
Visual Neuroscience

Electroretinographic Abnormalities and Sex Differences
Detected with Mesopic Adaptation in a Mouse Model of
Schizophrenia: A and B Wave Analysis

Nathalia Torres Jimenez,1–3 Justin W. Lines,1,2 Rachel B. Kueppers,3 Paulo Kofuji,1,2

Henry Wei,2 Amy Rankila,2 Joseph T. Coyle,4 Robert F. Miller,1–3 and Linda K. McLoon1–3

1Graduate Program in Neuroscience, University of Minnesota, Minneapolis, Minnesota, United States
2Department of Neuroscience, University of Minnesota, Minneapolis, Minnesota, United States
3Department of Ophthalmology and Visual Neurosciences, University of Minnesota, Minneapolis, Minnesota, United States
4Department of Psychiatry, Harvard Medical School, Belmont, Massachusetts, United States

Correspondence: Linda K. McLoon,
Department of Ophthalmology and
Visual Neurosciences, University of
Minnesota, Room 374 Lions
Research Building, 2001 6th Street
SE, Minneapolis, MN 55455, USA;
mcloo001@umn.edu.

RFM and LKM are joint senior
authors.
This study is part of the PhD thesis
of Nathalia Torres Jimenez.

Received: January 3, 2019
Accepted: November 2, 2019
Published: February 13, 2020

Citation: Jimenez NT, Lines JW,
Kueppers RB, et al.
Electroretinographic abnormalities
and sex differences detected with
mesopic adaptation in a mouse
model of schizophrenia: a and b
wave analysis. Invest Ophthalmol Vis
Sci. 2020;61(2):16.
https://doi.org/10.1167/iovs.61.2.16

PURPOSE. Mesopic flash electroretinography (fERG) as a tool to identify N-methyl-D-
aspartate receptor (NMDAR) hypofunction in subjects with schizophrenia shows great
potential. We report the first fERG study in a genetic mouse model of schizophrenia char-
acterized by NMDAR hypofunction from gene silencing of serine racemase (SR) expres-
sion (SR–/–), an established risk gene for schizophrenia. We analyzed fERG parameters
under various background light adaptations to determine the most significant variables
to allow for early identification of people at risk for schizophrenia, prior to onset of
psychosis. SR is a risk gene for schizophrenia, and negative and cognitive symptoms
antedate the onset of psychosis that is required for diagnosis.

METHODS. The scotopic, photopic, and mesopic fERGs were analyzed in male and female
mice in both SR–/– and wild-type (WT) mice and also analyzed for sex differences. Ampli-
tude and implicit time of the a- and b-wave components, b-/a-wave ratio, and Fourier
transform analysis were analyzed.

RESULTS. Mesopic a- and b-wave implicit times were significantly delayed, and b-wave
amplitudes, b/a ratios, and Fourier transform were significantly decreased in the male
SR–/– mice compared to WT, but not in female SR–/– mice. No significant differences were
observed in photopic or scotopic fERGs between genotype.

CONCLUSIONS. The fERG prognostic capability may be improved by examination of back-
ground light adaptation, a larger array of light intensities, considering sex as a variable,
and performing Fourier transform analyses of all waveforms. This should improve the
ability to differentiate between controls and subjects with schizophrenia characterized
by NMDAR hypofunction.

Keywords: electroretinogram, schizophrenia, NMDA receptor, biomarker, mice, a-wave,
b-wave, mesopic

As part of the central nervous system, the retina has
been considered to be the “window to the brain,” as the

retina and brain share many neurophysiological properties.1

Thus, prior studies have demonstrated electroretinographic
differences between subjects with schizophrenia and healthy
controls.2–7 These findings point toward visual deficits in
individuals with schizophrenia not limited to higher level
visual–cognitive processing but manifested at earlier stages
of the visual pathway, including the retina. The significance
of these findings focuses on the possibility of using retinal-
evoked potentials as biomarkers for presymptomatic diagno-
sis of schizophrenia and for characterizing neurophysiologic
abnormalities associated with schizophrenia or subgroups
of schizophrenic subjects.8–10 Although clinical interviews
for the diagnosis of schizophrenia are effective at identify-
ing schizophrenia once present, they have limited success in
identifying presymptomatic individuals prior to the onset of

psychosis.11 Thus, an objective measurement prior to symp-
tom onset would be invaluable for developing preventive
interventions. Work by Hébert et al.12 showed that young
adult offspring of a parent with schizophrenia or bipolar
disorder had reduced b-wave amplitudes; thus, in combi-
nation with the patient studies cited, these studies suggest
that the retinal-evoked potential, the flash electroretinogram
(fERG), may serve as a physiological metric for predicting
schizophrenia in human subjects.

The fERG is a summed evoked potential from the retina
in response to diffuse light. The advantage of the fERG
as a diagnostic tool is that the technique is relatively non-
invasive, easy to administer, and its major waves have known
cellular origins.13 The fERG response is well studied and
has been recorded in many species, including humans and
mice.14 Despite clinical observations noting fERG abnor-
malities in individuals with schizophrenia, to date mouse
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models of schizophrenia have not clearly defined what
aspects of the fERG response might be most germane
to use as a biomarker for schizophrenia or, specifically,
a subtype associated with N-methyl-D-aspartic acid recep-
tor (NMDAR) hypofunction. Identifying which of the fERG
waves to use as a biometric measurement for a potential
diagnosis of schizophrenia can be achieved more readily in
mice because of greater control of parameters such as age,
sex, treatment, and genetic status. There are now several
excellent mouse models of schizophrenia to use for these
analyses.

Proteomic and genomic analyses of synapses in human
brain samples from controls or individuals with schizophre-
nia found altered expression of multiple proteins with
known specific roles in NMDA function.15,16 Although the
proportion of individuals with schizophrenia in this subtype
is not known, the NMDAR-related molecules are well repre-
sented in the identified risk genes.15,16 The serine racemase
(SR) gene is one of several risk genes for schizophrenia that
affect NMDAR function and its downstream signaling.17 Due
to the importance of ensuring concordance between fERG
abnormalities seen in individuals with schizophrenia and
the mouse models with specific allelic variants similar to
those seen in these individuals, we examined the fERGs from
a schizophrenia mouse model, a serine racemase knockout
(SR–/–) that has been extensively evaluated for mimicking
and studying chronic brain pathology in schizophrenia.18

The SR–/– schizophrenia mouse model has a knockout
of the gene for the enzyme SR and has reduced NMDAR
function.15

The NMDAR is an ionotropic glutamate receptor that is
critical for cellular communication and is found in both brain
and retina. In the brain, the NMDAR receptor is critical for
learning and memory. In the retina, NMDAR regulates light-
evoked activity.19–21 The hypothesized NMDAR relevance to
schizophrenia originated after clinical observations of the
recreational use of phencyclidine, which caused increased
emergency room visits from patients exhibiting symp-
toms resembling schizophrenia.22 This new hypothesis for
NMDAR hypofunction as a potential etiology of schizophre-
nia is supported by pharmacological,23,24 genetic,25,26 clini-
cal,27,28 and postmortem studies29–31 and provide evidence
that NMDAR hypofunction is involved in the etiology of
schizophrenia.32 In our study, we have utilized an NMDAR
hypofunction mouse model of schizophrenia (SR–/–) to iden-
tify which of the fERG waves would best serve as a marker
for NMDAR hypofunction. This mouse model for NMDAR
hypofunction has a null mutation in the SR gene.33 SR
synthesizes D-serine, the primary co-agonist of NMDARs in
forebrain13 and the retina.34 As a component of the central
nervous system, the retina can acquire cellular abnormalities
similar to those that are present in the brain.9,35–38 Given
that fERGs allow the evaluation of the functional integrity
of the retina, they have the potential to become a useful
non-invasive tool to assess pathological abnormalities in the
brain.9,39

