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Abstract 

 
There is a lack of objective measurements for assessing the progression of 

mental disorders such as schizophrenia. Biomarkers for schizophrenia would be an 

invaluable asset to identify at-risk individuals objectively, which should consequently 

improve the personôs prognosis and treatment. One such candidate for becoming a 

biomarker for schizophrenia is the flash-electroretinogram (fERG), an ophthalmological 

tool that assesses retinal integrity. Prior research had conflicting results, with some 

studies showing that people with schizophrenia have a reduced response from 

photoreceptors and bipolar cells. However, it has been unclear why abnormalities would 

occur that early in the retinal pathway when mouse studies that investigated monoamine 

deprivation, such as dopamine, did not reflect those deficits. An alternative reason for an 

altered fERG is that it may reflect reduced N-methyl-d-aspartate receptor (NMDAR) 

function, which has been postulated to explain some of the pathology exhibited in people 

with schizophrenia. However, no retinal field potentials in the outer retina had been 

attributed to NMDAR function. One way to induce hypofunction of the NMDAR is by 

reducing the availability of its co-agonist, either glycine or D-serine, since the NMDAR 

needs both glutamate and a co-agonist for activation. I examined how D-serine 

deprivation and its excess affects the outer retinal field potentials, and whether it has 

implications for psychiatry. We report the first fERG study in a genetic mouse model of 

schizophrenia characterized by NMDAR hypofunction from genetic silencing of serine 

racemase expression (SR-/-), an enzyme that converts L-serine to D-serine. We 

analyzed fERG components under mesopic-adapted conditions that reflect outer retinal 

function, the a-wave and the b-wave, to determine the resemblance to the human fERG 

from people with schizophrenia. In all the analyses, I included sex as a factor, due to the 
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sex differences underlying the disease. We tested pharmacologically-induced 

hyperfunction of the NMDAR in WT mice by introducing D-serine. Lastly, we analyzed 

human fERG and pattern-electroretinogram (PERG) studies to assess outer and inner 

retinal function. I report that hypo- or hyper-function of the NMDAR, through changes in 

available D-serine, profoundly affects the temporal scale of photoreceptor and bipolar 

cell signaling, as well as the amplitude of bipolar cell currents. This work mirrors the 

deficits observed in people with schizophrenia. Including sex as a factor in analyses 

showed that D-serine affects male mice more profoundly regardless of genotype, 

suggesting that NMDAR and D-serine are involved in the retinal field potentials of the 

outer retina and are dependent on the animalôs sex. These studies also suggest that 

either there is a functional NMDAR component to the outer retinal field potentials or that 

D-serine has another role in the retina aside from being an endogenous co-agonist for 

the NMDAR. This implicates the involvement of gonadal hormones and D-serine in 

retinal functional integrity. Our human analyses reflect deficits in the retinal ganglion cell 

layer, and a trending reduction of the signal corresponding to bipolar cells. Furthermore, 

the human data analyses also showed an interaction between sex, with deficits affecting 

males with schizophrenia more profoundly. This work elevates the potential of the fERG 

to differentiate between healthy controls and subjects with schizophrenia, and to detect 

sex differences known to be present in schizophrenia. 
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Chapter 1 

Introduction 
 
   

One of the overarching goals in medicine today is the attempt to understand the 

etiology of diseases to increase our ability to diagnose conditions that affect the central 

nervous system. This will potentially allow us to detect conditions earlier and design 

treatments to decrease illness and disability. Currently, there is a lack of objective 

measures for assessing various medical conditions at various stages of the disease 

(Slikker Jr, 2018). In response to this need, the United Statesô medical research agency, 

the National Institute of Health (NIH), has made it its mission to support research in 

ñunderstanding of causes, diagnosis, prevention of and cure of human diseasesò, setting 

a national quest to find objective markers in medicine to serve as biomarkers. 

Biomarkers are biological features that can provide information about risk, occurrence, 

and/or progression of disease. Medical conditions where biomarkers can have 

tremendous impact are in the diagnosis and prognosis of psychiatric diseases such as 

schizophrenia.  Clinical interviews are the current method of diagnosing schizophrenia; 

however, despite being able to identify the disease once present, it fails to detect people 

with schizophrenia prior to symptom onset (Weickert, Weickert, Pillai, & Buckley, 2013). 

Identifying at risk individuals would be invaluable for earlier prognostic and symptom-

specific treatment.  

