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Abstract

Rats are a popular animal model for vision research and for investigating disorders of the visual
system. The study aimed to quantify the spatiotemporal contrast sensitivity function (CSF) of
healthy adult Brown-Norway rats under scotopic and photopic illumination. Animals were trained
to jump onto the one of two adjacent platforms behind which was displayed a sinewave grating
pattern. Contrast thresholds of light- and dark-adapted rats were determined using a staircase
method of adjustment for gratings that varied in spatial frequency (sf) and temporal frequency (tf)
and ranged several log-units in mean luminance. Photopic CSFs showed strong bandpass spatial
tuning, consistent with prior measurements, and weak bandpass temporal tuning. CSFs were
parameterized by a truncated log-parabola model, yielding a peak contrast sensitivity of 52 + 9,
peak sf of 0.17 £ 0.05 cycles/degree, sf limit of 1.6 + 0.3 cycles/degree, low sf attenuation of 85 +
9%, peak tf of 1.7 £ 1.1 Hz, extrapolated tf limit of 166 + 44 Hz, and low tf attenuation of 55 +
12%. CSFs became more lowpass and decreased systematically in contrast sensitivity and
spatiotemporal acuity as mean luminance was reduced. CSFs were also measured via the visual
head-tracking reflex. Photopic contrast sensitivity, spatial acuity, and temporal acuity were all
markedly below that of the grating detection task and optomotor findings for other rat strains. The
CSF data provide a comprehensive and quantitative description of rat spatial and temporal vision
and a benchmark for evaluating effects of ocular diseases on their ability to see.
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Introduction

Researchers employ a variety of animal models to investigate the neural basis of visual
behavior and disorders of the visual system. The choice of model is driven by a combination
of factors, including size, accessibility, cost, and experimental method. Although primate
models have the greatest translational relevance, rodent models can provide technical
advantages that make them a popular subject of study. It may be debated whether rodents are
a suitable model for human vision since they have relatively poor eyesight and a tiny visual
cortex that performs multiple sensory functions [1]. Nevertheless, modern scientific
advances in genetic engineering, electrophysiological recording, optical imaging, and
disease induction techniques have led to an explosion of research on mouse and rat visual
systems in the past two decades [2]. The work has revealed that rats are excellent for visual
psychophysics as the animals can learn to perform many complex discrimination tasks [3-5]
and even steer a motorized car [6]. Mice can also learn complex visual tasks [7-10] but
generally take longer to train, perform less reliably, and cannot master some of the same
tasks [8, 11-14].

Numerous vision tests have been developed to evaluate what and how well rodents can see
[15]. The first was the jump test, in which animals discriminate high-contrast patterns by
jumping from a small elevated stand through one of two adjacent doors [16]. Others are the
poke and press tests, in which animal discriminate between a visual target and equiluminant
non-targets by poking their nose through a hole or by pressing a lever or touchscreen [17—
21]. Considerable training time is required for rodents to learn these tasks so the water test
was introduced, which forces animals to find a submerged platform in one arm of a Y-
shaped water tank [12, 13, 22]. Rats quickly associate a visual target with platform location
in order to find rest, but the location of target detection is unknown since the animal is
swimming around. The visual target in these tests has traditionally been a grating pattern
displayed on an oscilloscope or computer monitor, enabling detailed measurement of rat
contrast sensitivity and acuity [12, 17-19, 22, 23]. Abstract shapes and scenes have also
been employed that show rodents can perform fairly advanced visual computations such as
invariant object recognition, perceptual grouping, and collinear feature discrimination [20,
24-27]. Tests that do not require operant conditioning are generally employed to evaluate
rodent vision in disease models. The most popular is the optomotor test, which bypasses the
need for behavioral training by evoking eye- and head-tracking movements with widefield
cylindrically-rotating patterns [28, 29]. The visual reflexes are driven by subcortical circuits
of the accessory optic system [30]. There is evidence the circuits can contribute to target
selection and decision making but differ in acuity from the primary visual cortical pathways
that mediate perceptual discrimination tasks [31-33].

