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Visual Psychophysics and Physiological Optics
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PURPOSE. Visual function is impaired in diabetes, but molecular causes of this dysfunction are
not clear. We assessed effects of diabetes on visual psychophysics in mice, and tested the
effect of therapeutic approaches reported previously to inhibit vascular lesions of the
retinopathy.

METHODS. We used the optokinetic test to assess contrast sensitivity and spatial frequency
threshold in diabetic C57Bl/6J mice and age-matched nondiabetic controls between 2 and 10
months of diabetes. Contributions of p38 MAP kinase (MAPK), receptor for advanced
glycation end products (RAGE), leukocytes, and aldose reductase (AR) to the defect in
contrast sensitivity were investigated. Cataract, a potential contributor to reductions in vision,
was scored.

RESULTS. Diabetes of 2 months’ duration impaired contrast sensitivity and spatial frequency
threshold in mice. The defect in contrast sensitivity persisted for at least 10 months, and
cataract did not account for this impairment. Diabetic mice deficient in AR were protected
significantly from development of the diabetes-induced defects in contrast sensitivity and
spatial frequency threshold. In contrast, pharmacologic inhibition of p38 MAPK or RAGE, or
deletion of inducible nitrous oxide synthase (iNOS) from bone marrow-derived cells did not
protect the visual function in diabetes.

CONCLUSIONS. Diabetes reduces spatial frequency threshold and contrast sensitivity in mice,
and the mechanism leading to development of these defects involves AR. The mechanism by
which AR contributes to the diabetes-induced defect in visual function can be probed by
identifying which molecular abnormalities are corrected by AR deletion, but not other
therapies that do not correct the defect in visual function.

Keywords: spatial frequency threshold, contrast senstivity, diabetic retinopathy

Diabetic retinopathy (DR) generally has been regarded as a
disease of the retinal vasculature, and sequelae of the

abnormal vasculature (including retinal edema, hemorrhage,
fibrovascular membranes, and neovascularization) are recog-
nized causes of visual impairment or blindness in diabetes.
Diabetes-induced defects in function of retinal neurons or even
death of those cells also are known, and these changes can
develop early in diabetes. Electrophysiologic abnormalities of
the retina in diabetes include changes in electroretinogram
(ERG), visual evoked potential (VEP), and macular latency.1–6

Visual function, however, is much more complex than
electrical measurements, and represents the complex summation
of signaling of many cell types in retina and brain. Visual function
can be evaluated by a variety of tests, including visual acuity, visual
field, color perception, stereoacuity, glare recovery, dark adapta-
tion, fixation, and contrast sensitivity. Diabetes also impairs visual

psychophysics, as evidenced not only by reductions in visual
acuity,7–9 but also reductions in contrast sensitivity10 and color
vision.7–9,11 Contrast sensitivity is important in daily living as the
ability allows for edge discrimination.12 Loss of such ability is
highly correlated with significant reductions in the quality of
vision, and has been associated with increased patient morbidi-
ty.13,14 Little is known about the molecular causes of these
functional defects. Animal studies of diabetic retinopathy have not
focused on vision in the past, due to a lack of techniques to
measure such parameters in animals.

Considerable effort has been expended in recent years to
understand the molecular pathogenesis of diabetic retinopathy.
Most of this effort to date has focused on the vascular lesions of the
retinopathy, and oxidative stress, inflammatory proteins, and
growth factors have been implicated in this vasculopathy.15 The
molecular pathogenesis of the alterations of the neural retina
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caused by diabetes, however, are much less clear. Some studies
have identified diabetes-induced alterations that contribute to
degeneration of retinal ganglion cells.16–21 but to our knowledge
no prior studies have focused on the pathogenesis of diabetes-
induced defects of visual function. It is not known if the molecular
alterations underlying these functional defects originate in retinal
cells (such as photoreceptors) or higher in the brain.