 

Significance  

Schizophrenia is a chronic and severe disease that affects between 0.25% - 

0.65% of people in the United States (Desai, Lawson, Barner, & Rascati, 2013; Kessler 

et al., 2005; Wu, Shi, Birnbaum, Hudson, & Kessler, 2006). Despite the small 
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percentage of the American population afflicted with the disease, it is quite disabling, 

and the economic cost is high. In 2002, Schizophreniaôs economic burden to the United 

States was calculated at $67.2 billion dollars (Wu et al., 2005) rising in 2013 to $155.7 

billion dollars (Cloutier et al., 2016). In part, this cost is attributed to the chronic nature of 

the disease as the exact cause of schizophrenia is not known, and current treatments 

only relieve symptoms but do not cure the disease. At present, people with 

schizophrenia must live with the disease throughout their lives, which implies a long-term 

commitment from families, who may lack the means to pay for unending treatments and 

to care for their loved one.  The long-term nature of the disease yields an accumulated 

direct health care and non-health care related cost of $43.7 billion dollars due to the 

significant expense of hospital inpatient, outpatient, and emergency room visits along 

with the cost of prescription drugs, assistance from law enforcement, and often, 

homeless shelters (Chong et al., 2016). Although it is easy to acknowledge the direct 

costs associated with the disease, schizophreniaôs burden to society as a whole is huge, 

due to the indirect cost from the lost productivity attributed to unemployment or decision 

of caregivers to leave jobs. This indirect cost, not caused directly by the disease, is 

estimated to be $117.3 billion dollars (Chong et al., 2016). Unfortunately, society must 

endure the consequences of this chronic, and yet incurable, disease with unending 

treatment because the etiology of schizophrenia is unknown.  The current treatments for 

schizophrenia are anti-psychotic drugs that effectively reduce psychosis and relapse, but 

do not ameliorate other symptoms and have significant negative side effects (Luby et al., 

1962).  Many of these treatments are based on the dopamine hypothesis for the etiology 

of schizophrenia, using antipsychotic drugs, which work by blocking dopamine D2/3 

receptors (Li et al., 2016; Snyder, 1976). A more recent hypothesis suggests loss of 
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function of the N-Methyl-D-Aspartate receptor (NMDAR) as a potential etiology for 

schizophrenia, and this has opened-up possibilities of new treatments. 

Schizophrenia: NMDAR hypofunction hypothesis 

There have been multiple hypotheses for the cause of schizophrenia, but one is 

based on the clinical observation of recreational use of dissociative anesthetics that 

caused patients to exhibit symptoms resembling schizophrenia (Luby et al., 1962). Since 

these dissociative anesthetics antagonized a subclass of glutamate receptors called the 

NMDAR, it was conjectured that schizophrenia could result, in part, from hypoactivity of 

the NMDAR. From these observations, a new hypothesis emerged that is attractive for 

the understanding the etiological underpinnings of schizophrenia: the NMDA receptor 

hypofunction hypothesis. Since the hypothesis inception, new studies from various fields 

provide evidence that in at least one large group of individuals, the pathophysiology of 

schizophrenia can be attributed to NMDAR hypofunction.  

 

NMDAR 

The NMDAR is an ionotropic glutamate receptor that is essential for information 

transfer at many synapses in the brain and retina. In structure, the NMDAR is a 

heterotetramer assembled from various combinations of its subunits: NR1, four variants 

of NR2 (A, B, C, D), and two variants of NR3 (A, B) (Das et al., 1998; Moriyoshi et al., 

1991; Sugihara et al., 1992) To have a functional NMDAR channel, two obligatory NR1 

subunits and two NR2 subunits, or a mixture of NR2 and N3 subunits, must be in place 

(Meguro et al., 1992). The NMDAR has several unique properties that underlie its 

physiological function. First, two ligands are required to activate the receptor, glutamate 

and a co-agonist (Kleckner and Dingledine, 1988; Paoletti, 2011), glycine or D-serine. 
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The binding site differs between the subunits; glutamate binds to the NR2 subunit, while 

D-serine and glycine bind to the NR1 subunit (Blanke and Van Dongen, 2009). Second, 

it is voltage-sensitive due to the presence of magnesium ion (Mg2+) that blocks the 

receptor channel at resting potential and prevents any current flow at the NMDAR until 

the cell is depolarized, despite having both the agonist and co-agonist bound.  Lastly, 

the NMDAR has a high permeability to calcium (Ca2+), which activates a plethora of 

intracellular cascades that can result in synaptic depression, potentiation, or 

excitotoxicity depending on the amount of Ca2+ influx (Malenka and Bear, 2004). 