This study had five objectives. First was to fully characterize the spatiotemporal range of rat
vision. Prior work has primarily reported on spatial aspects of contrast sensitivity, while
temporal aspects have received scant attention. Second was to assess rat vision over a wide
luminance range. Prior work was mostly conducted at a single photopic light level. Scotopic
measurements are needed, especially since the animal is nocturnal. Third was to model the
contrast sensitivity function of rats. Prior work has provided empirical estimates of peak
contrast sensitivity and spatial resolution limit, which are informative quantities but
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insufficient to quantitatively describe the visibility of any given stimulus to the animal.
Fourth was to investigate Brown-Norway rats. This strain is frequently used in glaucoma
research, and its visual abilities may differ from those of the more documented Long-Evans
and albino strains. In addition, we have long studied the electrophysiological properties of
retinal ganglion cells in this strain [34-36], which allows for functional comparisons with
their spatiotemporal response characteristics. And fifth was to evaluate the spatial and
temporal acuity of the primary and accessory visual systems via task- and reflex-driven
behaviors.

Experimental Procedures

Animal preparation

Experiments were carried out in accordance with the recommendations of NIH Guide for the
Care and Use of Laboratory Animals and with approval from the USF Institutional Animal
Care and Use Committee. Male retired-breeder Brown-Norway rats (300-400g, >6 months
old) were purchased commercially (Envigo Inc., Indianapolis, IN) and individually housed
under a 12-hour light/12-hour dark cycle in a temperature-controlled room (21°C). Animals
had ad /ibitum access to water and restricted access to food to motivate learning and
behavior. All experiments were performed during the subjective day (6AM — 6PM), with
animal training sessions in the morning and testing sessions in the afternoon.

Visual psychophysics

Figure 1A illustrates the rat visual psychophysics setup, which is a variation of the jump test.
Animals were placed inside an acrylic box (50 cm x 40 cm x 46 cm) on a narrow (15 cm x
40 cm) ledge in front of two platforms (20 cm x 20 cm) separated by a vertical divider
(width: 1 cm). The ledge and landing platforms were elevated 15 cm to discourage animals
from exploring the box and separated by a 6-cm gap so that animals could only reach the
platforms by jumping. All surfaces were opaque except for the wall behind the platforms,
which was transparent. A CRT monitor (36 cm x 27 cm, 120 Hz non-interlaced) abutted the
transparent wall and displayed a solid gray image or a vertical sinewave grating pattern of
the same mean gray-level (L) behind each platform. The monitor (Dragonflat D99, Sceptre
Inc, Industry, CA) was calibrated with a photometer (UDT Instruments, Baltimore, MD) to
give linear output for gratings from 0.01 to 1 in Michelsen contrast ([L;ax— Lmial [Lmax +
L mia])- Mean display luminance was 37 cd/m?2, which lies in the photopic range of rat [37].
On the sound of a beep, which indicated the start of a trial, animals had 20 s to jump from
the ledge onto one of the landing platforms. They received a food reward (rat chow or
honey-nut oat cereal by hand) for crossing to the platform that corresponded to the grating
pattern before trial end, which was announced by a noise chirp. Animals naturally adopted
the forward-leaning center position illustrated in the figure, translating to a viewing distance
of 25 cm. At this distance each half of the screen spanned a 48° x 36° region of visual space.
Animals were manually returned to the ledge after each trial, and the side of grating
presentation was randomized across trials.

Rats required training to perform the visual task. The training process began by measuring
ad libitum body weight and daily food intake (DFI) over a one-week period. Thereafter
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animals received 80-90% of their average DFI as food rewards during daily training or
testing sessions, with any remainder of the DFI allotment deposited in their cages afterward.
Ad libitum access to food was restored if body weight dipped below 85% of its initial value.
The ledge was placed next to the landing platforms at the start of training so that there was
no gap to inhibit animal crossings and desired behaviors were guided by hand and liberally
rewarded. Gap distance and reward criteria were gradually increased across training sessions
until animals performed the task on their own with 90% accuracy for a maximum contrast
drifting grating and gap. Figure 1B plots the learning curve of one animal, which exceeded
the 90% performance criterion after 18 days.

The visual task presented a two-alternative unforced choice with three possible outcomes on
each trial. Animals could either: go to the correct platform, go to the incorrect platform, or
do nothing. Contrast detection thresholds were determined from the behavioral decisions of
trained animals using an adaptive 1-up-2-down staircase paradigm. The paradigm started
with grating contrast of 1 and decreased contrast by 50% after every two correct responses in
a row and increased contrast by 50% after every incorrect response. A decrease-to-increase
in contrast was defined as a reversal and the paradigm stopped after 5 reversals. Contrast
was unchanged if no platform was selected in the allotted time, and five no-choice trials in a
row were treated as an incorrect response since the animal did not successfully perform the
visual discrimination for whatever reason. This produced a reversal, which allowed the
paradigm to continue or end. The contrast values immediately prior to the reversals were
then averaged to estimate threshold for a given stimulus. Figure 1C plots behavioral data of a
trained rat for a 0.4-cpd drifting grating. It took 52 trials for the paradigm to estimate
contrast threshold for this stimulus, which equates to ~20 minutes.