In our study, we have used a visual psychophysics test
(virtual optokinetic system) to assess contrast sensitivity and
spatial frequency threshold (an estimate of visual acuity) in
diabetic mice. Our studies demonstrated a persistent diabetes-
induced reduction in these parameters. The potential contri-
butions of p38 MAP kinase (MAPK), receptor for advanced
glycation end products (RAGE), bone marrow-derived cells,
and aldose reductase (AR) in development of the diabetes-
induced defect in contrast sensitivity were investigated.

METHODS

Animals

Wild-type mice (WT; C57BL/6J) were purchased from Jackson
Laboratories (Bar Harbor, ME). All mice were housed in
ventilated microisolator cages, and all experiments followed
the guidelines set forth by the Association for Research in
Vision and Ophthalmology (ARVO) Animal Statement for the
Use of Animals in Ophthalmic and Vision Research.

Experimental therapies or genetic modifications tested were a
p38 MAPK inhibitor (PHA666859), a RAGE inhibitor, and animals
deficient in AR (AR�/�). PHA666859 was obtained from Pfizer, Inc.
(New York, NY), and was administered in the diet at a dose of 25
mg/kg body weight (BW), as per a prior study where we
demonstrated that this dose inhibited biomarkers of p38 MAPK
activity in vivo and capillary degeneration in diabetic rodents.22 A
murine RAGE-Fc fusion protein from Galactica Pharmaceuticals,
Inc. (Villanova, PA) was injected intraperitoneally three times per
week at 100 lg per mouse. Likewise, we recently reported that
this dose of drug in these same animals significantly inhibited
diabetes-induced degeneration of retinal capillaries in diabetic
rodents.23 Both of these drugs had the intended pharmacologic
effects in vivo, as demonstrated by assessment of products and
proteomic analyses.22,24 AR�/�mice were generated by Ho et al.,25

and provided to us. The effect of AR deletion on development of
the histopathology of diabetic retinopathy in these mice currently
is being reported elsewhere. Diabetic mice made chimeric
(deficient in inducible nitric oxide synthase [iNOS] in bone
marrow–derived cells only) were generated as reported previ-
ously by us,26,27 and were killed at 4 months’duration of diabetes.

Diabetes

Insulin-deficient diabetes was induced in 2-month-old, fasted,
male mice by intraperitoneal injections of streptozotocin (55 mg/
kg BW) on 5 consecutive days. Insulin was given as needed to
maintain BW and allow a slow increase in BW while allowing
hyperglycemia, polyuria, and hyperphagia (0–0.2 U every 2–3
days). Hyperglycemia was quantified every 2 to 3 months by
measuring total glycated hemoglobin levels (Variant II total GHb
Program; BioRad, Hercules, CA, USA) and by measuring blood
glucose concentrations (glucose dehydrogenase-based strips).

Spatial Frequency Threshold and Contrast
Sensitivity

The virtual optokinetic system (VOS OKT) has been described
at length by Prusky et al.28 The VOS apparatus consists of four
computer monitors positioned around a square testing arena

with an unrestrained rodent placed in the middle. A sine wave
grating is projected on the monitors in 3D coordinate space,
and revolves around the animal. The experimenter (who was
masked as to the group that the animals were in) judged
whether the animal made tracking movements with its head to
follow the moving grating lines. By varying the contrast and
spacing of moving ‘‘bars,’’ the spatial frequency threshold and
contrast sensitivity of the animals were determined. Animals
initially were placed in the device without recording the
response to allow animal training. Each measurement was
repeated several times to evaluate the reproducibility of
responses. Animals were not anesthetized.