Although these properties are unique to the NMDAR, differing subunit composition adds 

to the complexity of this receptor because the NMDAR properties are determined by the 

subunit composition. This multifaceted receptor has been implicated in the etiological 

underpinnings of schizophrenia from evidence in proteomic and genomic studies that 

showed abnormalities in both the NMDAR and in NMDAR-interacting molecules at the 

synapse in people with schizophrenia (Föcking et al., 2015). This knowledge augments 

the necessity in understanding the NMDAR and its ligands as these are critical for 

shedding light on the mechanisms by which NMDA receptors can become hypoactive or 

hyperactive. 

Co-agonist site and D-serine 

One unique property of the NMDAR is the requirement of another agonist, other 

than glutamate, to activate the ion channel, which makes both co-agonists, glycine and 

D-serine, indispensable for NMDAR function. The co-agonist site of the NMDAR was 

previously known as the óstrychnine-insensitive glycine site,ô which as the name 

suggests, reflects the bewilderment that originated from knowing that glycine bound to 

this site (Johnson and Ascher, 1987), but in the presence of strychnine, a glycine 
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antagonist, NMDAR currents were not abolished (Bristow et al., 1986; Kishimoto et al., 

1981). At first, D-serine was not suspected as a candidate for co-agonist because D-

amino acids were believed to play a role in lower organisms only (Corrigan, 1969). 

However, in 1992 substantial levels of D-serine were discovered in the rat brain 

(Hashimoto et al., 1992b), with a high correlation between D-serine and NMDAR binding 

in the brain (Hashimoto et al., 1993). More support for the presence of D-serine came 

from the development of a stereoselective antibody for D-serine that strongly labeled the 

hippocampus and frontal lobes of the rat brain, brain regions with a high density of 

NMDAR (Schell et al.  1995). The biosynthesis of D-serine requires the racemization of 

L-serine through the synthesizing enzyme serine racemase (Wolosker et al., 1999), 

while D-amino acid oxidase (DAAO) is the degradation enzyme in both the brain and 

retina (Beard et al., 1988; Jules et al.  1992; Neims et al., 1966; Schell et al., 1997). 

Functional relevance of D-serine for modulating the NMDAR came from experiments 

showing that exogenous addition of DAAO on to brain slices reduced NMDAR currents 

(Mothet et al., 2000). This suggested that, similar to glycine, D-serine serves as an 

endogenous co-agonist to the NMDAR. One possibility of invoking a reduction in 

NMDAR function would be limiting the amount of D-serine or glycine.  Corroborating 

evidence in NMDAR hypofunction as an etiological component of schizophrenia comes 

from studies showing a difference in levels of both serine racemase and D-serine in 

people with schizophrenia. The levels of D-serine to total serine were lower in people 

with schizophrenia in both serum (Hashimoto et al., 1993; Yamada et al., 2005) and 

cerebral spinal fluid (Bendikov et al., 2007; Hashimoto et al., 2005). Post-mortem studies 

showed that protein levels of serine racemase were reduced in the hippocampus by 39% 

and in the frontal cortex by 21% in people with schizophrenia. In the hippocampus, the 
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serine racemase/DAAO ratio was 34% lower in schizophrenics (Bendikov et al., 2007). 

Furthermore, single nucleotide polymorphisms in the serine racemase gene have been 

associated with schizophrenia (Goltsov et al., 2006). On the treatment side, there was 

an improvement in schizophrenic symptoms when subjects received D-serine 

(Kantrowitz et al., 2010). Understanding of the NMDAR composition in the retina has 

increased since the postulation of the NMDAR hypofunction hypothesis, and the 

discovery of the ability of D-serine to act as an endogenous co-agonist for the NMDAR 

expanded the potential implications in Psychiatry. 