Contrast thresholds were measured daily under scotopic or photopic illumination conditions
for rats. Trained animals were transferred in the morning to a dark room and dark adapted
for scotopic measurements at least 3 hours prior to afternoon test sessions. Room lights
remained off during testing, while the monitor screen was covered with a bank of neutral
density filters (sheets 209, 210, 211, 298, 299, Lee Filters, Burbank, CA) that collectively
attenuated mean light output by 2, 4, 6, or 8 log units. Animals came light adapted to room
illumination (27 cd/m?2) for photopic measurements. Spatial acuity data were collected for
0.01 to 3 cycles/degree (cpd) drifting gratings, and temporal acuity data were collected for
0.01 to 60 Hz contrast-reversing gratings. Temporal frequency (tf) and spatial frequency (sf)
were respectively fixed at 6 Hz and 0.2-cpd to maximize grating visibility based on initial
testing. Up to four grating parameters were tested each session at one mean light level.

Optomotor responses

Rat vision was also assessed by evoking optomotor responses (OMRs) with a commercial
optomotry system (CerebralMechanics Inc, Medicine Hat, Canada). Animals were placed on
a small elevated platform at the center of a closed chamber (39 cm x 39 cm x 32.5 cm)
walled on four sides by LCD computer monitors. The monitors (27 cm x 33 cm) displayed a
vertical grating pattern of varying sf or tf rotating about a virtual cylindrical drum centered
on the animal’s head [28]. The grating randomly rotated leftward or rightward on each trial,
and contrast was adjusted until a threshold was reached where head-tracking movements
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were no longer detected by the experimenter who was blind to rotation direction. Head
movements were observed from above with a videocamera mounted atop the chamber, and
tracking was defined as a repeated smooth movement and reorientation of the head in a
given direction within 5 s of stimulus presentation. Contrast thresholds were measured for
gratings of varying sf or tf at the mean luminance of the optomotry system (53 cd/m?),
which was in the photopic range of rats.

Data analysis

Results

Contrast threshold data were numerically inverted to contrast sensitivity, combined for each
grating stimulus across all test sessions from a given animal, removed of outliers that
deviated more than two-fold from the median, and averaged. Contrast sensitivity data have a
non-normal distribution, so they were logarithmically transformed and averaged across
animals for purposes of presentation of group data. The resulting contrast sensitivity
function (CSF) was regressed against grating sf or tf using a truncated log-parabola equation

S(#), given by:

Speak - (1 —ap F), f < fpeak and S(f) < Speak - (1 —aLF)

S(f) = 10g10(/) = 108(/ peaic) |2
Speak - 107 Fbw ,elsewhere

This equation was selected because it has been shown to fit the CSFs of human subjects
[3840] and its parameters are straightforward to interpret. Spea is the maximum contrast
sensitivity, /yeax is the frequency at which contrast sensitivity is maximal, £, is the
frequency bandwidth, and a; £is the fractional reduction in peak contrast sensitivity at low
frequency. Parameter values were estimated in MATLAB (Mathworks Inc, Natick, MA)
using a built-in nonlinear regression algorithm (nlinfit). Regression results were then used to
determine the frequency resolution limit £ given by S(#;mid = 1. Figure 1D illustrates the
five parameters extracted from CSFs. Parameter distributions were analyzed with SigmaPlot
(Systat Inc, San Jose, CA) software for statistical significance a one-way repeated measure
ANOVA and Student’s t-tests at a-level of 0.05.

Contrast sensitivity data were collected from a total of 7 adult rats via the grating detection
task and 8 adult rats via the optomotor reflex. Subsets of the former group were used for
light- and dark-adapted spatial and temporal frequency measurements. There was no animal
overlap between the two groups. Animals took 23 + 4 days to learn the visual task. No
animal training was needed for OMRs.