The fERG response is characterized by two low-frequency
waves, the a- and b-waves, and high-frequency wave forms
called oscillatory potentials (Fig. 1).13,14 Both the a-wave and
b-wave have known cellular origins.13,14 The first wave in the
fERG is the a-wave,40–42 which is a corneal-negative potential
that originates from photoreceptor activity.40 The a-wave is
followed by the b-wave, which is a corneal-positive potential
originating from bipolar cells.40,43–46 The b-wave response
has been attributed to Müller glial cells. However, examina-

tion of mice where Müller cells were functionally inactivated
resulted in no change in the b-wave, suggesting that they
are not involved.47 Riding on the ascending limb of the b-
wave are the oscillatory potentials (OPs), which are hypoth-
esized to originate from amacrine and retinal ganglion cells
(RGCs).40,44,48 It has been hypothesized that the OPs are
due to dopaminergic inhibitory activity within amacrine cells
and then generated by bipolar cells.48 The clinical literature
showed reduction in both the a- and b-waves in subjects with
schizophrenia compared to controls; however, these stud-
ies did not fully address known gender and age differences
associated with the fERG waveforms in human controls.49–51

In healthy humans, longitudinal fERG studies demonstrated
a linear decrease with age in the b-wave amplitude in men;
females showed a linear decrease until ages 40 to 49 years,
when there was a significant increase in the b-wave ampli-
tude, speculated to be from hormonal changes.50,51 Prior to
age 40 in healthy females, b-wave amplitudes were signifi-
cantly different from males. Not only were age and gender
differences observed, but there is abundant literature on
gender differences in people with schizophrenia, as well. For
example, symptomatic onset of schizophrenia occurs later
in females and is often less severe than in males.52–54 These
gender and age differences in people with schizophrenia
could hypothetically be reflected in the fERGs, thus high-
lighting the importance of including age and gender in the
fERG analyses.

Because age and gender differences can affect the fERG,
we conducted in vivo fERG recordings, controlled for
the mouse age, and analyzed sex differences; however,
rather than use only light- or dark-adapted analyses based
on International Society for Clinical Electrophysiology of
Vision (ISCEV) standards,55 we also adapted the mice
under mesopic conditions. Previous studies showed that this
method provides a good indicator of pathology in diabetic
retinopathy56,57 and schizophrenia.2 The use of mesopic
conditions allowed visualization of the differences in the
a- and b-wave amplitudes in people with schizophrenia in
comparison to controls. We recorded from young mice to
evaluate whether a reduction in the functionality of the
NMDAR results in any of the fERG abnormalities observed
in people with schizophrenia. Additionally, we performed a
second analysis of the resulting fERG waveforms to deter-
mine if sex-related differences were present.

METHODS

Animals

Littermate male and female mice at 8 to 10 weeks of age
from serine racemase null (SR–/–) mutant mice developed
as described by Basu et al.18 and wild-type (WT) littermate
controls were studied. In the first cohort, 34 mice were used
under mesopic adaptation, 8 and 9 per genotype for males
and females, respectively. We tested a second cohort of 30
mice, 8 SR–/– and 7 WT of each sex, under all three light
conditions—light-, mesopic-, and dark-adapted—to ensure
that we generated results similar to those for the first group
of mice tested. All procedures followed the standards of
the National Institutes of Health and the Association for
Research in Vision and Ophthalmology Statement for the
Use of Animals in Ophthalmic and Vision Research and were
approved by the Institutional Animal Care and Use Commit-
tee at the University of Minnesota.
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FIGURE 1. Representative filtered mesopic fERG recordings from WT mice (black), SR–/– male mice (blue), and SR–/– female mice (red) at
seven light intensities at frequencies of 1 to 30 Hz. The green arrow indicates the a-wave, and the purple arrow indicates the b-wave.

Stimulation and Recording

We used standard light-45 and dark-adapted46 protocols
based on ISCEV standards. For the light-adapted proto-
col, 4-ms green flashes of 9 incrementing steps ranging
from 0.16 to 30 cd·s/m2 were presented on a green rod-
suppressing background of 30 cd/m2 and adapted for 10
minutes prior to recording. Twenty-five responses were
collected per step, with a 5- to 10-second interstep and
10-second interstimulus interval. For the mesopic-adapted
protocol, 4-ms white flashes of 7 incrementing steps rang-
ing from 0.175 to 11.2 cd·s/m2 were presented on a white
background luminance of 0.1 cd/m2 and adapted for 10
minutes prior to recording. Four responses were collected
per step, with a 10-second interstep and 10-second inter-
stimulus intervals. For the dark-adapted protocol, 4-ms blue
flashes of 7 incrementing steps ranging from 0.00025 to
1 cd·s/m2 without background luminance were used, and
mice were dark-adapted overnight prior to the experiments.
Sixteen responses were collected per step, with a 10-second
interstep and 10-second interstimulus interval. Collected
responses were averaged to attain representative traces at
each light intensity for each animal. Data were collected
using the Espion E2 Console Model D215 (Diagnosys LLC,
Lowell, MA, USA) with a 0.3-Hz bandpass filter. Mice were
anesthetized with 4% isoflurane gas, and anesthesia was
maintained with 1.7% isoflurane. Isoflurane was selected

as the anesthetic of choice because the combination of
ketamine and xylazine blocks NMDAR receptor transmis-
sion, as ketamine is an NMDAR non-competitive antago-
nist.58 Because we measured the functionality in mice with
NMDAR hypofunction, ketamine as an anesthetic would
have confounded the results. Previous literature supported
isoflurane as an effective anesthetic agent for maintaining
normal mouse fERGs.59 After anesthetic, tropicamide (1%)
eye drops (Akorn Inc., Lake Forest, IL, USA) were used as
a pupil dilator, followed by corneal analgesic proparacaine
hydrochloride eye drops (0.5%) (Akorn). A heating pad was
used to maintain the mouse body temperature at 37°C. A
contact lens coiled wire electrode was placed on the cornea
and embedded in methylcellulose (1.0%) eye drops (Aller-
gan, Dublin, Ireland).59

Fourier Transform Analysis

A custom MATLAB program was used to determine the
spectral content on fERGs via fast Fourier transform (FFT).
Four traces collected at each light intensity were converted
into power spectra using FFT and then averaged together
for every animal. From these averaged power spectra, low-
frequency content was taken by averaging the spectra from
0 to 30 Hz.
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Data Analysis

To remove OP contamination from the a- and b-wave
measurements, each ERG response was filtered using a
low-pass filter with a passband of 50 Hz and stopband
of 65Hz using a custom MATLAB program.60,61 The four
filtered traces corresponding to a given light intensity for
each animal were averaged and smoothed in MATLAB. Using
this filtered ERG, the a-wave amplitude was measured from
the pre-flash baseline to the peak of the a-wave, and the b-
wave amplitude was measured from the peak of the a-wave
(trough) to the largest peak of the b-wave. Implicit time
of the a-wave and b-wave was measured from flash onset
to response peak. Normality was tested using the Shapiro–
Wilk’s test (P > 0.05) for each group at each level of light
intensity in each of the light-adapting conditions. In the
mesopic dataset, female SR–/– a-wave amplitudes were not
normally distributed at the dimmest light intensities, 0.175
and 0.35. Female WT a-wave amplitudes were not normally
distributed at a light intensity of 0.35. The b-wave amplitudes
were not normally distributed at the dimmest light intensity
(0.175) of female SR–/–. In the dark-adapted dataset there
was one outlier, a female SR–/–, that was removed from the
analysis as data points were 3 standard deviations away from
the mean. Including or excluding this animal from analysis
did not change the statistical analysis of the dark-adapted
fERGs.

