the objects to reach the distal part of the arms. 

10. After 5 min, return the mouse to its home cage and pause the video recording. 
11. Wipe the floors and walls with a solution of 70% isopropyl alcohol, then thoroughly wipe any 

excess of alcohol with a dry cloth. 
Note: By the time the next mouse is placed in the apparatus following this procedure (~3 min, 

steps 6-7), any residual trace of alcohol will have evaporated. 

12. Proceed with the next mouse following steps 6 through 10. 

 
Data analysis 
 
The data generated from behavioral testing in the ViS4M cover several behavioral domains. A list of 

parameters, behaviors, and analysis tools is shown in Table 2. 
 

Table 2. List of analyzed parameters 
Parameter Behavior Analysis tool 

Distance traveled Locomotion, general activity ANY-maze 

Average speed Locomotion, general activity ANY-maze 

Total number of entries Locomotion, general activity ViS4M Toolbox V1 

% spontaneous alternation Cognition, color/contrast discrimination ViS4M Toolbox V1 

% time in each colored arm Color/contrast preference ANY-maze 

% entries in each colored arm Color/contrast preference ViS4M Toolbox V1 

% unidirectional transitions Color/contrast discrimination ViS4M Toolbox V1 

% bidirectional transitions Color/contrast discrimination ViS4M Toolbox V1 

 

We created the ViS4M Toolbox V1, two Excel spreadsheets made available freely with this protocol. 
Upon entering the sequence of arm entries recorded from video files (see Video 1), the ViS4M Toolbox 

V1 calculates the total number of entries, the percentage of spontaneous alternation, the percentage of 
entries in each colored arm, as well as the percentages of unidirectional and bidirectional transitions 

between arms. 
All the cells in the spreadsheet that pertain to the identification of the study, the mice, and the condition 

http://www.bio-protocol.org/e4234
http://os.bio-protocol.org/attached/file/20210914/Supplementary%20file%20ViS4M%20Toolbox%20V1.xlsx
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of testing (columns A through F) are unlocked and can be filled according to the user’s experiment. 

The text sequence of arm entries is entered in column G in lower case. The keys differ in the two 
spreadsheets: ‘r’ for ‘red,’ ‘b’ for ‘blue,’ ‘g’ for ‘green,’ ‘w’ for ‘white’ in the color toolbox, and ‘c’ for ‘clear,’ 

‘b’ for ‘black,’ ‘g’ for ‘gray,’ ‘w’ for ‘white’ in the contrast toolbox. All the cells with calculated parameters 
are locked to prevent the inclusion of errors. 

Additional information specific to these parameters and their calculation in the ViS4M Toolbox V1 is 
detailed below as well as in Table 3. 

Note: Alternatively, the user can choose to calculate these parameters directly in a video tracking 

software. However, the use of definitions other than those described below will lead to discrepancies 

with the data generated in the ViS4M Toolbox V1. 

 
Table 3. Description of parameters and calculations 

Parameters wrbwgrgrwrbgrwbgrgwbr n Calculation 

characters (𝑥𝑥) xxxxxxxxxxxxxxxxxxxxx 21  

    

entries (𝑒𝑒) _eeeeeeeeeeeeeeeeeeee  𝑒𝑒 = 𝑥𝑥 − 1 20 

    

4-arm sequences (𝑠𝑠) ---ssssssssssssssssss  𝑠𝑠 = 𝑒𝑒 − 2 18 

    

 

 

 

 

 

 

 

 

 

alternation (𝑎𝑎) 

-rbwg 

--bwgr 

--------wrbg 

----------bgrw 

-----------grwb 

------------rwbg 

-------------wbgr 

----------------rgwb 

-----------------gwbr 

 

 

 

 

 

 

 

 

 

9 

 

 

 

 

 

 

 

 

 

% 𝑎𝑎 = (𝑎𝑎 × 100) ÷ (𝑒𝑒− 2) 

 

 

 

 

 

 

 

 

 

50% 

    

red entries (𝑟𝑟) -r---r-r-r--r---r---r 7 % 𝑟𝑟 = (𝑟𝑟 × 100) ÷ 𝑒𝑒 35% 

blue entries (𝑏𝑏) --b-------b---b----b- 4 % 𝑏𝑏 = (𝑏𝑏× 100) ÷ 𝑒𝑒 20% 

green entries (𝑔𝑔) ----g-g----g---g-g--- 5 % 𝑔𝑔 = (𝑔𝑔 × 100) ÷ 𝑒𝑒 25% 

white entries (𝑤𝑤) _--w----w----w----w-- 4 % 𝑤𝑤 = (𝑤𝑤 × 100) ÷ 𝑒𝑒 20% 

    

