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ABSTRACT 

Methods that allow specific manipulations of the mouse 
genome have made it possible to alter specific aspects of photo- 
receptor function within the mouse retina. Mice with photo- 
receptors that have altered photosensitivities and altered 
photoresponse kinetics are now available. Methods are needed 
that can show how those perturbations in photoreceptor 
response characteristics translate into perturbations in visual 
sensitivity and perception. We have adapted a previously 
described method to evaluate visual threshold, spatial 
discrimination and temporal discrimination in mice swimming 
in a water maze. In this report we describe the sensitivities of 
rod-mediated and cone-mediated vision using GNAT1 4- 
and GNATZ-/- mice. Cone-mediated vision is -10000 times 
less sensitive than rod-mediated vision in mice. We also 
demonstrate that mice can distinguish striped from solid 
objects in the water maze and that they can distinguish 
flickering from continuous illumination. 

INTRODUCTION 
Methods that analyze human visual sensitivity have provided 
fundamental information about normal relationships between 
retinal function and visual perception (see review in 1). Indeed, 
extensive studies of defects in human color vision have yielded 
a detailed understanding of the molecular and genetic basis of color 
blindness (2) .  In general though, the ability to investigate rela- 
tionships between perception and specific molecular activities in the 
human retina has been limited. Identification of a human subject 
with a genetic perturbation that affects a specific molecular process 
in the retina usually requires a deficiency severe enough that the 
subject is forced to seek out an ophthalmologist. Mutations that 
cause retinal degeneration, severe night blindness or achromatopsia 
have been identified in that way, but mutations that bring about 
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more subtle deficiencies of vision have been studied only rarely (3). 
Furthermore, because the human retina is generally not available for 
biochemical studies it cannot be used to evaluate relationships 
between specific mutations, biochemical phenotypes and vision. 

Genetic manipulation of model organisms is an effective and 
widely used strategy for investigating how specific biochemical 
activities influence physiological processes. Mice and zebrafish 
with mutations that influence specific biochemical and physiolog- 
ical functions in the retina are available. Optokinetic and optomotor 
behaviors in zebrafish have been characterized (4-6) and used to 
screen for mutations that affect vision (7,8).  However, methods to 
analyze effects of mutations on visual perception in mice are 
limited and only partially characterized. Pinto and Enroth-Cugell 
(9) have reviewed the use of behavior to study vision in mice. 
Maze-based tests, cued fear conditioning, conditioned suppression, 
visual placing, optokinetic nystagmus, pupillary reflex and light- 
induced shifts in circadian phase have been used, Recent reports 
also describe the use of optomotor responses (10,ll). 

Four methods for evaluating vision in mice are especially 
notable: (1)  Mice can be trained to associate visual stimuli with 
rewards of flavorful food (12,13). Three circles are projected onto 
a wall and mice identify the one with unique visual properties; ( 2 )  
Mice are trained to escape from water by associating gratings with 
a platform (14). Video displays precisely control the grating 
contrast and spatial frequencies; (3) Innate responses, head and 
body movements, to moving gratings also can be measured 
precisely (10,15); and (4) Mice can be trained to escape from water 
in a six-chambered maze by associating a single black wall with 
a platform to escape from water (16,17). Once mice are trained, the 
overall illumination can be lowered until mice no longer perceive 
contrast between black and white walls. 

This report extends the characterization of one of these methods, 
the six-chambered water maze, so that it can be used to analyze 
mutations that affect specific aspects of photoreceptor and retina 
function. The water maze is especially well suited for measurement 
of visual sensitivity. In the study reported here we used it to 
compare visual thresholds of normal mice with mice in which only 
rods or only cones are functional. We also used the water maze to 
demonstrate that mice can learn to recognize spatial patterns and 
flickering illumination. 
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Figure 1. The water maze apparatus and training profiles. A. photograph 
of the water maze showing the maze, the fiber optic illuminators and 
reflecting diffusor. B. Training profile for an individual wild-type mouse. 
C. Averaged training profile for 10 mice. The error bars represent standard 
deviations. 