 

NMDAR, D-serine, and serine racemase expression in the retina 

NMDAR 

  Functional NMDARs were found in both outer and inner layers in the retina. In 

the outer layers, functional NMDARs were localized to horizontal cells (O'Dell and 

Christensen, 1989); while in the inner layers of the retina, NMDARs were present on 

retinal ganglion cells (RGCs) (Grünert et al., 2002; Hartveit et al., 1994; Zhang and 

Diamond, 2006) and amacrine cells (Hartveit and Veruki, 1997). Other cell types in the 

retina, such as photoreceptors and bipolar cells, expressed NMDAR subunits but 

functionality on these neurons is still in question. In photoreceptors, a polyclonal 

antibody for the alternative C-terminus of the NR1 (N1C2ô), that recognized splice 

variants 3a,3b,4a, and 4b, was used to detect these splice variants on both cone 

pedicles and rods spherules in rats (Fletcher et al., 2000) and rabbits (Kalloniatis et al.  

2004). In situ hybridization studies demonstrated that the NR1 and NR2B subunits had 

similar distribution patterns, both expressed in the inner nuclear and ganglion cell layer 

in rats (Brandstätter et al., 1994). Positive immunolabeling of the NR1 subunit in rod 
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bipolar cell has been confirmed in mice (Hartveit, 1996); while NRC2ô labeling has been 

confirmed in flat midget bipolar cells in primates (Kalloniatis et al., 2004). Despite 

expressing both NR1 and NR2 subunits, the subunits required to make a functional 

NMDR channel, there is no evidence of NMDAR-mediated currents from retinal slice 

preparations (Hughes, 1997; Karschin and Wässle, 1990); however, isolated rat bipolar 

cells do reflect NMDA-mediated responses (E. Hartveit, 1996). Therefore, while there 

are NMDAR subunits are expressed throughout the retina, it is uncertain where these 

individual subunits form the functional NMDAR complex.  

Serine racemase and D-serine 

 The expression of serine racemase and D-serine in the retina was studied, but 

results were inconsistent.  A multi-species, immunofluorescence study showed positive 

labeling of D-serine in Müller glial cells, with high immunoreactivity in the inner nuclear 

and inner plexiform layers; this was confirmed in tiger salamander, mudpuppy, rat, and 

mouse retinas (Stevens et al., 2003). Serine racemase had a similar distribution pattern 

to D-serine, with positive expression in Müller cell proximal stalks and processes 

(Stevens et al., 2003). A second study demonstrated expression of serine racemase and 

D-serine in neurons and Müller cells in the adult mouse retina (Dun et al., 2008). To 

identify which cell type reflected positive immunoreactivity in the ganglion cell layer, 

immunoreactivity from cultured retinal ganglion and Müller cells was analyzed. There 

was a positive expression of serine racemase in Müller and ganglion cells, while D-

serine was positive in retinal ganglion cells (Müller cells were not examined) (Dun et al., 

2008). Taken together, these results suggest that the expression pattern of D-serine and 

serine racemase is not confined to glial cells.  
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Developmental differences in expression and distribution 

There is evidence reflecting developmental changes in NMDAR, D-serine, and 

serine racemase expression in the retina (Dun et al., 2008; Romero et al., 2014) This is 

important because it is well-established that there are genetic factors contributing to 

high-risk for schizophrenia, which suggest a neurodevelopmental component to the 

pathophysiology of the disease (Lewis and Lieberman, 2000; Rapoport et al., 2012). The 

fact that developmental changes in the NMDAR, serine racemase, and D-serine are 

present in the retina suggest that neurodevelopmental changes pertinent to the disease 

may be reflected in the electroretinogram.  

 

NMDAR 

In mice, NMDAR subunit expression increases throughout retinal development, 

and both serine racemase and D-serine decrease (Dun et al., 2008; Romero et al., 2014; 

Watanabe et al., 1994). A study of developmental changes in the NMDAR examined 

with in situ hybridization during embryonic and post-natal development showed that the 

NR1 and NR2B subunits, the subunits required to make a functional NMDAR channel, 

were both expressed at E15 in the internal neuroblastic layer, the layer that eventually 

becomes the retinal ganglion cell layer and inner nuclear layer, and increased thereafter 

in expression (Watanabe et al., 1994). A gradual increase of NMDAR expression was 

seen until P14, but distribution changes of the NMDAR in adulthood were not evaluated 

in this study. It is unclear whether there are differences in the NMDAR distribution 

pattern in the NMDAR-hypofunction model in comparison to control. This question is 

intriguing when considering the involvement of NMDAR in the developmental plasticity of 

the somatosensory (Schlaggar et al., 1993) and auditory cortex (Bear et al., 1990), and 
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how retinal networks may change/adapt in response to reduced functionality of the 

NMDAR.  