2-arm transitions (𝑡𝑡) -tttttttttttttttttttt  𝑡𝑡 = 𝑒𝑒 20 

    

red-to-blue (𝑟𝑟 → 𝑏𝑏) 

blue-to-red (𝑏𝑏 → 𝑟𝑟) 

bidirectional (𝑟𝑟 ↔ 𝑏𝑏) 

-rb------rb---------- 

-------------------br 

2 

1 

3 

% 𝑟𝑟 → 𝑏𝑏 = (𝑟𝑟 → 𝑏𝑏 × 100) ÷ 𝑡𝑡 

% 𝑏𝑏 → 𝑟𝑟 = (𝑏𝑏 → 𝑟𝑟 × 100) ÷ 𝑡𝑡 

% 𝑟𝑟 ↔ 𝑏𝑏 = % 𝑟𝑟 → 𝑏𝑏 + % 𝑏𝑏 → 𝑟𝑟 

10% 

5% 

15% 

     

http://www.bio-protocol.org/e4234
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red-to-green (𝑟𝑟 → 𝑔𝑔) 

green-to-red (𝑔𝑔 → 𝑟𝑟) 

bidirectional (𝑟𝑟 ↔ 𝑔𝑔) 

-----rg---------rg--- 

----grgr---gr--gr---- 

2 

4 

6 

% 𝑟𝑟 → 𝑔𝑔 = (𝑟𝑟 → 𝑔𝑔 × 100) ÷ 𝑡𝑡 

% 𝑔𝑔 → 𝑟𝑟 = (𝑔𝑔 → 𝑟𝑟 × 100) ÷ 𝑡𝑡 

% 𝑟𝑟 ↔ 𝑔𝑔 = % 𝑟𝑟 → 𝑔𝑔 + % 𝑔𝑔 → 𝑟𝑟 

10% 

20% 

30% 

     

red-to-white (𝑟𝑟 → 𝑤𝑤) 

white-to-red (𝑤𝑤 → 𝑟𝑟) 

bidirectional (𝑟𝑟 ↔ 𝑤𝑤) 

-------rw---rw------- 

wr------wr----------- 

2 

2 

4 

% 𝑟𝑟 → 𝑤𝑤 = (𝑟𝑟 → 𝑤𝑤 × 100) ÷ 𝑡𝑡 

% 𝑤𝑤 → 𝑟𝑟 = (𝑤𝑤 → 𝑟𝑟 × 100) ÷ 𝑡𝑡 

% 𝑟𝑟 ↔ 𝑤𝑤 = % 𝑟𝑟 → 𝑤𝑤 + % 𝑤𝑤 → 𝑟𝑟 

10% 

10% 

20% 

     

blue-to-green (𝑏𝑏 → 𝑔𝑔) 

green-to-blue (𝑔𝑔 → 𝑏𝑏) 

bidirectional (𝑏𝑏 ↔ 𝑔𝑔) 

----------bg--bg----- 

--------------------- 

2 

0 

2 

% 𝑏𝑏 → 𝑔𝑔 = (𝑏𝑏 → 𝑔𝑔 × 100) ÷ 𝑡𝑡 

% 𝑔𝑔 → 𝑏𝑏 = (𝑔𝑔 → 𝑏𝑏 × 100) ÷ 𝑡𝑡 

% 𝑏𝑏 ↔ 𝑔𝑔 = % 𝑏𝑏 → 𝑔𝑔 + % 𝑔𝑔 → 𝑏𝑏 

10% 

0% 

10% 

     

blue-to-white (𝑏𝑏 → 𝑤𝑤) 

white-to-blue (𝑤𝑤 → 𝑏𝑏) 

bidirectional (𝑏𝑏 ↔ 𝑤𝑤) 

--bw----------------- 

-------------wb---wb- 

1 

2 

3 

% 𝑏𝑏 → 𝑤𝑤 = (𝑏𝑏 → 𝑤𝑤 × 100) ÷ 𝑡𝑡 

% 𝑤𝑤 → 𝑏𝑏 = (𝑤𝑤 → 𝑏𝑏 × 100) ÷ 𝑡𝑡 

% 𝑏𝑏 ↔ 𝑤𝑤 = % 𝑏𝑏 → 𝑤𝑤 + % 𝑤𝑤 → 𝑏𝑏 

5% 

10% 

15% 

     

green-to-white (𝑔𝑔 → 𝑤𝑤) 

white-to-green (𝑤𝑤 → 𝑔𝑔) 

bidirectional (𝑔𝑔 ↔ 𝑤𝑤) 