Psychophysical measurements of spatial contrast sensitivity

Figures 2A plots the CSF of a light-adapted rat for sf gratings drifting at optimal tf. The CSF
exhibits a spatial bandpass characteristic under photopic illumination, which was fit by a
truncated log-parabola model to summarize key features of the sf data. Speax averaged 51.5 +
10.3 across animals (n = 5), meaning that the minimum grating contrast that rats could detect
at optimal spatiotemporal frequency is ~2%. fyoa,Was 0.15 + 0.04 cpd and Syjpjs Which
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estimates the highest sf that rats can discriminate, was 1.7 £ 0.3 cpd. The sf range of
photopic vision was also fairly narrow as 7, was 0.87 = 0.10 cpd. The narrow bandwidth
can be attributed to a marked drop in contrast sensitivity at low sf. a; #was 81 + 9%, which
amounts to more than a 5-fold reduction in peak sensitivity. Figure 2B plots the average log
spatial CSF of light-adapted rats. A log scale is used to normalize contrast sensitivity
measurements and communicate CSF variability across experiments.

Figure 3A plots the CSFs of a dark-adapted rat for drifting sf gratings of different mean
luminance. Animals performed the visual task at chance level when the display luminance
was attenuated by 8 log units (not shown), indicating that they were unable to see the
grating. Just above the threshold for vision, which is around 6 log units of attenuation, rat
contrast sensitivity is poor and the spatial CSF exhibits a fairly lowpass characteristic.
Further increases in display luminance from -4 to 0 log units cause a marked enhancement
in contrast sensitivity and a progressive transition of the spatial CSF to the bandpass
characteristic observed under photopic illumination. Figure 3B plots the average log spatial
CSF of dark-adapted rats from which complete datasets were collected for all mean
luminance conditions (n = 3). It can be seen in the group average that the high sf cutoff
increased systematically with display luminance as well. Figure 3C summarizes the analysis
of log-parabola fits to spatial CSFs of these animals. Spea scaled with mean light level by a
factor of ~1.4 per log unit (F = 60.5; p < 0.001; R? = 0.95). No significant change in Toeak OF
fpy was detected except the —6 log unit condition (p < 0.05 for 0 vs. =6 LU for both
parameters) despite the change in sf tuning. The lowpass-to-bandpass transition was best
captured by a; 5 which roughly doubled over the luminance range tested (F = 6.4; p = 0.03;
R2 =0.71). A small increase in 7j;,;was also noted in moving from scotopic to photopic
display luminance (F = 5.2; p = 0.04; R2 = 0.60), amounting to 0.06 cpd per log unit.

Psychophysical measurements of temporal contrast sensitivity

Figure 4A plots the CSF of a light-adapted rat for gratings reversing contrast at different tf.
The temporal CSF exhibits a weak bandpass characteristic under photopic illumination that
was similarly fit by the truncated log-parabola model. Speq4 averaged 43.0 + 8.6 across
animals (n = 3), which was not significantly different from that measured independently
from sf data (p = 0.30). fpeak Was 2.6 + 0.8 Hz, fy,was 1.5 + 0.1 Hz, and 7j;pm;r was 198 + 33
Hz. This estimate of the highest tf that rats can discriminate is constrained in accuracy by the
frame rate of the display monitor, which limited data collection to tf below 60 Hz. a; Fwas
38 + 8%, reflecting the small reduction in contrast sensitivity at low tf. Figure 4B plot the
average log temporal CSF to summarize tf data from light-adapted rats.

Figure 5A plots the CSFs of a dark-adapted rat for reversing tf gratings of different mean
luminance. The temporal CSF exhibits a relatively lowpass characteristic at 6 log units of
attenuation and progressive transitions a more bandpass characteristic as display luminance
is increased. Figure 5B plots the average log temporal CSF of dark-adapted rats from which
complete datasets were collected for all mean luminance conditions (n = 4). It can be seen in
the group average that the high tf cutoff increased systematically with display luminance,
while the slope of the high tf rolloff was fairly constant. This differs from the high sf rolloff
of the spatial CSF, which increased in slope with luminance. Figure 5C summarizes the
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analysis of log-parabola fits to CSFs of these animals. Spea scaled by a factor of ~1.4 per
log unit, as might be expected from the spatial CSF data (F = 30.4; p < 0.001; R2 = 0.74). In
fact, the Speax Of the temporal CSF was indistinguishable from the Spe4 Of the spatial CSF at
each mean light level (0 LU: p=0.41; -2 LU: p=0.05; -4 LU: p=0.30; -6 LU: p =0.41)
though those data were collected from different animals. No significant change in fea (F =
3.8; p = 0.05; R2=0.02) or £y, (F = 4.3; p = 0.38; R2 = 0.01) was detected; whereas,
scaled with light level by the same factor as Spea Of ~1.4 per log unit (F = 19.7; p < 0.001;
RZ = 0.66). The lowpass-to-bandpass transition was again captured by a; 5 which
approximately doubled for the luminance range tested (F = 9.2; p < 0.01; R? = 0.58).