Aside from the aforementioned data points, the remain-
ing light intensities across groups were normally distributed.
Two-factor between-subject analysis of variance (ANOVA)
was conducted to evaluate a potential significant interac-
tion between the independent variables sex and genotype
and the simple main effects of sex (male [m] vs. female [f])
and genotype (WT vs. SR–/–) in the mesopic dataset. One-
way ANOVA was performed for the fWT, fSR–/–, mWT, and
mSR–/– groups for light- and dark-adapted datasets. Finally,
we carried out a two-way mix ANOVA (light intensity*sex)
and (light intensity*genotype) to account for changes in light
intensity, the repeated measure for all mice, in all depen-
dent variables. The dependent variables tested were a-wave
amplitude and implicit time, b-wave amplitude and implicit
time, b-/a-wave ratio, and Fourier transforms. All analyses
were conducted for each light intensity. If there was a statis-
tically significant two-way ANOVA difference, analysis for
the simple main effects of the given dependent variable
was performed using a Bonferroni adjustment with statistical
significance at P < 0.025. To evaluate the effect of genotype
or sex alone, the main effects were analyzed through differ-
ences between the unweighted marginal means. All analyses
were conducted using SPSS Statistics 26 (IBM, Armonk, NY,
USA).

Retinal Histology and Immunocytochemistry

To assess if there were significant changes in overall
morphology of the retina from the SR–/– mice compared
to WT, three eyes from three animals per genotype were
removed after euthanasia, fixed in 4% phosphate-buffered
paraformaldehyde (Affymetrix, Cleveland, OH, USA), and
post-fixed in paraformaldehyde for several hours, followed
by rinses in PBS and incubation overnight in 10% sucrose
in PBS and 20% sucrose in PBS. The eyes were embed-
ded in paraffin and sectioned at 10 μm on a sliding micro-
tome. The sections were stained with hematoxylin and eosin
by standard procedures. Sections through the optic nerve

head and through a defined location in peripheral retina,
based on the anterior appearance of the ciliary body and
cornea in the sections (see Supplemental Fig. S3), were
used for measurements in order to be consistent where our
measurements were taken. A BIOQUANT Image Analysis
System (BIOQUANT Image Analysis Corporation, Nashville,
TN, USA) was used to determine the mean height of each
of the layers of the retina with three separate measurements
per layer per area in the central retina and a mean of six
measurements of the retinal layers in peripheral retina in
two locations. These data were analyzed using unpaired t-
tests for each layer and each region, with significance at
P < 0.05.

A second series of retinas were removed and frozen in
2-methylbutane in liquid nitrogen and sectioned at 12 μm
in a cryostat. Sections were prepared from three eyes from
three mice per genotype. The sections were immunostained
with antibodies specific for D-serine (1:200, #ab6472, Abcam,
Cambridge, UK) or serine racemase (1:200, #ab224620,
Abcam) and the VectaFluor Excel Amplified DyLight 488
Anti-Rabbit IgG Kit (Vector Laboratories Inc., Burlingame,
CA, USA). The slides were then immunostained for either
brn3a, a ganglion cell-specific marker (1:50, #sc-8429, Santa
Cruz Biotechnology, Dallas, TX, USA) or CHX10 (1:100,
#ab16141, Abcam), a bipolar-cell-specific marker. For brn3a,
this was followed by incubation with a goat anti-mouse
IgG secondary antibody conjugated to Cy3 (1:500, Jackson
Immunoresearch Laboratories, West Grove, PA, USA); for
CHX10, the slides were incubated in a donkey anti-sheep
IgG secondary antibody conjugated to Cy3 (1:500, Jackson
Immunoresearch). Sections were coverslipped and exam-
ined with fluorescence microscopy.

Using the thresholding program in BIOQUANT, the over-
all intensities of green labeling in three sections per eye were
determined, and the average of these were used to gener-
ate a mean fluorescence intensity. Means for each of the
three eyes per genotype per primary antibody were deter-
mined, and statistical differences were determined using a
Student’s t-test. Values are given as percent of positive area
per total area of the given microscopic field. Co-labeling of
ganglion cells with D-serine and serine racemase was deter-
mined using fluorescence microscopy.

RESULTS

Effect of NMDAR Hypofunction on the a-Wave
Amplitude

Representative fERG traces from mesopic (Fig. 1) and light-
and dark-adapted (Supplementary Fig. S1) male and female
WT and SR–/– are displayed as waveforms at each light inten-
sity. Analysis of the mesopic a-wave amplitude showed no
statistically significant difference betweenWT and SR–/– mice
(Supplementary Fig. S2A, Supplementary Table S1). Anal-
ysis of genotype for male mice showed that the a-wave
amplitudes were significantly different only at the highest
intensity (Supplementary Fig. S2B), whereas female mice
showed a significant difference at the lowest light inten-
sity (Supplementary Fig. S2C). Significance at the bright-
est intensity was similar to the ERG in a study of individu-
als with schizophrenia.2 Analysis of dark- and light-adapted
a-wave amplitudes between groups showed no significant
differences (Supplementary Figs. S2D, S2E; Supplementary
Table S2).
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FIGURE 2. a-Wave implicit time analysis. (A) Mesopic adaptation: comparison of a-wave implicit time based on genotype and evaluation of
the main effects; WT (black), SR–/– (gray). (B, C) Comparison of genotype for a specific gender evaluating the simple main effects of sex. Male
mice (B; blue line) and female mice (C; red line) at all light intensities; WT (black) and SR–/– mice. (D) Dark-adapted (DA) a-wave implicit
time and (E) light-adapted (LA) a-wave implicit time for the four groups: female WT (black line circles), female SR–/– (red line circles), male
WT (black line squares), and male SR–/– (blue line squares). Data are expressed as mean (line), SEM (error bars), and significance (*P =
0.05–0.01; **P = 0.001–0.005; ***P < 0.0005). * indicates the results are significant, but missing data points due to lack of detectable a-waves
in 1 or 2 animals at that light intensity.