-----------------gw-- 

---wg---------------- 

1 

1 

2 

% 𝑔𝑔 → 𝑤𝑤 = (𝑔𝑔 → 𝑤𝑤× 100) ÷ 𝑡𝑡 

% 𝑤𝑤 → 𝑔𝑔 = (𝑤𝑤 → 𝑔𝑔 × 100) ÷ 𝑡𝑡 

% 𝑔𝑔 ↔ 𝑤𝑤 = % 𝑔𝑔 → 𝑤𝑤+ % 𝑤𝑤 → 𝑔𝑔 

5% 

5% 

10% 

 
From a text sequence to entries, alternation, and transitions: example entered in the ViS4M Toolbox V1. 

 
A. Total entries 

Instrumental to obtaining an accurate arm sequence is the definition of arm entry. We implement 
the following rules when recording arm entries: 

1. In general, while exploring the maze, mice enter an arm, then walk within the arm until they 
reach the other end (dead-end), turn around, exit the arm, and visit another arm (see Video 1). 

In this case, this is straightforward, and we count an entry as the entire body of the mouse (tail 
not included) crossing the virtual border between the squared center and the open end of the 

arm. 
2. There are occurrences when mice enter the arm as described above but do not reach the end 

of the arm (see Video 1). Whether these events should be counted as entries is difficult to 
generalize to the entire population or a specific group of mice. We include these entries or not 

after careful review of video files. For consistency, we do not make our choice at the entry level; 
thus, for a particular mouse, we either count all or do not count any of this type of entry. 

3. Two or more consecutive entries in the same arm are counted as one entry. (Alternatively: 
account re-entries as multiple entries but ensure consistency within the same experiment.) 

Note: There are several reasons why we counted consecutive entries in the same arm as a 

single entry. First, they are infrequent events (5%). Second, to our knowledge, it is customary 

to analyze revisiting the same arm as a single entry with similar mazes, such as the Y-maze. 

Third, it would not alter the sequence of exploration in terms of color or contrast cues. Lastly, 

http://www.bio-protocol.org/e4234
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accounting for them considerably complicates the combinations for successful and unsuccessful 

alternations, requires analyzing 5-arm sequences (for example, the sequences ‘brgw’ and ‘brrgw’ 

are both successful alternations between the 4 colors), and consequently increases the 

possibility of calculation errors. 

4. The first entry of the sequence is not counted. Indeed, when the mouse is released in the center 

of the maze at the beginning of the test, it often runs inside the arm it is facing, and this is not 
considered a deliberate choice. 

Note: Although the first arm in the sequence is not counted as an entry, it is taken into 

consideration for the first alternation and first transition. 

The total number of entries can be used as an indicator of locomotor activity since it predicts 
with high fidelity the distance traveled (R2 = 0.8275, P < 0001) and the average speed (R2 = 

0.8317, P < 0001) of the animal estimated with the tracking software ANY-maze (Figure 3A). 
The coefficient factor of 1.1 between entries and distance corresponds to twice the sum of the 

lengths of an arm and the center of the maze [(0.45 𝑚𝑚 + 0.10 𝑚𝑚) × 2 = 1.1 𝑚𝑚]. 

Note: The distance traveled and the average speed are two basic features of most tracking 

software; consequently, their estimation using ANY-maze is not described in the present 

protocol. 

 

B. Alternation 
Perhaps the main feature of the ViS4M is its capability to assess both cognition and visual function. 

Spontaneous alternation is defined as the consecutive visits of the four different arms without 
returning to an arm already visited in a four-arm sequence (see Video 1). In standard three-arm 

models such as the Y-maze or the T-maze, the percentage of spontaneous alternation (number of 
alternations out of total number of three-arm sequences during the testing session) represents 

spatial navigation and working memory (Kraeuter et al., 2019). 
The following are characteristics of four-arm sequences and alternations in the four-arm ViS4M 

(see also Table 3). 
1. The first four-arm sequence is counted at the third arm entry, and each subsequent entry adds 

a new four-arm sequence. 
2. From a specific starting arm, there are 6 alternation sequences out of 27 four-arm sequence 

possibilities (total in the entire apparatus: 24 alternations out of 108 possible sequences). Thus, 

the chance to perform an alternation in a four-arm sequence is 2
9
 or about 22%. 