Optomotor measurements of contrast sensitivity

Figures 6A and 6B respectively plot the spatial CSF of a light-adapted rat and log-average
spatial CSF of a group of rats (n = 7) as measured via the OMR. It can be seen that the CSF
exhibits a spatial bandpass characteristic under photopic illumination but contrast sensitivity
and high sf cutoff are much reduced from that measured via the grating detection task. Fits
of the truncated log-parabola model yield Speas 0f 6.1 £ 1.1, o, 0f 0.13 + 0.02 cpd, 7,y OF
0.59 £ 0.13 cpd, 7jjmiz0f 0.42 £ 0.07 cpd, and a; £of 71 + 8%. The reductions in Speax fous
and £ were statistically significant (p < 0.05 for all). Figures 6C and 6D respectively plot
the temporal CSF of a light-adapted rat and log-average temporal CSF of a group of rats (n =
8) as measured via the OMR. The CSF exhibits a more temporal bandpass characteristic
than that measured via the grating detection task, with contrast sensitivity and high tf cutoff
again much reduced. Fits of the truncated log-parabola model yield Speax 0f 6.6 + 0.9, feax
of 1.9 + 0.3 Hz, £y, 0f 0.8 £ 0.1 Hz, 7j;y;:0f 10 + 1 Hz, and a; £of 45 + 27%. The
reductions in Speaxs fpous and f;mir Were statistically significant (p < 0.05 for all). CSFs were
not measured at different luminance levels from dark-adapted rats, as done with the grating
detection task, because the photopic contrast sensitivity of OMRSs was too low.

Discussion

This study used a modified version of the visual jump test to quantitatively characterize the
spatiotemporal frequency range of vision of Brown-Norway rats from scotopic to photopic
light level. The luminance dependence of rat vision is qualitatively similar to that of humans
and other higher mammals [41-43]; in that, spatial and temporal CSFs exhibit a bandpass
characteristic at high mean luminance and transition to a lowpass characteristic at low mean
luminance. The changes in CSF shape are accompanied by analogous decreases in contrast
sensitivity, spatial acuity, and temporal acuity. Spatial CSFs were thus well fit by a truncated
log-parabola model used to describe spatial contrast detection by humans [38-40]. The
model was found to equally fit temporal CSFs of rats. Model results indicate the decreases in
contrast sensitivity and spatiotemporal acuity scale roughly linearly with log light
attenuation. CSFs were also measured using OMRs, which do not require learning or
cognitive processing. Contrast sensitivity and spatiotemporal acuity were several-fold less
for this visually-evoked behavior.

Neuroscience. Author manuscript; available in PMC 2021 November 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Johnson et al. Page 8

Relation to prior behavioral work on rats

The ability of rats to detect spatial grating patterns has been investigated by several groups.
None examined temporal grating detection. Most of these studies described spatial vision
solely in terms of the highest spatial frequency that animals could resolve, which is
consistently around 0.5 cpd for albino rats and 1 cpd for pigmented rats under photopic
illumination [12, 17-19, 22, 29, 44, 45]. One study noted that the Fisher-Norway strain had
markedly higher spatial acuity of ~1.6 cpd, although Fisher-344 rats are albino, and
suggested it may have been inherited from crossing with Brown-Norway rats [22]. Our
results confirm the Brown-Norway strain has superior spatial acuity. A few studies provided
a more complete description of spatial vision by including CSFs, and the published data
were fit by the truncated log-parabola model. Table 1 summarizes model fits to CSF
measurements from different rat strains. In addition to better acuity, Brown-Norway rats
have greater contrast sensitivity than Long-Evans and albino rats. Other aspects of spatial
vision like peak frequency and low frequency attenuation are comparable.

Vision assessment via OMRs underestimates the ability of rats to see. This was noted by a
previous study and attributed to the involvement of purely subcortical circuits in eye- and
headt-racking behaviors [29]. A common finding with Long-Evans rats has been that OMR
spatial acuity is down around 0.5 cpd [29, 46—-48]. This was also the case for Brown-Norway
rats. There are no reports on the temporal acuity of rat OMRs but it was markedly less as
well, averaging 10 Hz compared to over 100 Hz for the grating detection task. The tf limit of
OMRs could reflect motor limitations of the head-tracking system [49], but spatial and
temporal CSFs both match closely in peak, bandwidth, and cutoff frequency those of
superior colliculus neurons [50]. In addition to lower acuity, OMRs of Brown-Norway rats
had poor sensitivity. The contrast of an optimal sf and tf grating had to exceed 10 to 15% for
the observer to detect head-tracking movements. This is much greater than the contrast
thresholds of 1.5 to 3% reported for Long-Evans rats [29, 51, 52]. It is also greater than the
5% typically reported for mice [29, 53-55]. The poor contrast sensitivity cannot be
attributed to observer bias because thresholds were consistent across animals even though
the data were collected by multiple naive and blinded observers. It is presumably related to
rat strain or their retired-breeder age.