MATERIALS AND METHODS 
The original version of the water maze evaluated the ability of mice to find 
a black wall in a white water maze. The maze was described first by 
Balkema, Mangini and Pinto in 1983 (16) when they used it to investigate 
visual sensitivity of the pearl mutant mouse. It also has been used to 
measure visual thresholds in albino mice (17). Our group recently used it to 
establish visual thresholds in normal and recoverin-deficient mice (18). 

Figure 1 shows the water maze. For each trial, a mouse was placed gently 
in the water in the center of the maze. At the beginning of each trial the 
mouse was constrained for 10 s in the center of the maze using a transparent 
plastic cylinder (we used a transparent, 12 cm diameter compact disc case 
cover with a hole in the top). This allowed the mouse to become 
accustomed to the water. The cylinder was then raised and a timer was 
started. The timer was stopped as soon as the mouse began to climb onto the 
platform. The timer was not stopped if a mouse went part way into the 
chamber with the platform and turned around. For trained mice, the time to 
mount the platform once the mouse touched it was always less than 1 s. 
Each mouse received four training trials per day for 7-10 days under 
ambient light until its average time to find the platform was constant (-3-5 
s). The minimum time to reach the platform is determined by the velocity of 
the mouse in the water and the distance from the center of the maze to the 
periphery. The black wall and platform were rinsed and moved randomly to 
a new position (using a list of random numbers) between trials. 

Once mice were trained, testing was performed under controlled 
illumination, beginning with the brightest illumination and decreasing in 
intensity by 1 log unit per day until there was a significant increase in the 
average time required to find the platform. Mice were tested at that level for 
several days to allow them to establish the most efficient search strategy. 
When the time to swim to the platform became constant, illumination was 
lowered further. This process was repeated until the time to find the 
platform was the same as in complete darkness. 

Photographs of the water maze are shown in Fig. 1A. Several sources of 
illumination were used in the experiments described in this report. For the 
lowest levels of illumination we used a 100 W halogen lamp focused onto 
the end of a trifurcated fiber optic cable. Neutral density filters were used to 
attenuate the illumination entering the cable. The three ends of the cable 
were placed evenly around the water maze and aimed at a diffusing reflector 
mounted above the water maze. Care was taken to be sure there were no 
shadows within the maze. For intermediate levels of illumination a 100 W 
halogen source was guided through a 0.5 cm liquid optic cable and aimed at 
the diffuser through a neutral density filter holder. For the highest level of 
illumination the diffuser was removed and replaced by a 1000 W halogen 
lamp. Spectra of reflected light were measured with an Ocean Optics USB 
2000 spectrometer. Relative excitation of rhodopsin from the reflected light 
was estimated by multiplying the flux of photons at each wavelength by the 
relative absorbance spectrum of rhodopsin. 

We estimated photon flux at the cornea by measuring the energy and 
spectral distribution of light reflected from the white walls of the water 
maze. The relative numbers of photons at each wavelength were multiplied 
by the absorbance spectrum of rhodopsin normalized to 1.0 at 500 nm to 
estimate the efficacy of photons at each wavelength for excitation of 
rhodopsin. The units in Fig. 2 are presented as the flux of photons that 
would be equivalent to all the photons being at the peak spectral sensitivity 
of rhodopsin (-500 nm). This unit is also relevant for the photopic 
measurements made in this study. The UV output of the sources we used 
was very low, so we stimulated only M cones in these studies. M opsin, like 
rhodopsin, absorbs maximally at -500 nm. 

Flickering illumination was provided by blue (468 nm) light-emitting 
diodes (LEDs) held in mounts above each chamber so that the light from the 
LED (shielded from view on all sides except the front) was projected onto 
the wall. The six LEDs were controlled by two Vemier Lab Pro (Beaverton, 
OR) digital-to-analog converters run by a laptop computer. The energy 
output was integrated using a UDT 350 linear log optometer. 