When introduced to a uniformly configured ViS4M (NS, no stimulus), WT mice alternate about 
10% above chance (Figure 3B). However, when the four arms are set with predefined light 

modalities or grayscale objects, the percentage of alternation is significantly increased to about 
50% as compared to NS (Stimulus, F(2.599, 38.98) = 5.007, P = 0.0069) in these same mice (Figure 

3B). This result suggests that cognitively and visually intact mice use the visual stimuli of the 
ViS4M as cues to navigate the maze, and are consequently able to discriminate between some 

or all of the arms, based on differences in chromaticity, brightness, and/or contrast. 

http://www.bio-protocol.org/e4234
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AD+ mice are largely inept to alternate as early as 8.5 months up to 18 months of age when 

compared to WT littermates (Figure 3C) in color mode, under RH (Genotype, F(1, 69) = 35.31, P 
< 0.0001) and E conditions (Genotype, F(1, 67) = 38.14, P < 0.0001), and in contrast mode 

(Genotype, F(1, 71) = 57.90, P < 0.0001), suggesting visual and/or cognitive deficits (see 
discussion in Vit et al., 2021). There is no significant difference in alternations between males 

and females within each genotype at any age in RH, E, and CT conditions (Figure 3D). However, 
in color mode, while the impairment appears earlier in male (8.5 months) than in female (13-18 

months) AD+ mice compared to gender-matched WT mice (Figure 3D), the progression with age 
is more noticeable in female AD+ mice, with a dramatic decline in alternation between 8.5 and 

18 months, especially under E condition (Age, F(2, 26) = 4.312, P = 0.0241). In contrast mode, 
early deficits appear in both male and female AD+ mice (Figure 3D). Between 8.5 and 18.5 

months, decline in contrast sensitivity is most apparent in WT mice (Genotype × Age, F(2, 71) = 
3.869, P = 0.0254), independently of gender (Figure 3C-3D).  

 

 
Figure 3. Spontaneous alternation with and without color illumination.  
(A) Linear regression of the total number of arm entries during a 5-min testing session, with the 
distance traveled in the ViS4M and the average speed of mice. (B) Percentages of alternation in 

the ViS4M without stimuli (NS, no stimulus), with color illumination (RH, red high; E, equal), or 

http://www.bio-protocol.org/e4234
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with grey-scale objects (CT, contrast) of young adult (8.5 months) WT mice. ✱  P < 0.05, NS 

versus RH, E, CT modes. (C) Percentages of alternation in 8.5-, 13-, and 18-month-old WT and 

AD+ mice under RH, E, and CT conditions. ✱  P < 0.05, ✱✱  P < 0.01, ✱✱✱  P < 0.001, ✱✱✱✱  

P < 0.0001, WT versus AD+ mice. (D) Percentages of alternation in 8.5-, 13-, and 18-month-old 

male and female WT and AD+ mice under RH, E, and CT condition. ✱  P < 0.05, ✱✱  P < 0.01, 

gender-matched WT versus AD+ mice; # (WT) or # (AD+) P < 0.05, 8.5 versus 18 months. 

 
Additional characteristics of alternation are listed below. 

3. The sequences of alternations can be categorized into three pathways as shown in Table 4 and 
as illustrated in Figure 4A-4B. 

4. In each pathway, alternation sequences can start at each of the four arms and in two directions, 

leading to eight combinations (Figure 4C). The lack or the abundance of an alternation sequence 
starting at a specific arm can indicate the position of discontinuities within a pathway of 

alternation.  

5. In the ViS4M, the paths are: ✱  R ⟷ B ⟷ G ⟷ W�⃖�������������������������������������⃗  , ✱  R ⟷ G ⟷ B ⟷ W�⃖�������������������������������������⃗  , and ✱  

R ⟷ B ⟷ W ⟷ G�⃖�������������������������������������⃗  (Table 4 and Figure 4B). 

 
Table 4. Classification of pathways of alternation and four-arm sequences 
Parameters wrbwgrgrwrbgrwbgrgwbr n Calculation 

entries (𝑒𝑒) _eeeeeeeeeeeeeeeeeeee   20 

    

4-arm sequences (𝑠𝑠) ---ssssssssssssssssss  𝑠𝑠 = 𝑒𝑒 − 2 18 

    

4-arm alternation (𝑎𝑎4) -rbwg 

--bwgr 

--------wrbg 

----------bgrw 

-----------grwb 

------------rwbg 

-------------wbgr 

----------------rgwb 

-----------------gwbr 

9 % 𝑎𝑎4 = (𝑎𝑎4 × 100) ÷ (𝑒𝑒 − 2) 50% 

    

path✱  𝑟𝑟 ↔ 𝑏𝑏 ↔ 𝑔𝑔 ↔ 𝑤𝑤�⃖�������������������������������⃗  --------wrbg 1 % ❶ = �❶ × 100� ÷ 𝑎𝑎4 12% 