Spatial frequency threshold and contrast sensitivity were
measured in WT diabetic animals (and age-matched nondia-
betic controls) between 2 and 10 months of diabetes. The
maximum spatial frequency capable of driving head tracking
was determined as spatial frequency threshold. Contrast
sensitivity was measured at 6 various spatial frequencies (for
all experiments except the iNOS chimeras; see below) to
detect functional defects in spatially sensitive retinal cells or in
higher visual pathways, and was determined as the inverse of
Michelson contrast, without correction for luminance of the
monitors. Because diabetes-induced defects in contrast sensi-
tivity have been reported to develop earlier than defects in
visual acuity and because acuity is one point on a contrast
sensitivity curve (the point of 100% contrast),29 we did not
measure spatial frequency threshold in our studies of p38
MAPK, RAGE, or AR. Spatial frequency threshold or visual
acuity has been derived by extrapolation from contrast
sensitivity curves in many studies, so we estimated spatial
frequency threshold in our studies of AR�/� mice by linear
regression using contrast thresholds for the 3 highest spatial
frequencies (0.103, 0.192, and 0.275 c/d). The point where the
fitted line intercepted a contrast threshold of 0.01 (100%
contrast) was taken as visual acuity. The derived value for a
given mouse was not included if the line generated from the 3
points did not yield an R2 value >0.85. For iNOS chimeric
mice, we measured spatial frequency threshold and a single
point of the contrast sensitivity curve (0.064 c/d). Cataract
photos were taken 6 and 10 months of diabetes. The grader
was masked with regard to the experimental group of the
animals (nondiabetic animals could be differentiated from
diabetic animals based on body weight, but since some
diabetics were treated with a therapy and others were
untreated, the investigator was masked with respect to
experimental group in the diabetics).

Cataract Grading

Cataracts were assessed using a 4-step scale that gave a
composite score for nuclear, cortical, and/or posterior
subcapsular abnormalities. The scale was a simplification of
the Lens Opacities Classification System III (LOCS III)
classification30: 0, absent; 1þ, mild (LOCS III categories 1, 2);
2þ, moderate (categories 3, 4); 3þ, severe (categories 5, 6).
Pupils were dilated, and close-up photographs of lenses of
anesthetized animals were taken using side illumination.
Lenses were assigned one of the grades described above based
on the photographs. The grader was masked with regard to the
experimental group of the animals.

Statistical Analyses

Contrast sensitivity was analyzed by the repeated measures
ANOVA (within and between, and between subjects). Visual
acuity and clinical data were analyzed by the ANOVA followed
by Fisher’s post hoc test. Differences were considered
statistically significant at P < 0.05.

Visual Function in Diabetic Mice IOVS j May 2014 j Vol. 55 j No. 5 j 2905



RESULTS

Diabetic mice from all experimental groups had levels of
glycosylated hemoglobin (GHb) and blood glucose that were
significantly greater (P < 0.05) than levels found in appropriate
age-matched nondiabetic controls. Average GHb for the
nondiabetic control (N WT), diabetic control (D WT), diabetic
plus PHA666859 (D þ PHA666859), diabetic plus murine
RAGE-Fc fusion protein (D þ mRAGE-Fc), diabetic and
nondiabetic iNOS chimeras (iNOS�/� � WT), and diabetic
AR�/� groups over the entire duration of study are listed in
Table 1. None of the animals was losing body weight (although
diabetics were not gaining at the normal rate), and all of the
animals appeared clinically healthy.

Diabetes-dependent reductions in contrast sensitivity and
spatial frequency threshold were detected at 2 months of
diabetes (Fig. 1), and the defects persisted for at least 10
months. The diabetes-induced defect seemed most noticeable
in spatial frequencies in the mid to high range.

Impairment of light from reaching the retina might contribute
to apparent reductions in contrast sensitivity and visual acuity.
Therefore, we measured severity of cataract in these animals. In
our animals, cataract severity in mice diabetic for 6 or 10 months
was not different from that in age-matched nondiabetic controls
mice (data for 10 months of diabetes are shown in Table 2). Thus,

TABLE 1. Metabolic Control in Diabetic Mice (Mean 6 SD)