Relation to neural measures of rat contrast sensitivity

The grating detection experiment was designed to facilitate comparison of psychophysical
CSFs with neurophysiological CSFs recorded in the lab from optic nerve fibers 7n vivo [34—
36]. Aside from the rat being anesthetized, the animal model and stimulus presentation are
the same and an algorithm systematically modifies contrast to find the threshold for evoking
a criterion modulation of spike firing rate. The inverse of this threshold, referred to as neural
responsivity, averages 120 and 200 spikes/sec/unit-contrast at optimal photopic
spatiotemporal frequency for X- and Y-like rat ganglion cells, respectively [36]. Spike
discharge noise is expected to limit the smallest detectable signal to a modulated rate around
4 spikes/sec [34, 36], so cell responsivity suggests a peak contrast sensitivity of ~50 for
Brown-Norway rats. The suggestion is in line with psychophysical measurements though it
neglects multicellular processes like cortical integration that might be expected to boost
signal-to-noise ratio and raise contrast sensitivity further. Visual acuity, on the other hand, is

Neuroscience. Author manuscript; available in PMC 2021 November 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Johnson et al.

Page 9

poorly predicted by the receptive field properties of X- and Y-like cells. The highest sf and tf
that the cells can communicate is around 0.33 cpd [36] and 26 Hz [56], both of which are
well below what the animal can resolve.

There are several possible explanations for the marked disparity in neural and perceptual
acuity. One is that rats may use edge effects to accomplish the detection task when the
grating itself is not visible since display edges can produce a flicker percept in humans [57].
Another is that the rat visual system may construct a higher resolution image from the
coincident activity of a mosaic of ganglion cells with overlapping receptive fields [58]. Most
likely is that there exists a population of high acuity cells in rats which optic nerve
electrodes cannot access. More than 25 functional types of ganglion cell have been identified
in the mouse retina using /7 vitro recording techniques [59]. X- and Y-like cells appear to
belong to the same morphological class known as alpha ganglion cell given their center-
surround organization and similar receptive field sizes [36, 60] and evidence of both
sustained and transient varieties of alpha cell in mice [61], and alpha cells have larger
receptive fields than other cell types in mice [62, 63] and other mammals [64]. Consistent
with the idea some cells in rat visual cortex can respond out to 1.2 cpd in sf and 55 Hz in tf
[65].

The spatiotemporal acuity of X- and Y-like cells align well, on the other hand, with that of
the OMR. OMR circuitry relies on different retinal output pathways than the primary one
through the lateral geniculate nucleus since visual cortical lesions have no effect on rodent
head tracking [29, 66]. In further support of this idea, rats with lateral geniculate lesions
were unable to detect gratings above 0.7 cpd [67], which approximates the sf limit of OMRs,
and cortical inactivation impaired mouse performance on a forced-choice task involving
grating detection [68]. Moreover, the superior colliculus is a major target of retinal
projections in the accessory optic pathway [30] and neurons in the rat superior colliculus
also respond best to sf around 0.02 cpd with a sf limit of 0.4-0.8 cpd [50]. X- and Y-like
cells thereby appear to serve subcortical circuits that mediate image stabilization via eye and
head movements.

Study limitations

An important limitation to the interpretation of visual behavior studies is animal movements.
Grating sf depends on the viewing distance at the unknown time and location of rat
detection. While it was well prescribed by the jumping and landing platform design, the
head was not in the same spot on every trial for the entire trial duration. The distance that
animals leaned forward is estimated to vary up to 1.5 cm from the standard position, which
would impart a 5% error of sf values. The perceived TF of drifting gratings is also altered by
eye, head, or body rotation. Rats could thereby have improved detection of a non-optimal sf
by aliasing the grating to a tf that is more visible to the animal. This may have impacted the
shape of spatial CSFs but was mitigated for temporal CSFs by the use of contrast-reversing
gratings. Another limitation is the frame rate of the display, which was insufficient to probe
very high tf. Temporal acuity estimates involved considerable model extrapolation and are
thereby least reliable of reported parameters. There is no assessment method that can
completely eliminate these limitations and other technical or interpretational considerations
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may arise in altering or restricting movements [15]. The approach used here represents a
compromise since the rat’s self-selection of a standard viewpoint approximates the
positional certainty of methods that constrain the head with a nose cone or affix the head to a
rigid apparatus while offering the more natural and easily trainable behavior of methods like
the visual water test.
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Abbreviations