    

path✱  𝑟𝑟 ↔ 𝑔𝑔 ↔ 𝑏𝑏 ↔ 𝑤𝑤�⃖�������������������������������⃗   ----------bgrw 

-----------grwb 

------------rwbg 

-------------wbgr 

4 % ❷ = �❷ × 100� ÷ 𝑎𝑎4 

 

44% 

    

http://www.bio-protocol.org/e4234
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path✱  𝑟𝑟 ↔ 𝑏𝑏 ↔ 𝑤𝑤 ↔ 𝑔𝑔�⃖�������������������������������⃗   -rbwg 

--bwgr 

----------------rgwb 

-----------------gwbr 

4 % ❸ = �❸ × 100� ÷ 𝑎𝑎4 44% 

     

3-arm alternation (𝑎𝑎3) wrbw 

---------rbgr 

2 % 𝑎𝑎3 = (𝑎𝑎3 × 100) ÷ (𝑒𝑒 − 2) 11% 

     

2/3-arm alternation (𝑎𝑎2/3) ---wgrg 

-----rgrw 

------grwr 

-------rwrb 

--------------bgrg 

---------------grgw 

6 % 𝑎𝑎2/3 = �𝑎𝑎2/3 × 100� ÷ (𝑒𝑒 − 2) 33% 

     

2-arm alternation (𝑎𝑎2) ----grgr 1 % 𝑎𝑎2 = (𝑎𝑎2 × 100) ÷ (𝑒𝑒 − 2) 6% 

 

Categories (4-arm, 3-arm, 2/3-arm, and 2-arm alternations) and subcategories (pathways ✱ , 

✱ , and ✱  of alternation): same example as in Table 3. 

 

The detailed analysis of alternation sequences of 8.5-month-old WT and AD+ mice under the 
RH condition is presented in Figures 4B and 4C. The stacked bar graph with individual data 

points [Path ✱  (○), Path ✱  (□), Path ✱  (▽)] in Figure 4B shows that WT mice more frequently 

alternate in path ✱ ,  as opposed to paths ✱  and ✱ , while AD+ mice alternate mostly in paths 

✱  and ✱  (Genotype × Path, F(2, 44) = 14.50, P < 0.0001). Within path ✱ , AD+ mice are not or 

rarely capable of completing an alternation when starting from the red or the blue arm as 
opposed to WT mice (Genotype, F(1, 22) = 30.34, P < 0.0001). 

We use parallel sets charts to visualize sequences of alternation. Figure 4C illustrates the 

alternation pathway ✱  of WT and AD+ mice under RH condition. WT mice (green ribbons) show 

eight ribbons of equal proportion, corresponding to the eight possible alternations in this pathway. 

AD+ mice (purple ribbons) only exhibit limited sequences of alternations, suggesting deficient 
discrimination between colored arms. Overall, these data point out an incapacity of AD+ mice to 

visit the green, white, and blue arms successively, suggesting difficulties in discriminating 
between these three arms. 
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Figure 4. Arm sequence analysis of alternations in the color mode test.  
(A) Illustration of the 3 pathways of alternation in the ViS4M. (B) Proportions of the three 
pathways and their starting arm in 8.5-month-old WT and AD+ mice under RH condition. 

Alternation sequence pathways are shown as stacked bars with individual data points. Path ✱  

(○), Path ✱  (□), Path ✱  (▽). ## P < 0.01, #### P < 0.0001, WT mice, Paths ✱  and ✱  versus 

Path ✱ ; ✱  P < 0.05, ✱✱✱✱  P < 0.0001, Paths ✱  and ✱ , WT versus AD+ mice; ✱✱✱  P < 

0.001, Path ✱ , red arm start, WT versus AD+ mice; ✱  P < 0.05, Path ✱ , blue arm start, WT 

versus AD+ mice. (C) Visualization of alternation sequences in 8.5-month-old WT (green ribbons) 

and AD+ mice (purple ribbons) under RH condition (Path ✱  R ⟷ B ⟷ W ⟷ G�⃖�������������������������������������⃗ ) using parallel 

sets chart. 