RESULTS 
Measurements of visual sensitivity 

To evaluate the water maze for testing mouse vision we began by 
performing simple determinations of visual sensitivity in normal 
and mutant mice. Mice were trained to find a black wall in a white 
maze as described (17). Figure 1 A shows a photograph of the water 
maze with the fiber optic illumination system and reflector used to 
provide uniform illumination at low light levels. Mice were trained 
in the water maze four times a day (see Materials and Methods for 
a detailed description). Figure 1B shows the training profile for 
a single mouse and Fig. 1C shows averages from 10 mice. The time 
for mice to find the black wall decreases during training for about 7 
days before reaching a minimum. 

We tested visual sensitivity by lowering illumination levels by 
0.5-1.0 log unit per day until the time for the mouse to find the 
ramp and platform increased significantly. Typically, 2 additional 
days of tests were performed to allow mice to optimize their search 
strategies. Results were averaged from the final 2-3 days of testing 
at each intensity. 

To estimate the ranges of illumination over which rods and cones 
signal visual information in the mouse we determined visual 
sensitivities of mice deficient in the u subunit of rod transducin 
(GNATl-I-) or deficient in the u subunit of cone transducin 
(GNAT2-/-). Transducin is essential for phototransduction because 
it links visual pigment activation to stimulation of cyclic guanosine 
monophosphate hydrolysis. One type of transducin, encoded by 
GNATl, is found in rods. A different type of transducin, encoded by 
GNAT2, is present in all types of cones (19,20). GNAT1-I- mice 
(21) were provided by Janis Lem (Tufts University) and GNAT2-/- 
were from Bo Chang (Jackson Laboratories). The GNATl mutation 
was produced by targeted inactivation of the rod transducin 
gene (21). The GNAT2 mutation is a missense mutation in the 
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cone-transducin gene that occurred spontaneously in the albino ALS 
mouse line at Jackson Laboratories. The mutation inactivates cone 
transducin. Rods show normal electroretinographic (ERG) responses 
but cones are unresponsive in GNAT2-/- (also referred to as 
“cpfl3”) mice. The morphology of cpfl3 retinas is normal. A detailed 
analysis of the cpfl3 mouse will be reported elsewhere. Both the 
GNAT1-/- and the GNAT2-/- mutations were out-crossed with 
C57BL/6J mice. Heterozygotes were selected and used to generate 
families from which homozygous wild-type and homozygous 
mutant siblings were selected for testing. 

Figure 2 compares visual sensitivities of mice with (GNATl+/+) 
and without (GNAT1-/-) functional rods. The time it took GNAT+/+ 
mice to search for the black wall in these experiments increased 
dramatically below -0.1 photon per s/Fm2 with the half-maximal 
response at 0.03 photon (500 nm) per s/pm2. The water maze was 
illuminated with white light but we used the spectrum of the light, the 
absorbance spectrum of rhodopsin and the wavelength independence 
of the rhodopsin quantum efficiency to calculate the number of 500 
nm photons that would produce the same amount of excitation of 
visual pigment as the white light in the experiment. Reports of other 
methods for measuring visual-dependent behavior have focused only 
on quantification of visual thresholds for spatial resolution and 
contrast sensitivity, so measurements of thresholds for absolute 
visual sensitivity using those methods have not yet been reported. 
However, an earlier study using the six-chambered water maze did 
report a threshold for absolute visual sensitivity. Hayes and Balkema 
(17) reported the threshold in their experiments to be -5 X 
candela/m2. This corresponds to -0.2 photon (555 nm) per s/pm2. 
The threshold we measured for a 50% response in normal pigmented 
mice in our experiments (see Fig. 2A) is 0.03 photon (500 nm) per 
pm2. Photons at 555 nm are 9% as effective at stimulating rhodopsin 
and mouse M opsin as 500 nm photons, based on the absorption 
spectrum of these pigments. So the Hayes and Balkema threshold 
(17) corresponds to -0.02 photon (500 nm), which is similar to the 
threshold from our experiments (0.03). The findings in Fig. 2A also 
are consistent with our previous analysis using a different set of 
mice (18). Because the absorption spectra of rhodopsin and mouse 
M opsin are similar and because only “visible” (i.e. non-UV) 
wavelengths were used in our experiments these results indicate that 
cone-mediated vision is - lo4 times less sensitive to “visible” light 
than rod-mediated vision in the mouse. 