CSF contrast sensitivity function
sf spatial frequency

tf temporal frequency

DFI daily food intake

cpd cycles per degree
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Highlights

. Luminance dependence of rat vision is qualitatively similar to that of other
mammals

. Rat contrast sensitivity functions were well fit by a truncated log-parabola
model

. Acuity and contrast sensitivity of Brown-Norway rats is greater than other rat
strains

. Optomotor responses underestimate the visual ability of rats

. Perceptual acuity is comparable to neural acuity of rat visual cortical cells
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Figure 1.
Assessing rat vision. (A) Animals were trained to jump from a narrow ledge onto the one of

two landing platforms behind which a vertical sinewave grating pattern was displayed in
order to receive a food reward. The grating drifted at optimal temporal frequency for spatial
acuity measurements and reversed contrast at optimal spatial frequency for temporal acuity
measurements. Animals naturally adopted the position of facing a thin partition that bisected
the screen and separated the two landing platforms, which fixed viewing distance. (B)
Percentage of trials that a naive rat correctly identified a maximum-contrast grating across
training sessions. Vision testing began when correct performance exceeded 90% (dashed
line). (C) Contrast threshold data of a trained animal across trials in a single testing session.
Contrast was raised or lowered each trial using an adaptive one-up-two-down staircase
method. The method ended after five contrast reversals (circles) and pre-reversal contrast
values (white arrowheads) were averaged to estimate threshold for the grating stimulus
(black arrowhead). (D) Modeling contrast sensitivity functions. Reversal data were
converted to contrast sensitivity via numerical inversion and regressed against grating
frequency by a truncated log-parabola model (line), yielding five parameters (Speax Tpeass
Tous Timin o 7). Filled and unfilled symbols respectively plot contrast sensitivity
measurement of panel C and example data for other grating frequencies.
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Spatial vision under photopic illumination. (A) Contrast sensitivity function of a light-
adapted rat measured via the grating detection task with sinewave gratings of variable spatial
frequency drifting at 6 Hz. Solid line is a fit of a truncated log-parabola model (Speax = 52,
Toeak = 0.15 cpd, fp,,= 0.85 cpd, Fjmir=2.05 cpd, a, = 0.87) to the data. Dashed lines are
model fits of all other animals tested. (B) Log-average contrast sensitivity function of 5

light-adapted rats. Error bars are standard error.
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Figure 3.

Spatial vision under varying luminance level. (A) Spatial contrast sensitivity functions of a
dark-adapted rat measured via the grating detection task for 6-Hz drifting gratings attenuated
in mean luminance by 0 to 6 log units. Solid lines are fits of the truncated log-parabola
model to the 0 109 (Speak = 61, freak = 0.16 cpd, = 0.65 cpd, Fjmj=1.17 cpd, a ;=
0.93), =2 log (Speak = 36, Fpeax = 0.14 cpd, = 0.78 cpd, Fjm;r=1.32 cpd, a, = 0.85), -4
109 (Speak = 21, Tpeax = 0.11 cpd, fp,,= 0.79 cpd, Fjmir=0.93 cpd, a, = 0.72), and -6 log
(Speak = 3, Tpeak = 0.06 cpd, 75, = 1.66 cpd, Fjmir=0.89 cpd, a = 0.33) data. (B) Log-
average contrast sensitivity functions of 3 dark-adapted rats. Error bars are standard error.
(C) Average values of model parameters across mean luminance levels for the 3 dark-
adapted rats. Error bars are standard deviation. Circles indicate values of individual rats.
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Figure 4.
Temporal vision under photopic illumination. (A) Contrast sensitivity function of a light-

adapted rat measured via the grating detection task with 0.2-cpd sinewave gratings reversing
contrast at variable frequency. Solid line is a fit of a truncated log-parabola model (Speax =
34, fpeak = 3.5 Hz, fpy= 1.4 HZ, fijmjr= 186 Hz, a; £= 0.41) to the data. Dashed lines are
model fits of all other animals tested. (B) Log-average contrast sensitivity function of 3
light-adapted rats. Error bars are standard error.
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Figure 5.