 
Since alternations only account for approximately 50% and 20% of all four-arm sequences in 

WT and AD+ mice, respectively, we further analyze 4-arm sequences. In addition to the 4-arm 
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alternations, we categorize aborted alternations as follows (see Table 4): 

6. 3-arm alternations correspond to the consecutive exploration of 3 different arms, followed by 

the re-entry in the first arm of the sequence, such as A ⟷ B ⟷ C ⟷ A�⃖�����������������������������������⃗ . 

7. 2/3-arm alternations correspond to the visits of 3 different arms but not in a consecutive manner, 

such as A ⟷ B ⟷ A ⟷ C�⃖�����������������������������������⃗ . 
8. 2-arm alternations are the exploration of only 2 arms in a 4-arm sequence, such as 

A ⟷ B ⟷ A ⟷ B�⃖�����������������������������������⃗ . 

In contrast mode, 8.5-month-old AD+ mice show a significant decrease of 4-arm alternations 
and concomitant increase of 2/3-arm and 2-arm alternations (Figure 5A) when compared to age-

matched WT mice (Genotype × Sequence, F(3, 69) = 14.38, P < 0.0001). We further classify 
aborted alternations (3-arm and 2/3-arm alternations) into pathways of alternations (Figure 4A) 

as we do for full 4-arm alternations.  
9. 3-arm alternations contain sequences from two pathways and correspond to a change of path 

during exploration. 
10. 2/3-arm alternations represent changes of direction within a path. 

While AD+ mice show a general decrease of all three pathways for 4-arm alternations and 

increase for 2/3-arm alternations, the change in 3-arm alternations is specific to path ✱  

(Genotype × Path, F(8, 184) = 2.770, P = 0.0065). Parallel sets charts show the detailed sequences 

in path ✱  of 4-arm and 2/3-arm alternations under contrast mode for 8.5-month-old WT and AD+ 

mice (Figure 5B).  
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Figure 5. Four-arm sequence analysis in the contrast mode test.  
(A) Proportions of the four types of 4-arm sequences and distributions of the three pathways for 

8.5-month-old WT and AD+ mice in the contrast mode. 4-arm alternations (○), 3-arm alternations 

(□), 2/3-arm alternations (◇), 2-arm alternations (△). ✱  P < 0.05, ✱✱✱  P < 0.001, WT versus 

AD+ mice. (B) Visualization of 4-arm (WT: red ribbons; AD+: green ribbons) and 2/3-arm 
alternations (WT: blue ribbons; AD+: orange ribbons) in 8.5-month-old WT and AD+ mice in the 

contrast mode (Path ✱  B ⟷ G ⟷ W ⟷ C�⃖�������������������������������������⃗ ) using parallel sets charts. 

 

C. Percentages of time and entries in colored arms 
Arm preferences are measured as percentages of time and entries in the differently configured arms. 

As shown in Figure 6A-6C, between RH and E conditions with different irradiance levels, the 
proportion of arm visits differ in WT mice. Overall, the red arm, seen as a dark area, is preferred 

across all conditions of illumination (Figure 6B-6C and see Vit et al., 2021). The difference between 
conditions occurs essentially in the exploration of the blue, green, and white arms (Figure 6B-6C). 

While under RH condition these three arms are visited equally, under E condition, when the intensity 
of the blue source is dramatically increased, the blue becomes the least visited (Time: Condition × 
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Color, F(1.876, 20.63) = 6.069, P = 0.0094; Entries: Condition × Color, F(1.730, 52.49) = 6.826, P = 0.0035). 

These results further validate that the mice use the lights as cues to navigate the ViS4M. 
 

 
Figure 6. Time and entries in colored arms.  
(A) Illustration of the RH and E conditions with measured irradiances in μW/cm2. (B) Percentages 

of time spent in each colored arm of young adult (8.5 months) WT mice under RH and E 
conditions. (C) Percentages of entries in each colored arm of young adult (8.5 months) WT mice 

under RH and E conditions. (B-C) ✱  P < 0.05, ✱✱  P < 0.01, ✱✱✱  P < 0.001, ✱✱✱✱  P < 

0.0001, Red versus Blue versus Green versus White arms; # P < 0.05, RH versus E conditions. 

(D) Percentages of time spent in the white arm of 8.5-, 13- and 18-month-old WT and AD+ mice 
under E condition. (E) Percentages of entries in the red and blue arms of 8.5-, 13- and 18-month-

old WT and AD+ mice under E condition. (D-E) ✱  P < 0.05, WT versus AD+ mice; # P < 0.05, ## 

P < 0.01, 8.5 versus 13 and 18 months. 
 