Group Final BW, g Ave. GHb, %

Experiment 1

N WT 49 6 6 3.0 6 0.0

D WT 28 6 2* 10.4 6 0.9*

D þ PHA666859 28 6 1* 10.3 6 0.6*

D þ mRAGE-Fc 27 6 3* 10.6 6 0.7*

Experiment 2

N WT 50 6 4 2.9 6 0.1

D WT 28 6 2* 10.1 6 0.8*

N AR�/� 59 6 3 3.0 6 0.1

D AR�/� 28 6 2* 10.2 6 0.8*

Experiment 3, chimeras

N WT�WT 35 6 3 3.3 6 0.2

D WT�WT 27 6 2* 10.4 6 0.7*

N iNOS�/��WT 39 6 5 3.3 6 0.2

D iNOS�/��WT 29 6 2* 10.6 6 0.5*

* Different from N control at P < 0.05.

FIGURE 1. Diabetes-induced defects in spatial frequency threshold and contrast sensitivity. Both defects develop quickly (2 months) in diabetic
C57Bl/6 mice (A), and are preserved for at least 10 months of diabetes (B). Solid circles: nondiabetic WT controls. Hollow circles: diabetic WT
controls. n ‡ 5 in each group. Mean 6 SEM.
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cataract severity did not explain the observed diabetes-induced
reduction in contrast sensitivity and visual acuity.

We previously have found that pharmacologic inhibition of
p38 MAPK or RAGE signaling inhibited the early vascular
lesions of diabetic retinopathy, notably capillary degenera-
tion.22,23 The present studies demonstrated that despite these
beneficial actions on vascular structure, these therapies did not
significantly inhibit the diabetes-induced loss of contrast
sensitivity at 8 months of diabetes (Fig. 2). Likewise, we
previously have reported that leukocytes have a critical role in
development of the vascular lesions of early diabetic retinop-
athy, and that the vascular degeneration of early diabetic
retinopathy is inhibited significantly in animals lacking iNOS or
other proinflammatory enzymes only from bone marrow-
derived cells.26,27 Despite the previously reported beneficial
effect of deleting these enzymes from marrow-derived cells on
vascular structure, these chimeras likewise did not inhibit
significantly the diabetes-induced loss of contrast sensitivity or
spatial frequency threshold at 4 months of diabetes (Table 3).
In contrast, diabetic mice deficient in AR were protected from
the defect in contrast sensitivity (Fig. 3). Consistent with a
beneficial effect of AR deletion on visual function in diabetes,
the extrapolated value for spatial frequency threshold was
significantly less (26%) in WT diabetics than in WT nondiabetic
controls (0.322 6 0.015 vs. 0.438 6 0.017, respectively; P <
0.05), whereas diabetic AR�/� mice were not significantly
different (13%) from their appropriate nondiabetic control
(0.374 6 0.073 vs. 0.331 6 0.045, respectively).

DISCUSSION

Contrast sensitivity and visual acuity are important compo-
nents of vision, measuring for example the ability to
discriminate objects that do not stand out from their
background, and spatial resolving capacity of the visual system.

Contrast sensitivity is encoded as early as the second order
retinal neurons,14 and is measured at multiple spatial
frequencies to detect functional defects in spatially sensitive
retinal cells or in higher visual pathways.

Contrast sensitivity and other defects in vision have been
studied widely in patients with diabetic retinopathy.31–34

Reduction in contrast sensitivity in diabetic patients commonly
precedes reductions in visual acuity,35 and significant losses of
the contrast sensitivity (particularly in spatial frequencies in
the mid to high range) have been observed in patients with
Type 1 diabetes who had no evidence of retinopathy when
compared to nondiabetic controls.31,36–39 Trick et al. found
that 38% of diabetic subjects without retinopathy had
abnormalities in contrast sensitivity, and this figure rose to
60% in those with nonproliferative (background) retinopathy.36

Contrast sensitivity was abnormal more frequently than color
discrimination (measured by the Farnsworth Munsell 100-Hue
Test), and contrast sensitivity correlated more closely with the
grade of retinopathy than either color vision or macular
recovery.40 Although these neurosensory defects can occur in
the absence of retinopathy, they have been found to be
predictive of proliferative retinopathy that ultimately leads to
significant visual impairment.2,38