TABLE 1. Comparison of a-Wave Implicit Times in WT and SR–/–

Mice

a-Wave Implicit
Time (ms)Flash

Intensity
(cd·s/m2) WT SR–/– Main Effects Genotype

0.175 22 ± 6.3 26 ± 8.2 F(1, 30) = 4.7, P = 0.039
0.35 23 ± 2.6 28 ± 6.3 F(1, 30) = 11.0, P = 0.002
0.7 22 ± 1.6 26 ± 4.3 F(1, 30) = 14.3, P = 0.001
1.4 20 ± 1.5 24 ± 4.1 F(1, 30) = 17.4, P < 0.0005
2.8 19 ± 1.4 22 ± 3.6 F(1, 30) = 14.7, P = 0.001
5.6 18 ± 1.2 20 ± 3.1 F(1, 30) = 9.1, P = 0.005
11.2 17 ± 1.2 19 ± 3.0 F(1, 30) = 7.4, P = 0.011

Data represent a-wave implicit times given genotype, with data
from males and females pooled. Data are expressed as mean ± SD.
The P values are the results of main effects analysis.

Significant Effect of NMDAR Hypofunction on the
Mesopic a-Wave Implicit Time

The a-wave implicit time of the mesopic fERGs was signif-
icantly delayed in SR–/– mice compared to WT mice at all
light intensities, with the SR–/– mice significantly delayed
compared to the normal WT a-wave (Fig. 2A, Table 1). The
simple main effect for sex revealed that SR–/– male mice had
a significantly delayed a-wave implicit time in comparison to
male WT at all light intensities except one (Fig. 2B, Table 2),
whereas there were no significant differences in the a-wave
implicit time between female WT and SR–/– mice (Fig. 2C).

However, a-wave implicit time of light- and dark-adapted
fERGs was not significant between groups (Figs. 2D, 2E).

Significant Effect of NMDAR Hypofunction on the
Mesopic b-Wave Amplitude

The b-wave amplitude in SR–/– mice was profoundly
reduced in the mesopic-adapted fERGs (Fig. 3A), whereas
it remained mostly unchanged in light- and dark-adapted
fERGs (Figs. 3D, 3E). On the other hand, the mesopic b-
wave amplitude differed significantly between WT and SR–/–

mice (Fig. 3). Analysis of the main effects showed that the
b-wave amplitudes were significantly reduced at every light
intensity between the SR–/– and WT mice. SR–/– mice had a
reduced b-wave amplitude ranging from 21 to 62 μV depend-
ing on light intensity and, interestingly, did not change when
light intensity was increased (Fig. 3A, Table 3). Examina-
tion of the simple main effects was conducted to evaluate
whether members of the same sex but opposing genotypes
were different from one another. The simple main effect for
sex revealed that SR–/– male mice had significantly smaller
b-wave amplitudes in comparison to male WT mice at all
light intensities except the highest (Fig. 3B, Table 4). Female
mice showed a decrease in b-wave amplitude for 4 of the 7
light intensities (Fig. 3C). Simple main effects of genotype
were determined to understand whether mice of the same
genotype, but opposite sex, differed from one another.
Male mice had statistically higher b-wave amplitudes in
comparison to females (Table 4), whereas the SR–/– female
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TABLE 2. Comparison of a-Wave Implicit Time in WT and SR–/– Mice Depending on Sex

a-Wave Time (ms)

Female Male Simple Main Effects
Flash Intensity
(cd·s/m2) WT SR–/– WT SR–/– Interaction Sex*Genotype Sex Genotype

0.175 24 23 19 30 F(1, 30) = 5.3, P = 0.029 Male: P < 0.0005 NS
0.35 24 25 23 31 F(1, 30) = 6.2, P = 0.018 Male: P < 0.0005 SR–/–: P = 0.007
0.7 22 24 21 27 F(1, 30) = 3.7, P = 0.064 NA NA
1.4 21 22 20 26 F(1, 30) = 9.6, P = 0.004 Male: P < 0.0005 SR–/–: P = 0.004
2.8 20 21 19 24 F(1, 30) = 9.9, P = 0.004 Male: P < 0.0005 SR–/–: P = 0.002
5.6 19 19 17 22 F(1, 30) = 6.6, P = 0.016 Male: P < 0.001 SR–/–: P = 0.018
11.2 17 17 16 20 F(1, 30) = 4.5, P = 0.042 Male: P < 0.002 SR–/–: P = 0.038

The first two columns represent the mean a-wave implicit time at each condition. The interaction column includes the results from the
analysis examining the interaction between sex and genotype with its corresponding P values. The simple main effects for sex and genotype
are shown in the last two columns with P values Bonferroni-adjusted within each simple main effect. NA, not applicable; NS, not significant.

FIGURE 3. b-Wave amplitude analysis. (A) Mesopic adaptation: comparison of b-wave amplitude based on genotype and evaluation of the
main effects; WT (black), SR–/– (gray). (B, C) Mesopic adaptation: comparison of genotype for a specific gender evaluating the simple main
effects of sex. Male mice (B; blue line) and female mice (C; red line) at all light intensities; WT (black) and SR–/– mice. (D) Dark-adapted
(DA) b-wave amplitude and (E) light-adapted (LA) b-wave amplitude for the four groups: female WT (black line circles), female SR–/– (red
line circles), male WT (black line squares), and male SR–/– (blue line squares). Data are expressed as mean (line), SEM (error bars), and
significance (*P = 0.05–0.01; **P = 0.001–0.005; ***P < 0.0005).

and SR–/– male mice were not statistically different from
one another. A two-way mixed ANOVA was performed to
understand if there was an interaction between sex with
repeated changes in light intensity and between genotype
and repeated changes in light intensity. No dependent vari-
ables were significant for sex and light intensity interaction;
however, b-wave amplitude was the only dependent variable
that showed significant differences between light intensity
and genotype (df[6, 180] = 4.6; P < 0.0005). These results
suggest that the SR–/– mice b-wave amplitude did not modu-
late to increasing light intensity. The dark-adapted b-wave

amplitude was not significant across groups, and the light-
adapted b-wave amplitude was only significant at two light
intensities (Fig. 3E, Supplementary Table S3).

These results demonstrate that at all light intensities,
the D-serine deficiency resulting in NMDAR hypofunction
reduced the b-wave amplitude under mesopic conditions.
However, this reduction in amplitude depended on whether
the animal was male or female. Male SR–/– mice exhibited
a statistically significant reduction in b-wave amplitude in
comparison to WT males across light intensities; however,
only at the middle light intensities were the SR–/– females
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TABLE 3. Comparison of b-Wave Amplitude in WT and SR–/– Mice

b-Wave Amplitude
(μV)Flash

intensity
(cd·s/m2) WT SR–/– Main Effects Genotype

0.175 36 ± 14.0 17 ± 11.3 F(1, 30) = 25.7, P < 0.0005
0.35 40 ± 16.7 16 ± 9.9 F(1, 30) = 33.6, P < 0.0005
0.7 46 ± 16.0 19 ± 12.1 F(1, 30) = 40.3, P < 0.0005
1.4 52 ± 20.2 17 ±10.0 F(1, 30) = 49.8, P < 0.0005
2.8 48 ± 20.1 16 ± 10.4 F(1, 30) = 39.4, P < 0.0005
5.6 50 ± 23.9 18 ± 11.3 F(1, 30) = 30.9, P < 0.0005
11.2 49 ± 25.0 14 ± 9.4 F(1, 30) = 30.4, P < 0.0005

Data represent b-wave amplitude for each genotype; male and
female data are pooled. Data are expressed as mean ± SD. The P
values are the results of main effects analysis.

statistically lower than the WT females. Interestingly, the
b-wave amplitudes between SR–/– male and SR–/– female
mesopic b-wave amplitudes were not statistically signifi-
cantly different from one another; however, in WT female
and WT male mice they differed at lower light intensities.
This highlights the importance of investigating gender differ-
ences in fERGs of WT animals as well as genetically modified
mice.