The ViS4M allows the detection of avoidance of both the white and the blue arms by AD+ mice under 
E condition, as shown by the percentage of time spent in the white arm (Genotype, F(1, 67) = 13.28, 

P = 0.0005; Age, F(2, 67) = 5.004, P = 0.0094) and the percentage of entries in the blue arm (Genotype 
× Age, F(2, 57) = 3.541, P = 0.0355) when compared to WT mice (Figure 6D-6E). These results could 

indicate an age-dependent hypersensitivity of AD+ mice to light that is related to its wavelength rather 
than its absolute irradiance. In humans, AD is associated with both the degeneration of intrinsically 

photosensitive melanopsin-containing retinal ganglion cells (ipRGCs) and a loss of the pupillary light 
reflex (PLR), which may give rise to higher light sensitivity. 
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D. Transitions between arms 

Since WT mice tend to alternate between the four arms of the ViS4M in presence of light stimuli, we 
speculate that transitions between arms could potentially indicate their discrimination between color, 

light intensity, and/or contrast. 
Below are definitions of unidirectional and bidirectional transitions (see example and calculations 

in Table 3). 
1. Unidirectional transitions are defined as the movements from an arm to the following arm in a 

sequence. 
2. From each arm, there are 3 possible destinations, which gives a total of 12 unidirectional 

transitions. 
As presumed from the alternation sequence analysis, the comprehensive study of overall 

unidirectional transitions highlights visual deficits of AD+ mice in discrimination of the white, blue 
and green light stimuli (Genotype × Transition, F(3, 89) = 9.469, P < 0.0001) under RH condition 

(Figure 7). AD+ mice are less likely to transition between the blue and white arms in both 
directions, and between the green and white arms, especially from green to white when 

compared to WT mice (Figure 7A). However, they favor straight-line transitions between the 
blue and green arms (Figure 7A), likely reflecting repetitive/impulsive behavior. These results 

support the preferential use of the path ✱  of alternation in WT mice and paths ✱  and ✱  in AD+ 

mice (Figure 4B-4C). 
We use chord diagrams to visualize unidirectional transitions between colored arms. The 

diagrams are created using the freely available Circos online software. The following rules 
describe our chord diagrams for unidirectional transitions (Figure 7B): 

a. The segments correspond to and are colored as the four arms of the ViS4M. 
b. The ribbons between segments represent unidirectional transitions and are colored as the 

originating arm. 
c. Ribbon caps are added at the start to better appreciate their destination. 

d. The most frequent (fourth quartile) and the least frequent (first quartile) transitions are 
presented on separate diagrams to prevent an overload of ribbons. 
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Figure 7. Unidirectional transitions in 8.5-month-old WT and AD+ mice under RH condition.  

(A) Percentages of B→W, W→B, G→W, and G→B transitions. ✱  P < 0.05, ✱✱✱  P < 0.001, 

WT versus AD+ mice. (B) Chord diagrams of the most frequent (top) and least frequent (bottom) 

unidirectional transitions. 
 

The following pertains to the description of bidirectional transitions. 
3. Bidirectional transitions are the transitions between two arms in both directions. 

4. The transitions between two arms in both directions do not need to be consecutive to be counted 
as bidirectional (see red-green transitions in Table 3). 

5. There are a total of 6 bidirectional transitions. 
6. Bidirectional transitions do not take into account preferences to transition in one particular 

direction. 
7. They are less likely to represent choices based on differences in absolute irradiance. 

For bidirectional transitions, all ribbons are color-coded to correspond to the heat-map chart 
(Figure 8A-8B) as follows: 

a. Black = first quartile (least frequent) 
b. Grey = second quartile 

c. White = third quartile 
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d. Orange = fourth quartile (most frequent) 

 

 
Figure 8. Bidirectional transitions in 8.5-month-old WT and AD+ mice under RH condition. 

(A) Heat map of R↔B, R↔G, R↔W, B↔G, B↔W, and G↔W transitions. ✱  P < 0.05, ✱✱  P < 

0.01, WT versus AD+ mice. (B) Heat map-coded chord diagrams from the most frequent (orange) 
to the least frequent (black) bidirectional transitions. 

 
Bidirectional transitions confirm results from alternation sequences and unidirectional transitions 

analysis. The low percentage of transitions between the blue and green arms in WT mice is expected 
due to the small difference in irradiance between these two arms (Table 2). It would also mean that 

WT mice cannot distinguish between the blue and green arms based on chromaticity, which 
suggests that under the RH condition, the blue light stimulus intensity is below the threshold of 

activation of the “true” S-cones required for color opponency in mice. However, WT mice are fully 
able to transition between the blue and white, and green and white arms, with the white arm only 

slightly brighter than the blue and green arms (the difference of absolute irradiance between the 
blue and white is even smaller than between the blue and green arms), suggesting that 

discrimination is likely based on chromaticity, and indicating that the intensity of the white light 
stimulus is sufficient to activate “true” S-cones as opposed to blue light.  