The present results demonstrate that diabetes causes signifi-
cant losses of contrast sensitivity and spatial frequency threshold
also in mice. A previous study41 as well as those presented
recently in abstract form (Barber AJ, et al. IOVS 2010;51:ARVO E-
Abstract 109; Barber AJ, et al. IOVS 2011;52:ARVO E-Abstract
5970; and Aung MH, et al. IOVS 2011;52:ARVO E-Abstract 5960)
likewise have detected this defect after short durations of
diabetes, but we show also that the defect persists for almost a
year. Like the case in diabetic patients, the defects affected
particularly spatial frequencies in the mid to high range. Our
threshold measurements of sensitivity in intermediate frequen-
cies at 8 to 10 months of diabeteswere approximately halfof those
obtained by us and others28 in young diabetics, perhaps as a result
of aging or more conservative grading of head tracking by us in the
older diabetics. Contrast sensitivity diminished slightly in our
nondiabetic animals at the longest duration (as it does in
patients42), raising a possibility that aging might contribute to
the defect in long-term diabetes. Nevertheless, the influence of
diabetes apparently outweighed that of age, because the visual
function defect was significantly worse in the diabetic animals
than that in the age-matched nondiabetics at the longest durations
of study.

Changes in contrast sensitivity and visual acuity may be
caused by indirect mechanisms (cataract, retinal edema) or

TABLE 2. Cataract Severity in Nondiabetic and Diabetic Mice

Duration, mo n Cataract Grade

N WT 10 12 1.6 6 0.2

D WT 10 12 1.5 6 0.1

N AR�/� 10 5 1.0 6 0.3

D AR�/� 10 5 1.9 6 0.2

Mean 6 SD. None of the diabetic groups is significantly (P < 0.05)
different from the appropriate N WT group.

FIGURE 2. Pharmacologic inhibition of p38 MAPK (A) or RAGE (B) from the onset of diabetes did not significantly inhibit (repeated measures test)
the diabetes-induced defect in contrast sensitivity measured at 8 months of diabetes. Solid circles: nondiabetic WT controls. Hollow circles, solid

line: diabetic WT controls. Hollow circles, red dashed line: diabetic animals given drug. Contrast sensitivity was determined at the same spatial
frequencies in all groups, but group means are offset slightly to allow easier visualization of data. n ‡ 5 in each group. Mean 6 SEM.
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molecular changes within retinal neurons that cause dysfunc-
tion or even degeneration of neurons. Analysis of lens
opacification in our animals indicated that the severity of
cataract is not the cause of the difference in contrast sensitivity
and spatial frequency threshold between diabetic and nondi-
abetic mice. Retinal edema also can contribute to loss of
contrast sensitivity and visual acuity in diabetic patients, and
this is the mechanism suggested for the ability of a protein
kinase C inhibitor43–46 to preserve visual acuity in diabetic
patients. This mechanism seems unlikely to account for the
observed defects in our diabetic mice, however, since neither
retinal thickening nor edema has been detected in several
studies of diabetic mice.47–49 Alternatively, loss or remodeling
of neurons in the retina or brain might account for the
observed reduction in visual function in diabetes. Whether or
not retinal ganglion cells degenerate in diabetic C57Bl/6 mice
is controversial, with some investigators detecting rapid
neurodegeneration,19,47,50–53 in contrast to we and other
investigators finding no evidence of ganglion cell loss at
durations of diabetes up to one year.23,27,48,49,54,55 We have
detected retinal thinning in diabetic C57Bl/6 mice,56 however,
so a contribution of that thinning to the alteration in neural
function in diabetes cannot be ruled out at present.