Significant Effect of NMDAR Hypofunction on the
Mesopic b-Wave Implicit Time

The b-wave implicit time was largely delayed in the
SR–/– mice in the mesopic condition but remained the
same across groups in the dark- and light-adapted condi-
tions. The mesopic b-wave implicit times for the SR–/–

mice were significantly delayed from those generated by
WT retinas at all light intensities (Fig. 4A, Table 5).
There was an interaction effect between sex and geno-
type at the brightest light intensities (Table 6). SR–/–

males had a statistically significant delay in the b-wave
implicit time in the brightest light intensities in comparison
to WT male mice (Fig. 4B, Table 6). This difference was
not present in the female mice (Fig. 4C). Comparing the b-
wave implicit time for members of the same genotype but
opposing sex, SR–/– male and female mice differed at the
brightest light intensities, with male mice having a statis-
tically greater delay in the b-wave implicit time (Table 6),
whereas WT female and WT male mice did not differ from

one another. This demonstrates that the peak of the b-wave
in SR–/– mice occurs later in time after flash onset compared
to WT mice. However, this delay in the b-wave implicit time
depended on the light intensity and sex of the animal. At
brighter light intensities, SR–/– male mice had a statistically
significant delay in the b-wave implicit time in comparison to
all other groups (Table 6). There were no significant differ-
ences in b-wave implicit time across groups in the dark- and
light-adapted conditions (Figs. 4D, 4E).

Significant Effect of NMDAR Hypofunction on the
Mesopic b-/a-Wave Ratio

Because the amplitude of the mesopic b-wave depended
on the interaction between sex and genotype at all light
intensities and the a-wave amplitude did not (Supplementary
Fig. S2, Supplementary Table S1), we calculated the
b-/a-wave ratio to determine whether the relationship
between the a- and b-wave differences depended on the
interaction of genotype and sex. At all light intensities except
the lowest, the b-/a-wave ratio was significantly reduced
in SR–/– mice in comparison to WT mice (Fig. 5, Table 7).
There was no interaction effect between sex and genotype
(analysis not shown). In sum, the b-/a-wave ratio quantifi-
cation in the mesopic fERGs demonstrated a reduction in
the SR–/– mice, regardless of the sex of the animal. This is
the first use of the b-/a-ratio in analysis of the ERG from
an animal model or from humans with schizophrenia. It will
be important to see if these differences are seen in people
with schizophrenia. There were almost no significant differ-
ences in the b-/a-wave ratio in the dark- and light-adapted
conditions (Figs. 5D, 5E).

Fourier Transform Analysis for the Mesopic ERGs

Fourier transform analysis decomposes a signal into
contributing frequency components and provides the weight
(power) that each frequency contributes to the original
signal. Fourier transform analysis on the low-frequency
components of the fERG, the a- and b-waves, showed a
statistically significant reduction in SR–/– mice in compari-
son to WT mice at all light intensities except the dimmest
light values (Fig. 6A, Table 8). There was a significant inter-
action between genotype and sex at the three lowest light
intensities (valuemin – valuemax) (Table 9). Examination of

TABLE 4. Comparison of b-Wave Amplitude in WT and SR–/– Mice Depending on Sex

b-Wave Amplitude (μV)

Female Male Simple Main Effects
Flash Intensity
(cd·s/m2) WT SR–/– WT SR–/– Interaction Sex*Genotype Sex Genotype

0.175 27 21 45 13 F(1, 30) = 11.8, P = 0 .002 Male: P < 0.0005, Female: P = NS WT: P = 0.003
0.35 32 19 49 12 F(1, 30) = 7.4, P = 0.011 Male: P < 0.0005, Female: P = 0.032 WT: P = 0.010
0.7 41 25 52 11 F(1, 30) = 8.3, P = 0.007 Male: P < 0.0005, Female: P = 0.017 WT: P = 0.075
1.4 45 22 60 11 F(1, 30) = 6.7, P = 0.015 Male: P < 0.0005, Female: P = 0.003 WT: P = 0.048
2.8 41 20 55 11 F(1, 30) = 4.8, P = 0 .036 Male: P < 0.0005, Female: P = 0.006 WT: P = 0.080
5.6 41 25 59 9 F(1, 30) = 8.1, P = 0.008 Male: P < 0.0005, Female: P = NS WT: P = 0.041
11.2 45 18 54 10 F(1, 30) = 1.8, P = 0 .188 NA NA

Columns 2 to 5 represent the mean b-wave amplitude for each condition. The interaction column includes the results from the interaction
between sex and genotype with the corresponding P values. The simple main effects analysis for sex and genotype are shown in the last
two columns with P values Bonferroni-adjusted within each simple main effect. NA, not applicable; NS, not significant.



ERG and Schizophrenia in Mice IOVS | February 2020 | Vol. 61 | No. 2 | Article 16 | 8

FIGURE 4. b-Wave implicit time analysis. (A) Mesopic adaptation: comparison of b-wave implicit time based on genotype and evaluation of
the main effects; WT (black), SR–/– (gray). (B, C) Mesopic adaptation: comparison of genotype for a specific gender evaluating the simple
main effects of sex. Male mice (B; blue line) and female mice (C; red line) at all light intensities; WT (black) and SR–/– mice. (D) Dark-adapted
b-wave implicit time and (E) light-adapted b-wave implicit time for the four groups: female WT (black line circles), female SR–/– (red line
circles), male WT (black line squares), male SR–/– (blue line squares). Data are expressed as mean (line), SEM (error bars), and significance
(*P = 0.05–0.01; **P = 0.001–0.005; ***P < 0.0005).

the simple main effects was conducted to evaluate whether
members of the same sex but opposing genotypes were
different from one another. The simple main effect for sex
revealed that SR–/– male mice had a significantly smaller
low-frequency component in comparison to male WT at all
light intensities (Figs. 6B, 6C; Table 9). There was no statisti-
cally significant difference between SR–/– and WT females
(Figs. 5D, 5E). Analysis of the low-frequency component
demonstrated that SR–/– mice had lower power in compari-
son to WT mice, but this difference was greater in males at
the lowest light intensities.

TABLE 5. Comparison of b-Wave Implicit Time in WT and SR–/– Mice

b-Wave Implicit
Time (ms)Flash

intensity
(cd·s/m2) WT SR–/– Main Effects Genotype

0.175 59 ± 6.2 65 ± 9.2 F(1, 30) = 6.6, P = 0.016
0.35 54 ± 3.4 63 ± 8.5 F(1, 30) = 16.3, P < 0.0005
0.7 52 ± 3.2 60 ±7.8 F(1, 30) = 18.6, P < 0.0005
1.4 51 ± 3.2 56 ± 10 F(1, 30) = 5.3, P = 0.028
2.8 49 ± 4.2 57 ± 8.4 F(1, 30) = 15.0, P = 0.001
5.6 48 ± 5.1 54 ± 8.3 F(1, 30) = 9.3, P = 0.005
11.2 47 ± 4.4 53 ± 9.2 F(1, 30) = 8.0, P = 0.008

Data represent the b-wave implicit time for each genotype; male
and female data are pooled. Data are expressed as mean of each
genotype ± SD. The P values are the results of main effects analysis.