 
E. Correlations 

We use linear regression to determine how closely related alternations and transitions are, which 
could indicate the contributions of cognition and visual function to the behavior seen in the ViS4M. 
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As previously shown (Vit et al., 2021), under the RH condition, alternations and green-white 

transitions are tightly correlated in both 8.5 month-old WT and AD+ mice (Figure 9A). In addition, in 
WT but not AD+ mice alternations are inversely proportional to red-white transitions (Figure 9B). This 

is consistent with the preference of path ✱  in WT mice and path ✱  in AD+ mice. Here, we 

demonstrate this by the direct positive relationship of green-white transitions to the paths ✱  and ✱  

of alternation in AD+ and WT mice, respectively (Figure 9C). Moreover, as expected, green-white 

transition increase correlates with a decrease in path ✱  in both groups of mice (Figure 9D), 

indicating the importance of this type of transition, at least under the RH condition of illumination. 

Interestingly, blue-white transitions did not have any sort of relationship with alternation in AD+ mice, 
showing their limiting effect on color discrimination under RH condition. This is further demonstrated 

with the parallel sets chart of path ✱  in 8.5-month-old WT and AD+ mice under RH condition (Figure 

9E). 

 

 
Figure 9. Correlations of alternation performance in 8.5-month-old WT and AD+ mice 
under RH condition.  
(A-B) Linear regressions of spontaneous alternation with bidirectional transitions between the 
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green and white arms (A) or between the red and white arms (B). (C-D) Linear regressions of 

alternation pathways ✱  and ✱  (C), or alternation pathway ✱  (D) with bidirectional transitions 

between the green and white arms. (E) Visualization of alternation sequences in 8.5-month-old 

WT and AD+ mice under RH condition (Path ✱  R↔B↔G↔W) using parallel sets chart. 

 
Notes 
 

In the present manuscript, we sought to provide a detailed but non-exhaustive analysis of our data 
and share tools that we found helpful to uncover vision deficiencies in AD+ mice. We highlight the 

multi-functionality of the ViS4M. Indeed, we showed that the visual x-maze can be used to measure: 
1. Cognitive ability and working memory directly linked to visual function: spontaneous alternation 

under different conditions of illumination. The ViS4M could offer a great advantage over other 
cognitive tests that also rely on visual cues and for which locomotor activity can be a bias, such 

as the Barnes maze. Indeed, in the ViS4M, spontaneous alternation is less likely to be affected 
by general activity of the animals. In addition, the total number of entries provides an internal 

control for activity; thus, adding another behavioral test for locomotor activity, such as the open 
field test, is not necessary. 

2. Color and contrast discrimination: arm transitions, alternation sequence analysis. The light 
stimuli that we chose in our study do not allow us to separate the contribution of S-opsins versus 

M-opsins. We decided not to use UV lights in our study for obvious safety concerns for the 
experimenter and the mice. However, future studies may take advantage of the modulatory 

features of ViS4M and replace blue with UV LEDs, to confirm behavior directly related to S-cone 
activation and color discrimination. Even though brightness is a confounding factor, our findings 

support that color (wavelength) discrimination has a key role in mouse visual behavior and in 
AD+ mice deficiency. Although our conditions of illumination can provide a helpful starting point 

for the design of experiments, the use of the ViS4M is not limited to these settings. We 
encourage investigators to configure the intensities of the light according to their research goal. 

3. Photosensitivity: percentages of time spent/entries in the different arms. We provide evidence 
that the ViS4M is able to detect simple innate responses to dark (overall preference for the red 

arm) and bright lights (avoidance of the blue arm). The ViS4M could provide an alternative to 
the light-dark box test in models of photophobia and anxiety with the possibility to control the 

brightness of each stimulus. 
4. Even though not tested in our study, the ViS4M offers the possibility to pair a light stimulus to 

an aversive footshock. Thus paradigms of conditioned learning and passive/active avoidance 
could be imagined using this apparatus. 

Overall, the visual-stimuli four-arm maze test, coupled with the analytical tools described here, offers 
the flexibility to explore multiple behavioral domains in rodents that could be beneficial for the 

investigation of a wide range of neurological, psychiatric, and ocular conditions. 
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