Serine racemase and D-serine  

In contrast to the NMDAR, serine racemase and D-serine declined with age (Dun 

et al., 2008). In young retinas (3 weeks old), serine racemase was abundantly expressed 

in the ganglion cell layer, inner nuclear layer, and inner segments of photoreceptors; 

however, this expression was drastically reduced in adult mice (18-week-old). Reduced 

serine racemase expression in the adult retinas was seen in the inner nuclear layer 

when compared to expression levels at 3 weeks of age. Like serine racemase, 

immunoreactivity of D-serine declined with age but was primarily detected in the outer 

layers rather than the inner layers (Dun et al., 2008). Positive immunostaining for D-

serine in 3-week-old mice was observed in the outer plexiform layers and outer limiting 

membrane; by 18-weeks of age, a minimal reactivity of D-serine in all layers was 

observed.  Analysis of D-serine at an even earlier age, 3-days-old, showed positive 

immunodetection in the inner portion of the inner nuclear layer, retinal ganglion cell 

layer, and outer plexiform layer (Dun et al., 2008). This study suggests that the 

distribution pattern changes location for D-serine, from an inner-retinal distribution 

pattern earlier in development, to an outer-retinal distribution pattern later in 

development.  Capillary electrophoresis studies of D-serine levels in wild type and serine 

racemase knockout (SR-/-) showed that the amount of serine racemase and D-serine in 

the retina declined in development. In wild-type retinas, D-serine levels gradually 

declined from birth until the first month of life (Romero et al., 2014). At postnatal day 2, 

D-serine levels in the wild type retinas were in the range of 1,014-1,208 nmol/g and 

dropped to 27-43 nmol/g range at one month. Similarly, in SR-/-   retinas D-serine levels 
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declined with age, but they were statistically significantly smaller than those from age-

matched WT retinas.  At postnatal day 2, SR-/-   D-serine level ranged from 542-768 

nmol/g and dropped to 2-5 nmol/g in adulthood. Cumulatively, these studies suggest that 

in the retina the distribution of serine racemase and D-serine expression decreased in 

development, which fuels the question of why serine racemase and D-serine are so 

abundant early in development? It is unclear how changes in serine racemase and D-

serine affect retinal networks but understanding this process may provide insights into 

fERG abnormalities in schizophrenia.  

 

NMDAR, D-serine, and serine racemase function in the retina 

In the retina, it is well established that NMDAR currents contribute to light-evoked 

activity from retinal ganglion cells (Coleman and Miller, 1988). Glycine, one of the co-

agonists for the NMDAR, is involved in inhibitory neurotransmission in the retina and 

continuously available (Coull and Cutler, 1978). Due to glycineôs role in inhibitory 

neurotransmission, it was thus speculated that D-serine might be the endogenous co-

agonist instead. Evidence supporting the role of D-serine as an endogenous co-agonist 

for the NMDAR came from studies that showed NMDAR currents in retinal ganglion cells 

were potentiated with addition of exogenous D-serine (Stevens et al., 2003). Abolition of 

NMDAR current through application of exogenous DAAO, D-serine degrading enzyme 

(Gustafson et al., 2007), with a several fold increase of NMDAR in response to D-serine 

and not glycine at the same concentration (Stevens et al., 2003). Although D-serine and 

glycine are present in the retina, the co-agonist site of the NMDAR in retinal ganglion 

cells was not saturated (Daniels and Baldridge, 2010; Gustafson et al., 2007; Kalbaugh 

et al., 2009; Stevens et al., 2003). This led investigators to hypothesize that dynamic 
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release of D-serine may serve to recruit the NMDAR to meet light intensity demands 

(Sullivan et al., 2011). While much is known about the NMDAR contribution to the 

physiological response of retinal ganglion cells, much remains to be resolved regarding 

NMDAR function in vision (Miller and Slaughter, 1986; Slaughter and Miller, 1983; 

Lukasiewicz and McReynolds, 1985). For instance, in the brain, it is well established that 

increasing the frequency of activation of NMDAR in mature synapses results in long 

lasting effects that underlie the mechanisms for learning and memory and synaptic 

plasticity (Malenka and Bear, 2004). The brain takes advantage of the infrequent 

activation of the NMDAR to produce these long-lasting changes; however, this does not 

appear to be the case in the retina. In the brain, NMDAR activation results from 

substantial pre-synaptic glutamate release. In the retina, NMDAR is expressed by many 

neuronal types, and it is active in the absence (Gottesman and Miller, 2003) and 

presence of light (Diamond and Copenhagen, 1993). Further work needs to be 

performed to establish more clearly how the NMDAR contributes to the circuits and 

networks involved in vision and how these circuits differ in individuals with mental 

disorders.  