Morphometric Analysis of Retinal Layer
Thickness in SR–/– and WT mice

The thickness of each layer of the retina in both the central
and peripheral retina from SR–/– and WT mice were analyzed
for differences due to loss of D-serine in the SR–/– mice.
No significant differences were seen in any of the layers
of either the central or peripheral retina (Supplementary
Fig. S3). It should be noted that these mice were gener-
ated and validated in the Coyle laboratory, where they were
shown to mimic a number of aspects of the human disease.10

The retinas of these mice were shown to have significantly
reduced D-serine concentration, as measured by capillary
electrophoresis, and both significantly reduced co-agonist
occupancy of the NMDAR and a significant reduction in the
NMDAR component of ganglion cell light-evoked responses
with retention of normal vision as measured by the optoki-
netic reflex.62

Immunocytochemical Analysis of D-Serine and
Serine Racemase Expression in the SR–/– and WT
Mice

Quantification of the levels of D-serine and serine racemase
were determined using the densitometry function in our
morphometry system. In the SR–/– mice, D-serine levels were
significantly lower, and serine racemase was not detectable
by our densitometric system (Figs. 7A, 7B).

Immunohistochemical examination showed a confirma-
tory reduction in the levels of D-serine in the SR–/– mice
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TABLE 6. Comparison of b-Wave Implicit Time in WT and SR–/– Mice Depending on Sex

b-Wave Implicit Time (ms)

Female Male Simple Main Effects
Flash Intensity
(cd·s/m2) WT SR–/– WT SR–/– Interaction Sex*Genotype Sex Genotype

0.175 61 64 56 67 F(1, 30) = 1.8, P = NS NA NA
0.35 54 61 53 65 F(1, 30) = 1.7, P = NS NA NA
0.7 52 57 51 63 F(1, 30) = 3.8, P = NS NA NA
1.4 52 54 49 59 F(1, 30) = 2.2, P = NS NA NA
2.8 50 54 47 60 F(1, 30) = 5.2, P = 0.030 Male: P < 0.0005 SR–/–: P = 0.043
5.6 50 52 45 57 F(1, 30) = 4.5, P = 0.043 Male: P = 0.001 NS
11.2 49 51 45 56 F(1, 30) = 3.8, P = NS NA NA

The first two columns represent the mean b-wave implicit time each condition. The interaction column includes the results from the
interaction between sex and genotype with its corresponding p-values. Simple main effects analysis for sex (SME: Sex) and genotype (SME:
Genotype) are in the last two columns with p-values Bonferroni-adjusted within each simple main effect. (N.A.) stands for not applicable.

FIGURE 5. b-/a-Wave ratio analysis. (A) Mesopic adaptation: comparison of b-/a-wave ratio based on genotype and evaluation of the main
effects; WT (black), SR–/– (gray). (B, C) Mesopic adaptation: comparison of genotype for a specific gender evaluating the simple main effects
of sex. Male mice (B; blue line) and female mice (C; red line) at all light intensities; WT (black) and SR–/– mice. (D) Dark-adapted b-/a-wave
ratio and (E) light-adapted b-/a-wave ratio for the four groups: female WT (black line circles), female SR–/– (red line circles), male WT (black
line squares), and male SR–/– (blue line squares). Data are expressed as mean (line), SEM (error bars), and significance (*P = 0.05–0.01; **P
= 0.001–0.005; ***P < 0.0005).

compared to WT mice (Figs. 7B–7D). Both bipolar cells
(Figs. 7C, 7D) and ganglion cells (Figs. 7E, 7F) were positive
for D-serine expression (Figs. 7B, 7C) and serine racemase
expression (not shown).

DISCUSSION

This study demonstrated that fERGs in a mouse model
of schizophrenia with hypofunction of the NMDAR had
a smaller b-wave amplitude, delayed a-wave and b-wave

implicit time, smaller b-/a-wave ratio, and a decreased
low-frequency component of the Fourier transform anal-
ysis only in mesopic-adapted fERGs, whereas light- and
dark-adapted fERGs remained largely unaffected. This high-
lights the potential of using mesopic background luminance
specifically in the identification of abnormalities pertinent to
schizophrenic pathology. Similar to people with schizophre-
nia, mice with NMDAR hypofunction had a reduced b-wave
amplitude and delayed b-wave implicit time in compari-
son to controls. However, we emphasize that this reduction
depended on light adaptation and whether the mouse was
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FIGURE 6. Fast Fourier transform analysis in males and females of WT (black) and SR–/– mice (males, blue line; females, red line) of
the mesopic a- and b-waves at all light intensities. Sample Fourier transform output of one animal per given genotype at light intensity
5.62 cd·s/m2 is shown for males (C) and females (E). The black dashed arrow points to the low-frequency component. (A) Comparison of
the low-frequency component given genotype by evaluating the main effects (WT, solid line and closed circles; SR–/–, dashed line and open
circles). SR–/– mice had a reduced low-frequency component in comparison to WT at the dimmest light intensities in the males (B) but not
females (D). Data are expressed as mean (line), SEM (error bars), and significance (*P = 0.05–0.01; **P = 0.001–0.005; ***P < 0.0005).

TABLE 7. Comparison of the b/a Wave Ratio in WT and SR–/– Mice
Depending on Sex

b-/a-Wave RatioFlash
Intensity
(cd·s/m2) WT SR–/– Main Effects Genotype

0.175 6 ± 5.6 3 ± 4.7 F(1, 30) = 3.4, P = 0.074
0.35 3 ± 1.1 1 ± 0.7 F(1, 30) = 26.5, P < 0.0005
0.7 2 ± 1.5 0.8 ± 0.5 F(1, 30) = 22.3, P < 0.0005
1.4 2 ± 2.9 0.6 ± 0.7 F(1, 30) = 4.7, P = 0.038
2.8 1 ± 0.4 0.4 ± 0.2 F(1, 30) = 38.2, P < 0.0005
5.6 0.8 ± 0.2 0.4 ± 0.2 F(1, 30) = 37.8, P < 0.0005
11.2 0.8 ± 0.4 0.2 ± 0.1 F(1, 30) = 25.6, P < 0.0005

Data represent the b/a wave ration for each genotype. Data are
expressed as the mean of each genotype. The P values are the results
of main effects analysis.

female or male; therefore, we suggest recording mesopic-
adapted fERGs and including sex as a variable in future fERG
data analyses. Furthermore, we explored two additional
dependent variables not examined by the schizophrenic-
fERG literature to date, the b-/a-wave ratio and the-low
frequency component of the Fourier transform analysis. Our

TABLE 8. Comparison of Low Frequency Component in WT and
SR–/– Mice

Flash
Intensity
(cd·s/m2) WT SR–/– Main Effects Genotype

0.175 5.4 × 105 4.7 × 105 F(1, 30) = 0.874, P = 0.357
0.35 4.0 × 105 6.3 × 105 F(1, 30) = 13.3, P = 0.001
0.7 7.0 × 105 4.5 × 105 F(1, 30) = 14.1, P = 0.001
1.4 8.8 × 105 5.7 × 105 F(1, 30) = 9.3, P = 0.005
2.8 9.3 × 105 6.5 × 105 F(1, 30) = 8.9, P = 0.006
5.6 1.0 × 106 7.0 × 105 F(1, 30) = 8.6, P = 0.006
11.2 5.7 × 106 7.6 × 106 F(1, 30) = 13.7, P = 0.001