The GNAT2 mutation in cpfl3 occurred spontaneously in an 
albino strain (ALS) at the Jackson Laboratories. After out-crossing 
cpfl3 with C57BL/6J, subsequent crosses of the resulting 
GNAT2+/- heterozygotes with each other produced litters that 
contained some black pigmented offspring and some albino 
offspring. We tested the effect of the GNAT2 mutation in both 
types of genetic backgrounds, albino and pigmented. Rods in 
GNAT2-/- mice can contribute to vision-dependent behavior 
reliably when the flux of photons onto the cornea ranges from -0.1 
to -5 OOO photons/pm2/s. Cones in GNAT1-/- mice contribute 
reliably only at fluxes greater than -500 photons/p?/s. These 
findings suggest that there is a range of about one log unit of 
intensity where rod and cone function in the mouse visual system 
overlap. Comparison of Fig. 2B and Fig. 2C shows that 
pigmentation present in black GNAT2-/- mice may facilitate 
vision in these experiments, perhaps by absorbing some light so 
that rods can more readily come out of saturation to signal the 
presence of the black wall. The albino GNAT2-/- mice also 
appear to have a slightly higher visual threshold in dim light, 
consistent with previous observations (17). The behaviors 
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Figure 2. Visual threshold analyses of normal, rod transducin-deficient 
and cone transduck-deficient mice. A. Rod transducin-deficient mice 
(GNATl-I-) (n = 4) and normal mice (GNATl+/+) (n = 3) were siblings 
from crosses of GNATl+/- parents. “Relative Search Time” refers to the 
average time it took a mouse to find the escape ramp/platform at a specified 
light intensity relative to the average time it took the mouse to find the 
platform in complete darkness. Error bars represent standard error. The 
number of trials (n) for each data point ranged from 12 to 36 in these 
experiments. B and C. Cone transducin-deficient mice (GNAT2-/-) (n = 
5 )  and normal mice (GNAT2+/+) (n = 5 )  were siblings from crosses of 
GNAT2+/- parents. The heterozygotes were progeny of parents resulting 
from two out-crosses of the original cpfl3 mutation with C57BL/6J mice. 
The cpfl3 mutation is a missense mutation in the cone transducin CL subunit 
gene (GNAT2), a mutation that inactivates phototransduction in cones 
when homozygous. The original cpfl3 mutation occurred spontaneously in 
an albino strain, ALS, at the Jackson Laboratories. Progeny from the 
heterozygote crosses produced both pigmented and albino mice. All mice 
were tested. Panel B shows the analysis of five black GNAT2+/+ and five 
black GNAT2-/- mice; panel C shows the analysis of three albino 
GNAT2+/+ and four white GNAT2-/- mice. Error bars represent standard 
errors. The number of trials (n) for each data point ranged from 20 to 80 in 
these experiments. 

exhibited by the GNAT1-/- and GNAT2-/- strains in these 
experiments are generally consistent with the current concept of 
cone and rod functions. 

Ability of mice to recognize patterns 

Spatial patterns. The original water maze (16,17) tested the ability 
of mice to identify a solid black wall in one chamber when the 
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Figure 3. Training profiles for learning to identify striped vs solid visual 
stimuli. A. Average search times for five wild-type mice for finding the 
striped wall associated with the ramp and platform. Error bars represent 
standard deviations. B. Sum total of the variance for five mice for the times 
to search for the striped wall. C. Fraction of correct first choices in the 
search for the striped wall. The dashed line represents the probability of 
randomly selecting the proper chamber. Error bars represent standard 
deviations. 