 

Flash-electroretinogram 

Electrical signaling from biological systems 

Electricity from biological systems results from ion concentration changes across 

membrane. The presence of ions in the intra- and extracellular space give the solution 

electrical conductivity (Plonsey and Barr, 2007). In biological systems, sodium and 

potassium ions, and calcium and chloride ions to a smaller degree, are key players in 

deriving charged currents in the central nervous system. The differences in their ionic 
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concentrations inside and outside of the membrane are important for excitability of cells. 

In neurons, potassium concentration is higher intracellularly than extracellularly, while 

sodium concentration is higher extracellularly than intracellularly. Hence, when a neuron 

is activated, sodium enters the cell, which generates a current sink (-), a flow of positive 

ions away from the extracellular space, and at another retinal depth, potassium exits the 

cell where it generates a current source (+), a flow of positive ions into the extracellular 

space. These opposite charge currents, when separated by a distance, is called a 

dipole. In the mammalian retina, the vertical transmission of glutamate results in a 

sequential activation of cells whose dipoles add, and this is reflected in the flash-

electroretinogram. Hence, the flash-electroretinogram (fERG) is a measurement of the 

electrical signaling in the retina in response to a flash of light.  It is thus the sum of local 

conductance changes from activated retinal cells, which upon activation give rise to 

inward and outward currents that generate an extracellular potential change large 

enough to be measured at a distance. The flash-electroretinogram is a complex visual 

signal representing light-evoke, electrical potential changes from the retina; enabling the 

understanding of retinal events through measurements from the surface of the eye, the 

cornea.  
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Fig 1.1 Schematic of a mouse flash-electroretinogram. Yellow lightning bolt 

represents flash on-set. 

 

The flash-electroretinogram and components 

 The fERG signal is composed of distinct waves that originate from different 

retinal structures that are time-locked to stimulus onset (Figure 1). The a-wave is the 

earliest component; it is a corneal-negative deflection representing the photocurrent 

generated in the outer segments of photoreceptors upon light activity. When light enters 

the retina, it terminates the dark current, a current generated by rods under complete 

darkness (Figure 2A), and results in an inversion in photoreceptorsô dipole. Light stops 

sodium from crossing the membrane of the photoreceptors, resulting in a flow of positive 

ions into the extracellular space, source (+); while potassium stops flowing out of the 

cell, resulting in a decrease in positive charge in the extracellular space, sink (-) (Figure 

2A). Since the sink (-) is closest to the cornea, photoreceptor activity is reflected in a 

negative deflection. Following the a-wave, there is a corneal-positive potential known as 

the b-wave that reflects membrane potential changes in on-bipolar cells. When light hits, 
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sodium enters the cell creating a sink (-) and potassium leaves the cell creating a source 

(+) (Figure 2B). Superimposed in the rising edge of the b-wave are small amplitude, 

rhythmic wave that are collectively known as the oscillatory potentials. Their origin is 

uncertain, but it has been narrowed down to cells in the inner retina: bipolar terminals, 

amacrine cells, and retinal ganglion cells. Following the b-wave, the slowest latency 

potential reflects the difference the potentials from Müller cells and retinal pigment 

epithelium called the c-wave (not reflected in Figure 1.1). The c-wave could be a corneal 

positive, negative, or neutral depending on which of the subcomponents is dominating. A 

corneal-positive c-wave is dominated by activity from retinal pigment epithelium; while a 

cornea-negative c-wave is dominated from Müller cells, no potential reflects equal 

contributions from both subcomponents (Frishman and Wang, 2010) 

 

 

Figure 1.2 Schematic of retinal currents reflected in a fERG. (A) Depicts 
depolarization of rods in the dark, otherwise known as the dark-current. Sodium (Na+) 
flows into the cell, creating a sink, flow of position ions away from extracellular space (-). 
Potassium flows out, creating a source (+), flow of positive ions into the extracellular 
space. White dots reflect glutamate release (B) Depicts retinal currents in response to 
light and its contribution to the fERG (insert). Red/Blue arrows indicate movement of ions 
from low (blue) to high concentration (red).   
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Changes in the fERG due to light adaptation 

The cellular origins of the fERG differ depending on the light adapting conditions. 