Data represent the low frequency component given genotype;
male and female data are pooled. Data are expressed as mean
± S.D. The p-values are the results of main effects analysis.

work demonstrated that the b-/a-wave ratio did not depend
on sex and can be used exclusively to evaluate genotypic
differences. Finally, the low-frequency component of the
fERG, which reflects the a- and b-waves combined, can
inform about sex and genotype differences, as well, and it
can be a better measure for recording in instances with a low
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TABLE 9. Comparison of Low Frequency Component in WT and SR–/– Mice Depending on Sex

Female Male Simple Main Effects
Flash Intensity
(cd·s/m2) WT SR–/– WT SR–/– Interaction Sex*Genotype Sex Genotype

0.175 4.5 × 105 6.2 × 105 6.4 × 105 2.9 × 105 F(1, 30) = 6.9, P = 0.013 Male: P = 0.020 SR–/–: P = 0.023
0.35 5.4 × 105 4.5 × 105 7.3 × 105 3.5 × 105 F(1, 30) = 4.7, P = 0.038 Male: P < 0.0005 NS
0.7 6.1 × 105 5.1 × 105 8.1 × 105 3.7 × 105 F(1, 30) = 5.3, P = 0.028 Male: P < 0.0005 NS
1.4 8.2 × 105 6.2 × 105 9.4 × 105 5.1 × 105 F(1, 30) = 1.2, P = 0.276 NA NA
2.8 8.6 × 105 7.2 × 105 1.0 × 106 5.6 × 105 F(1, 30) = 2.5, P = 0.124 NA NA
5.6 9.1 × 105 7.9 × 105 1.2 × 106 6.0 × 105 F(1, 30) = 3.5, P = 0.070 NA NA
11.2 1.2 × 106 9.0 × 105 1.3 × 106 6.0 × 105 F(1, 30) = 2.6, P = 0.118 NA NA

Data represent mean power of the low frequency component for each genotype. Data are expressed as mean of each genotype. The
p-values are the results of main effects analysis. Simple main effects for sex (SME: Sex) and genotype (SME: Genotype) are in the last two
columns with p-values Bonferroni-adjusted within each simple main effect.

signal-to-noise ratio. Due to its sensitivity to sex and geno-
type, the b-wave amplitude and implicit time from mesopic-
adapted fERGs emerged as potential candidates for use as a
schizophrenia biomarker.

Our negative results on the light- and dark-adapted
fERGs were surprising, but they shed light on why there are
inconsistent results in human studies. Recent ERG studies
comparing subjects with schizophrenia to healthy human
controls showed a reduction of the b-wave amplitude in
subjects with schizophrenia under different light adaptation
conditions.2,3,12,13 Earlier work did not observe differences
in fERG parameters in subjects with schizophrenia in
comparison to controls.63,64 The earlier and more recent
studies differ in that the more recent analyses measured
a variety of dependent variables in broader stimulus and
background conditions. The reduced mesopic b-wave
amplitude and delayed implicit times at all light intensities
in SR–/– mice compared to WT mice agreed with these
earlier studies in subjects with schizophrenia compared
to healthy controls under their phototopic 1 (P1) condi-
tion.2 Although a distinction between mesopic and light
adaptation was not made in the study by Demmin et al.,2

their results nonetheless shed light on the possibility of
using mesopic adaptation to detect ERG abnormalities in
subjects with schizophrenia. Unlike dark- and light-adapted
fERGs, mesopic adaptation of fERGs encompasses a retinal
network that integrates signals from both rods and cones.
Studies have found that mesopic background light enhances
and modulates the ERG photoresponse of the cones in a
reversible manner,65 possibly by decoupling the gap junc-
tions between rods and cones that suppresses the cone
ERG photoresponses during dark adaptation. This result
implies that gap junctional coupling between rods and
cones is modulated by background light, whereby mesopic
lighting conditions decouple the gap junction, increasing
the functional range of the cone light response.65

Aside from the initial gap junction connectivity between
rods and cones, there are two other routes where these
signals converge to include gap junctions; one of them is
between AII amacrine cells and chemical synapses between
on- and off-bipolar cells that are modulated by rods via
a chemical synapse between rod bipolar cells and AII
amacrine cells.66 The diverse routes for rod–cone signaling
imply that different retinal networks serve to transition from
rod to cone vision across the range of mesopic light inten-
sities. Although there is a rich body of literature describ-
ing the rod–cone pathways, the role that D-serine plays in

these pathways has not been investigated. Our body of
work suggests that D-serine plays a role in the rod–cone
networks such that it impacts the on-bipolar response to
the mesopic background. The ERG b-wave reflects primar-
ily the activity of on-bipolar cells. We showed that D-serine
was positively expressed in bipolar cells, and the signifi-
cant decrease in D-serine levels from birth affected bipo-
lar cell function during mesopic light conditions. This high-
lights the importance of examining mesopic-adapted fERGs
in future studies and accounting for sex differences in analy-
ses of electroretinographic measurements from people with
schizophrenia.49

The b-/a-wave ratio has not been examined previously in
the human fERG literature on subjects with schizophrenia
nor in animal models of schizophrenia. It was reported to be
a good marker for central retinal vein occlusion and predict-
ing neovascular glaucoma.67,68 Because the mesopic b-wave
amplitude was significantly reduced in SR–/– mice but the a-
wave amplitude was not, calculation of the b-/a-wave ratios
allowed evaluation of its usefulness in quantifying genotypic
differences. In the SR–/– NMDAR hypofunction mice, the b-
/a-wave ratio was reduced at all light intensities in compari-
son to WT mice. This reduction was independent of the sex
of the animal and therefore can be used as a tool to evaluate
genotypic differences in b-wave parameters when data from
both sexes are pooled together.

In addition to performing traditional quantification of
the fERG a- and b-wave components, we implemented a
higher order analysis on these components, the fast Fourier
transform (FFT), even though analyses of the fERG waves
using this technique have not been reported in human
subjects with schizophrenia previously. In normal ERGs from
human subjects, FFT measurements were better at reflecting
differences than traditional amplitude and implicit time
measurements because of their resistance to a low signal-
to-noise variability.69 We conducted frequency domain
measurements due to their translational potential of reduc-
ing inherent variability brought about by the population
studied.69 In our work, the low-frequency component was
significantly reduced in SR–/– NMDAR hypofunction mice in
mesopic light adaptation in comparison to controls. Simi-
lar to the b-wave amplitude, the low-frequency component
provides information on genotype and sex differences. In
contrast to the b-wave amplitude, the low-frequency compo-
nent also can account for inherent variability69 in the data
resulting from studying individuals with schizophrenia.70 We
suggest that an analysis of the low-frequency component
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FIGURE 7. Densitometric and immunohistochemical examination of D-serine and serine racemase. Densitometric analysis demonstrated
significant reduction of both D-serine levels (A) and serine racemase levels (B) in the SR–/– mice compared to littermate controls. Immunos-
taining demonstrated expression of D-serine at the highest levels in the inner nuclear layer (C, E), specifically in CHX10-positive bipolar cells
(arrows, C, D), and in the inner plexiform and ganglion cell layers (C, E), specifically in brn3A-positive ganglion cells (arrows, E, F). Bar
represents 10 μm. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion
cell layer.
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be included in fERG analyses of people with schizophre-
nia to better differentiate their fERGs from those of control
subjects.