Molecular mechanism(s) by which diabetes impairs visual
function is an important topic that, to our knowledge, has not
been investigated previously. Administration of the protein

kinase C inhibitor, ruboxistaurin, to diabetic patients inhibited
the deterioration of their visual acuity, but the effect was
attributed to effects on retinal edema (see previous paragraph).
It has been recognized for many years that AR has an important
role in the peripheral neuropathy in diabetic animals,57 and
contributes to a variety of diabetes-induced molecular and
physiologic alterations in the retina, including alterations in
redox state, oxidative stress, nitric oxide generation, and VEGF
production.58–62 Deletion of AR has inhibited important
diabetes-induced vascular lesions in mice,61,62 but had no
effect on ERG changes in the same animals.63 Our report links
AR to an aspect of vision, and demonstrated that deletion of AR
in diabetes inhibits the diabetes-induced reduction in contrast
sensitivity and spatial frequency threshold. AR has been
localized to a variety of cell types in the retina,64–66 but also
is found in the brain and blood cells, any of which might
influence the visual system. We do not know which cell types
in the retina or brain are where AR alters cellular function,
resulting in impaired visual function.

In contrast to results in AR-deficient diabetics, data
presented herein demonstrated that neither inhibitors of p38
MAPK or RAGE, nor deletion of iNOS from bone marrow-
derived cells significantly inhibited the diabetes-induced defect
in contrast sensitivity. This is interesting because all of these
therapeutic approaches have been shown by us to inhibit the
degeneration of retinal capillaries in diabetic animals,22,23,27

and because the molecular defects corrected by these
therapies are largely the same as those known reported to be
corrected by inhibition or deletion of AR. One obvious
difference between AR deletion and the other approaches,
however, pertains to effects on polyol production itself, and
this requires further study. Nevertheless, the vascular lesions
apparently can be inhibited independently of the neural
dysfunction.

Measurements of visual psychophysics in animals encom-
pass multiple levels of the visual system, from electrical activity
in the retina through to more central visual structures. We
present evidence that long-term diabetes impairs contrast
sensitivity and spatial frequency threshold in mice. Mice are a
useful rodent model for studies of vision in long-term diabetes,
because like humans (and unlike rats), cataract development
proceeds slowly in diabetes.67,68 Thus, diabetes-induced
reductions in visual processing in these animals might serve
as a model to identify causes and treatments for the diabetes-
induced defects in visual function in diabetic patients. The
evidence that spatial frequency threshold and contrast
sensitivity are reduced in diabetic mice is consistent with a
retinal neuropathy that develops in parallel, but possibly
independently, of the vascular lesions. The additional evidence
that AR contributes to the defect in contrast sensitivity and
spatial frequency threshold should offer initial insight into the
mechanism(s) by which diabetes can impair visual function in
diabetic patients, and offer targets at which the dysfunction
might be inhibited.
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TABLE 3. Spatial Frequency Threshold and Single Point Contrast
Sensitivity in Controls and Mice Deficient in iNOS in Bone Marrow-
Derived Cells Only (4 Months of Diabetes)

n

Spatial

Frequency

Threshold

Contrast

Sensitivity at

0.064 c/d

N WT 12 0.399 6 0.007* 24.6 6 0.6*

D WT 12 0.363 6 0.003 20.8 6 0.4

N iNOS�/� � WT 5 0.392 6 0.008† 25.2 6 2.7†

D iNOS�/� � WT 5 0.356 6 0.002 21.2 6 1.3

Mean 6 SD.
* Different from D WT at P < 0.01.
† Different from D iNOS�/�� WT at P < 0.01.

FIGURE 3. Diabetic mice deficient in AR did not develop the diabetes-
induced defect in contrast sensitivity, and had values that were
significantly greater than age-matched diabetic WT controls (repeated
measures test) at 8 months diabetes. Solid circles, solid line:
nondiabetic WT controls. Hollow circles, solid line: diabetic WT
controls. Solid circles, dashed red line: nondiabetic AR�/� mice.
Hollow circles, dashed red line: diabetic AR�/� mice. n ‡ 5 in each
group. Mean 6 SEM.
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