As mentioned previously, the a-wave is a negative response associated with 

photoreceptors, but it can be driven by either rods or cones, depending on the intensity 

of the background light. A dark-adapted a-wave is a response driven by rods because it 

is the response to a light stimulus from total darkness. A light-adapted a-wave is a 

response driven by cones, because the bright background is bright enough to saturate 

rod photoreceptors (McCulloch et al., 2015). In both the light- and dark- adapted a-wave, 

the positive component that follows is the b-wave, which predominantly originates form 

ON bipolar cells.  

 

Flash- electroretinogram in people with schizophrenia  

In the past 28 years, studies showed electroretinographic differences between people 

with schizophrenia and healthy controls (Balogh et al., 2008; Demmin et al., 2018; 

Gerbaldo et al., 1992; Hebert et al., 2010; Hebert et al., 2015; Marmor et al., 1988; 

Raese et al., 1982; Schechter et al., 1987; Warner et al., 1999). These studies 

demonstrated abnormalities in people with schizophrenia that are differentially 

manifested in the retina and, therefore, could be assessed by an objective, non-invasive 

method, the fERG. However, despite the growing evidence that the fERG of people with 

schizophrenia is different from healthy controls, there are disagreements on which fERG 

components are reliably different.  Nonetheless, these studies hold promise for using 

components of the fERG as a biomarker for schizophrenia and are summarized below 

(Table 1.1). 
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Table 1.1 Summary of fERG abnormalities in people with schizophrenia. 
Meaning of symbols are as follows: [X] not measured, [N.S.] analyzed but not significant, 
[SZ] people with schizophrenia, [phSZ] people with schizophrenia with photophilic 
behavior, [oSZ] offspring of people with schizophrenia, [bSZ] people with schizophrenia 
exhibited a statistically significant difference only at the brightest flash strength, and 
[dSZ] people with schizophrenia exhibited a statistically significant difference only at the 
dimmest flash strength. 
 

Differences in a-wave 

 Both light- and dark- adapted a-wave have been measured in people with 

schizophrenia (Balogh et al., 2008; Demmin et al., 2018; Hebert et al., 2015; Marmor et 

al., 1988; Schechter et al., 1987; Warner et al., 1999). A reduced a-wave amplitude in 

both conditions was first observed in people with schizophrenia that exhibited low light 

sensitivity under dark and light adapted conditions (Warner et al., 1999). This reduced a-

wave in both types of retinal adaptation was only observed in people with schizophrenia 

exhibiting photophilic behavior. Studies investigating people with schizophrenia that did 

not have photophilic behavior, showed a reduced light-adapted a-wave only. Although, 

follow-up studies demonstrated a reduction in the dark-adapted a-wave amplitude of 

high-risk offspring of people with schizophrenia (Hebert et al., 2010), but reduced dark-
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adapted a-waves of people with schizophrenia have not been observed by others 

(Warner et al., 1999). Unlike the dark-adapted a-wave, the light-adapted a-wave showed 

statistically significant differences between people with schizophrenia and controls in 

several studies. (Balogh et al., 2008; Hebert et al., 2015; Warner et al., 1999). These 

results suggested the a-wave abnormalities are present in people with schizophrenia 

regardless of whether they have photophilic behavior, and that a-wave abnormalities are 

more commonly observed in light-adapted retinas.   

Differences in b-wave  

Reduction in the b-wave amplitude in people with schizophrenia has been 

reported in both dark- and light- adapted retinas with inconsistent results. In people with 

schizophrenia with photophilic behavior, a significant reduction in the light-adapted b-

wave amplitude was reported (Warner et al., 1999). However, that significance 

disappeared when people with schizophrenia with and without photophilic behavior were 

pooled together. Two other groups evaluating fERG in people with schizophrenia did not 

replicate these findings in either light- or dark- adapted fERGs (Balogh et al., 2008; 

Warner et al., 1999). Other investigators measured fERGs in both dark- and light-

adapted conditions but had inconsistent results. Two studies observed a reduction in the 

dark-adapted b-wave but not light-adapted; the other two studies observed a reduction in 

the light-adapted b-wave but not in the dark-adapted b-wave. Out of the seven research 

groups that measured the fERG in light- and dark-adapted conditions, only two observed 

a reduction in both conditions. In conclusion, we cannot state for certain whether 

changes in the b-wave amplitude were dependent on retinal adaptation, which would 

reflect differences in retinal neuron function; nonetheless, a reduced b-wave amplitude, 

regardless of light-adapting condition, is observed in people with schizophrenia. 
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Differences in OPs  