Our research strongly supports the value of the SR–/–

mouse model of schizophrenia, consistent with the NMDAR
hypofunction hypothesis contributing to the pathophysiol-
ogy of schizophrenia.71 This mouse model would facilitate
investigation into potential therapeutic interventions that
might ameliorate these abnormalities in the retina and, by
extension, within the brain. Previously tested mouse models
with relevance to psychiatric disorders examined fERG
changes resulting from dopaminergic dysfunction.8 Lavoie
and colleagues8 observed a reduction in the b-wave ampli-
tude at all light intensities in both photopic and scotopic
conditions in dopamine D1 receptor knockout (D1R-KO)
mice and commented on the similarity between D1R-KO
results and high-risk schizophrenic offsprings. However,
this reduction in b-wave was expected from knocking-
out the D1 receptor, a dopamine receptor type known to
be expressed in bipolar cells72 and essential for normal
response to light adaptation from bipolar cells.73,74 Although
other monoamine-deficient mice were examined and no
significant differences were observed, the question now is
whether there are any deficiencies in the fERGs of the
mice tested by Lavoie et al.8 during mesopic adaptation,
specifically on the three dopamine transgenic mice tested,
as dopamine is known to modulate the electrical coupling
of the gap junction between rods and cones in the switch
between photopic and mesopic lighting.75

The value of the SR–/– mouse is in explaining how D-serine
is involved in shaping retinal network development and
function. It has been shown that SR and D-serine expression
normally changes dynamically in the retina with age, with
D-serine being abundant earlier in development and
declining in the first month of life.76 In comparison to infant
mice (3 weeks old), the adult mouse retina had limited D-
serine and SR expression.77 At present, it is not known why
serine racemase and D-serine are so abundant early in devel-
opment. The fact that we used a constitutively expressed
mutation of SR, which would be true for subjects with
the SR risk gene, may have impacted retinal development
affected by NMDAR function. The onset of schizophrenia is
not linked to the onset of psychosis, which typically occurs
in the late teens or early 20s in males.78 Cognitive impair-
ments and social/motivational deficits (negative symptoms),
which best reflect NMDAR hypofunction, are present in
childhood in most individuals who later are diagnosed with
schizophrenia after the appearance of psychosis.79 Thus,
this mouse model can show within-subject longitudinal
differences due to SR and D-serine deprivation during
development that may be relevant to changes associated
with the onset of psychosis in schizophrenia.

Importantly, our study demonstrated distinctly different
patterns of fERGs in male and female mice in mesopic-
adapted fERGs, showing significant changes in the male
SR–/– mice compared to WT mice but not in females. We
did not see significant sex differences in light- and dark-
adapted fERGs, which raises the question of the role of
gonadal hormones in the transition between different back-
ground lights. Although some fERG studies in subjects
with schizophrenia demonstrated that components of the
photopic a- and b-waves were reduced in those with
schizophrenia in comparison to healthy controls, most stud-
ies grouped male and female subjects for their data anal-
yses. Only one study included sex as a factor, and they

did not observe a statistically significant difference in fERGs
between females and males with schizophrenia.12 However,
this study measured subjects that were at high risk for
schizophrenia and did not account for sex in the follow-up
study examining subjects who had developed schizophre-
nia.7 It is difficult to interpret these results because ques-
tions remain as to the cause and effect of these relationships.
There is little on sex differences in retinal function in the
literature; however, some studies showed a sex difference in
the fERGs among healthy human controls, including differ-
ences in amplitude and implicit time.51,80 This is reflected in
our work, whereby the mesopic fERGs of WT mice differed
depending on sex at specific parameters. Previous studies
have shown that the prevalence of schizophrenia is lower
in females, who also have a later age of onset and a less
severe disease course than males.81–83 Notably, the behav-
ioral phenotype was less severe in female SR–/– mice than in
males.15

The power of the present study is twofold. First, we
demonstrate that our current knowledge of the role D-
serine in the retina requires further investigation due to
the reduction of the mesopic b-wave amplitude and time
delay observed in SR–/– mice. It is important to understand
how the changes in D-serine and SR expression during
development76,84 reflect changes in the fERG at various
light intensities and background conditions. D-Serine plays
a pivotal role in the retina as the endogenous co-agonist
of the NMDAR.34 Because it is known that NMDARs are
recruited in RGCs based on light intensity demands, look-
ing at a range of light intensities can serve as an indirect
evaluation of dynamic recruitment of NMDARs that may
differentiate one person with schizophrenia from another.85

As a result, we recommend evaluating a wider range of
flash intensities under photopic, scotopic, and mesopic
background adaptation to evaluate distinct retinal path-
ways in subjects with schizophrenia in comparison with
controls.

Second, we demonstrated that signals from mesopic-
adapted retina warrant further investigation regarding inner
retinal involvement in the fERG,86 particularly how these
changes can be used as a potential diagnostic tool for iden-
tification of psychiatric disorders. Dopamine plays a role
in switching between photopic and mesopic states.75 This
suggests that the network needed for adapting to mesopic
light conditions can be severely affected by neuropsychi-
atric disorders such as schizophrenia, because it requires
both dopamine and glutamate. It is the general consensus
that schizophrenia is a disorder of complex genetics and
that no single molecular event can account for the patho-
physiology of schizophrenia,85 which implies that people
with schizophrenia may be quite diverse in the underly-
ing cause of their disorder. This may explain the incon-
sistent results from human fERG data from people with
schizophrenia.2–4,6,7,61 Including mesopic-adapted condi-
tions when studying human fERG responses may provide
further insight. Our results demonstrate that specific anal-
yses of the ERG waveform under a wider spectrum of
background light conditions may allow more accurate and
sensitive measures of differences between people with
schizophrenia and normal individuals. The replication of
the fERG results in individuals with schizophrenia using the
methods used with this mouse model would further support
the potential role of NMDAR hypofunction as one of the
causative mechanisms. This mouse model will allow us to
assess methods that might modify the abnormal fERGs that
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may in turn result in new therapeutic approaches for the
treatment of schizophrenia.

In conclusion, even though the current diagnostic
measurement using clinical interviews is effective at identify-
ing schizophrenia when psychosis is present, clinical screens
prior to the appearance psychosis are only weakly predic-
tive of schizophrenia.10 The power of having a biomarker for
schizophrenia risk lies on prognostics, the ability to predict
who will become ill prior to the onset of psychosis. As
there are known genetic risk factors for the development
of schizophrenia,87,88 this may aid in the early identifica-
tion of at-risk individuals with impaired NMDAR function
and thereby facilitate early intervention. The human stud-
ies demonstrate that there are anomalies in the fERGs of
humans with schizophrenia in comparison to unaffected
persons; however, insights into the cellular mechanisms
behind these differences are needed. Further studies in this
and other validated mouse models of schizophrenia should
help explain why the fERG differences are present and
provide stronger support for the use of fERGs as a tool to
decipher the etiology of schizophrenia.
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