Temporal vision under varying luminance level. (A) Temporal contrast sensitivity functions
of a dark-adapted rat measured via the grating detection task for 0.2-cpd reversing gratings
attenuated in mean luminance by 0 to 6 log units. Solid lines are fits of the truncated log-
parabola model to the 0 log (Speax = 54, fpeak = 1.0 Hz, fpyy = 1.5 Hz, fjm;r= 104 Hz, a| F =
0.56), =2 log (Speak = 30, fpeax = 1.2 Hz, fpy,= 1.3 HZ, fijmjr= 44 Hz, o, = 0.49), -4 log
(Speak = 13, Tpeak= 1.5 Hz, fpyy= 1.3 Hz, Fjmmjr= 37 Hz, a £= 0.34), and -6 l0g (Speak = 8,
Toeak = 0.6 Hz, fpy= 1.4 Hz, fjjmjr= 12 Hz, a; £= 0.25) data. (B) Log-average contrast
sensitivity functions of 4 dark-adapted rats. Error bars are standard error. (C) Average values
of model parameters across mean luminance levels for the 4 dark-adapted rats. Error bars are
standard deviation. Circles indicate values of individual rats.
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Figure 6.
Comparison of task- and reflex-driven measures of rat vision. (A) Spatial contrast sensitivity

function of oculomotor responses of a light-adapted rat for 2-Hz drifting gratings. Solid
black line is a fit of a truncated log-parabola model (Speak = 6, fpeak = 0.12 cpd, fpy, = 0.63
cpd, fimir=0.43 cpd, a; £= 0.68) to the data. Solid gray lines are model fits of all other
animals tested. Black and gray dashed lines plot the fit of the average spatial acuity data in
Fig. 2A and the 95% confidence interval, respectively. (B) Log-average spatial contrast
sensitivity function of oculomotor responses of 7 light-adapted rats. Error bars are standard
error. Black and gray dashed lines plot the log-average spatial acuity data in Fig. 2B and the
95% confidence interval. (C) Temporal contrast sensitivity function of oculomotor responses
of a light-adapted rat for 0.2-cpd drifting gratings. Solid black line is a fit of a truncated log-
parabola model (Speak = 7, Tpeak = 1.7 Hz, fyyy= 0.9 HZ, Fjmjr=10.2 Hz, a; = 0.57) to the
data. Solid gray lines are model fits of all other animals tested. Black and gray dashed lines
plot the fit of the average temporal acuity data in Fig. 4A and the 95% confidence interval.
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(D) Log-average temporal contrast sensitivity function of oculomotor responses of 8 light-
adapted rats. Error bars are standard error. Black and gray dashed lines plot the log-average
temporal acuity data in Fig. 4B and the 95% confidence interval.
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Summary of CSF parameters from grating detection studies performed on different rat strains. Dashes indicate
the parameter cannot be estimated because grating frequencies below 7,04 were not tested. Brown-Norway

data of this study were combined for light-adapted and 0-log unit dark-adapted experiments since the display

luminance in both cases is 37 cd/m?2.

strain luminance Speak foeak(cpd) fow (€Pd)  fiimit (cPd) @ r (%) #rats
Spatial Contrast Sensitivity
albino 3.4 cd/m? 12.4 0.05 1.07 0.6 - 2 [17]
3.4 cd/m? 20.8 0.13 0.97 1.15 - 2 [17]
5 cd/m? 12.6 0.13 0.63 0.60 67 6 [18]
Long Evans 51 cd/m? 6.1 0.15 0.78 0.74 75 7 [19]
36 cd/m? 36.4 0.20 0.53 0.91 93 4 [28]
43 cd/m? 23.7 0.19 0.58 0.92 87 6 [29]
37 cd/m? 544+86 0.17+0.05 077+016 1603 85+9 5
37x102cd/m?2 380+44 0.17+0.02 0.68+0.09 1.2+0.1 81+9 3
Brown Norway
37x10™%cd/m? 19.1+38 0.18+0.06 0.71+0.08 1.1+0.1 53+19 3
37x1076 cd/m? 8.0+438 0.08+0.04 124+040 09%0.2 47+ 14 3
Temporal Contrast Sensitivity
37 cd/m? 50.3+10.7 1711 16+0.1 166 + 44 55+ 12 5
37x102cd/m?2 275+ 4.6 14+03 15+0.2 58 + 17 54+8 4
Brown Norway
37x10™4cd/m?  16.8+3.7 13+04 14+01 39+4 43+9 4
37x107 cd/m? 72+17 0.6+0.3 15+0.2 16+ 10 29+13 4
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