walls in the other five chambers were solid white. To determine 
whether the maze also could be used to test recognition of specific 
spatial patterns we evaluated the ability of mice to discriminate 
striped from solid colored walls in the water maze. This experiment 
was designed as a test of pattern recognition and also to ultimately 
find evidence for color discrimination. The initial set of stripes used 
for training was printed in black and white diagonally on a target 
card. Decoy cards for the other five chambers were solid-colored. 
The cards were laminated to protect them from water in the maze 
and to seal in any olfactory cues and clipped to the back walls in 
each chamber. The overall luminance of the striped cards and of 
the solid cards were measured and calculated on the basis of 
probability of photon absorption by rhodopsin, to be the same. For 
training, illumination was provided by white light from a computer- 
controlled liquid crystal display projector reflected off the diffuser 
above the maze. 

Figure 3 shows the training records averaged from five wild-type 
mice. The mice quickly learned to distinguish the striped wall from 
the solid walls. Figure 3A shows the average overall time to find 
the platform. Figure 3B,C shows alternative parameters that can 
also be used to evaluate vision in these experiments. As can be seen 
from the error bars (standard deviations) in Fig. 3A the time to find 
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Figure 4. Test for flicker sensitivity and flicker fusion frequency analysis. 
A. Average times for five mice to find the one continuously illuminated 
(200 Hz) panel when the other five panels were flickering at the indicated 
frequency. Error bars represent standard errors of the mean. Reflected 
photons reached the position of the cornea at an average rate of 10 photons 
(568 nm) per pm2 per second. The integrated illumination in each panel was 
identical and independent of frequency. B. Test of the Ferry-Porter 
relationship for mice in the scotopic range. The critical flicker frequency 
appears to be proportional to the log of the average illumination in 
agreement with the Ferry-Porter relationship that has been described 
previously for humans. 

the platform was highly variable when the mouse was untrained 
but the variability decreased as training progressed. This is shown 
more explicitly in Fig. 3B where the variance is plotted vs training. 
We also evaluated how often a mouse made the correct first choice 
when entering compartments during each trial. The fraction of 
correct first choices increased significantly during training as 
shown in Fig. 3C. 

Temporal patterns. We also evaluated the ability of mice to 
discriminate flickering Erom steady illumination. We adapted the 
water maze so that in each chamber light from a blue (468 nm) LED 
was projected onto the back wall of the chamber. We set five of the 
LEDs to flicker on and off at a specific test frequency. The remaining 
LED, in the chamber containing the ramp and platform, was set to 
flicker at a high frequency (200 Hz), well above the maximum critical 
flicker fusion frequency reported for any animal. An integrating 
photometer was used to be sure that the overall luminance measured 
over a period of 1 min was the same in all chambers. Mice were 
trained to associate the apparently continuous (200 Hz) illumination 
with the ramp and platform. The training was rather difficult for most 
mice. They had to be guided to the correct chamber for several days 
of training before they began to make the association. However, most 
of the mice did eventually learn to associate the 200 Hz, apparently 
steady, illumination with the escape platform. In these experiments 
the ramp, platform and walls all were white. 

The mice were then tested over a range of frequencies and 
a range of illumination intensities. A representative example of 
critical fusion frequency analysis at a specific level of illumination 
is shown in Fig. 4A. At high frequencies of flickering light mice 
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became less efficient at finding the correct chamber. We considered 
the critical frequency in these types of experiments to be the 
frequency at which the time to find the platform increased from the 
minimum time to a time that was 50% of the average additional 
time it took the same mice to find the platform when all six 
chambers were illuminated at 200 Hz. Studies of flicker fusion 
frequency in other organisms have revealed that the critical fusion 
frequency is approximately proportional to the logarithm of the 
luminance, a relationship referred to as the “Ferry-Porter law” (see 
22).  We determined critical fusion frequencies over a range of light 
intensities and found that the Ferry-Porter relationship effectively 
describes the behavior of mice in the water maze (Fig. 4B). 

DISCUSSION 
Relationships between biochemical activities in neurons and the 
physiological manifestations of those activities can be investigated 
by manipulating the genetic makeup of model organisms. Labo- 
ratory mice have been used in this way to study how photoreceptor 
function is affected by inactivation or misexpression of specific 
genes (23). However, relationships between photoreceptor function 
and vision generally have not been addressed in those types of 
studies. How does a specific change in the sensitivity or kinetics of 
a photoreceptor response affect the ability of an animal to perform 
a vision-dependent behavior? The purpose of the study described 
in this report is to show how an assay of vision-dependent behavior 
can be adapted to test several important aspects of visual function. 
The water maze assay has been used to compare visual sensitivities 
of pearl mutant mice and of pigmented vs nonpigmented mice 
(l6,17). We also used the water maze to compare visual sensi- 
tivities of normal and recoverin-deficient mice (18). In the studies 
described here we show how the water maze also can be used to 
evaluate spatial and temporal aspects of vision. 

Other methods have been developed that also provide effective 
ways to evaluate mouse vision. The optokinetic nystagmus, head 
movements and vision-dependent choices rewarded by food are 
notable examples. Recently, a sophisticated method for scoring 
head movements induced by visual stimuli also has become 
available (10). The head movement analysis method is particularly 
attractive because it does not require training and it can be 
performed using a compact, commercially available apparatus. 

There are some notable advantages of the water maze method 
described in this report. The scoring method is simple and reliable 
and does not require sophisticated statistical analyses. Control of 
illumination levels over a broad range of intensity is straightfor- 
ward. The types of stimuli used can be varied and do not depend on 
the ability of an animal to detect movement or the ability of the 
animal to perform specific types of head movements. We showed 
in this study that mice can learn to distinguish striped vs solid 
visual targets in the water maze. In preliminary studies (not shown) 
we also found that mice learn to distinguish symbols, such as X vs. 
0 in the water maze. They also can learn to distinguish flickering 
illurnination from steady illumination. With the proper illumination 
system (i.e. one that can provide intense UV stimulation), this 
method could also be effective for measuring chromatic discrim- 
ination. 

There also are disadvantages to the water maze. It requires about 
1 week of training and a limited number of trials can be performed 
each day. The method cannot be used with animals that have 
memory deficiencies or panic reactions. Occasionally, mice react 
fearfully and “freeze” in the water; some individuals consistently 

show this behavior and do not swim efficiently. We have observed 
this behavior in about 5-10% of mice in all lines we have used and 
have not yet found any correlation with any of the genotypes we 
have tested. Mice with this behavior were easily identified and not 
used in the studies reported here. There are also slight variations in 
swimming speed and efficiency from one individual mouse to 
another. To reduce the effects of this variation the search times for 
each mouse for a particular condition were normalized to that 
mouse’s average search time in complete darkness or in the 
absence of any differences between target and decoy stimuli. We 
also have been concerned about how to measure the level of 
illumination that a mouse receives when it is evaluating a stimulus. 
When the maze is uniformly illuminated from a reflecting diffusion 
screen above the apparatus all the white walls both in the central 
area and in the peripheral chambers reflect the same amount of 
light. However, the level of light (or darkness) that the mouse 
detects when it passes by, or looks directly into, a chamber might 
vary. To address this issue we recently modified the apparatus so 
that the inner walls of the maze are continuous with each other. 
The entrance to each chamber of the modified maze is between the 
water and 1.5 cm above the water. In this modified version of the 
maze mice cannot see the stimulus from afar and instead need to 
approach and look directly into the chamber to fully evaluate the 
visual stimulus. With this method we can more accurately evaluate 
the intensities of illumination at the level of the mouse’s eye. 

In this report we described several ways that a water maze can be 
used to evaluate vision in mice. We have discussed its advantages 
and disadvantages because the water maze is just one of several 
methods that are now available to measure vision in mice. Mice 
with a variety of mutations that affect phototransduction and signal 
processing in the retina are becoming more widely available. It is 
important to have several methods available, each with its own 
strengths and weaknesses, to evaluate the variety of types of 
stimuli to which the visual system can respond. 
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