The first study demonstrating differences between fERG of people with 

schizophrenia and controls examined the OPs in the dark-adapted retina, but did not 

evaluate the a- and b-wave. The group hypothesized that the OPs had higher potential 

in reflecting abnormalities because pharmacological fERG studies demonstrated that it 

was necessary to have intact dopamine and gamma-aminobutyric acid (GABA) 

transmission for the appearance of OPs (Raese et al., 1982), they hypothesized that 

desynchronization of dopamine feedback loops thought to occur in schizophrenia could 

be reflected in the OPs.  Their results showed a statistically significant reduction in OP1-3 

in people with schizophrenia in comparison to normal subjects as well as a statistically 

significant delay. Two other research groups evaluated the OPs but failed to replicate 

the original results. Schechter et al. (1979) measured OPs in schizophrenia in 

comparison to controls but extended their analyses to include the a- and b-waves as 

well. Their study differed in that it included three types of stimulus conditions: dark-

adapted-dim light, dark adapted-bright light, light adapted-bright light. Unlike Raese et al. 

(1982), they did not observe any statistical differences in any of the dependent variables 

between OPs in people with schizophrenia and controls. Marmor et al. (1988) replicated 

the experimental design of measuring the fERG in three type of stimulus conditions, but 

only analyzed OP differences between people with schizophrenia and controls. They, 

too, reported no statistical significance in the OPs of people with schizophrenia and 

control subjects. Unfortunately, it is hard to interpret their lack of significance ad details 

of their statistical analyses were not adequate. Raese et al. (1992) conducted an 

unpaired t-test to compare the mean of the OP amplitudes between people with 



 

19 

 

schizophrenia and controls, providing p-values for each dependent variable measured. 

However, Schechter et al. (1987) measured significance by running a mixed ANOVA 

using group, schizophrenia vs. control, and light intensity as factors. It is unclear whether 

there was a lack of significance in the interaction effect between schizophrenia 

compared to controls, or in the main effects of each variable. Furthermore, no p-values 

or F-statistics were provided for the analyses completed. Marmor et al. (1988) had no 

mention of the statistical analyses in their methods for the human portion of their work. 

Summary 

Several major conclusions can be drawn from the studies performed thus far 

examining fERGs in people with schizophrenia and controls. Critical variables differ 

between these studies - light condition, flash intensity, medication - and the specific 

fERG components analyzed varied between studies. It is well established that these 

factors affect the fERG, which limits between study comparisons and global 

interpretation about the potential of the fERG as a biomarker for schizophrenia. No 

laboratory has specifically examined the potential role of NMDAR hypofunction on the 

ERG, despite recent studies suggesting that a large percentage of individuals with 

schizophrenia have known mutations in genes or signaling abnormalities that are related 

to some component of the NMDAR (Föcking et al., 2015; Kirov et al., 2012; Purcell et al., 

2014). There are differences in the age of onset and severity of schizophrenic between 

men and women, with males showing an earlier onset, decreased treatment response, 

and greater severity of symptoms (Loranger, 1984; Peterson, 1968). Animal studies 

support this view, as they showed that NMDAR activity differs in the brains of male and 

female rats (Cyr et al., 2001; McEwen, 2002; McRoberts et al., 2007; Woolley, 1998). 

Thus, for my studies, sex is considered as a variable in the analyses.  
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My aims and contributions 

Questions  

The main question addressed in my thesis work was whether visual signals from 

the eye could demonstrate NMDAR signal deficiency that are hypothesized to account 

for schizophrenia, and as such, become a biomarker for the disease. My focus was on 

the flash-electroretinogram (fERG), a visual signal that had been demonstrated to be 

reduced in people with schizophrenia by the time I started my thesis, to understand if 

any of the fERG components had any NMDAR involvement that may be reflected in the 

fERG. Our current understanding about the function of NMDARs in the retina is based 

predominantly on its effects on the retinal ganglion cell layer, and not to its role in the 

outer retina. While functional NMDAR have been found in horizontal cells (O'Dell and 

Christensen, 1989), it was not clear whether NMDAR abnormalities would impact retinal 

currents earlier in the pathway, such as the a- and b-wave. This is the basis of the main 

focus of my thesis studies: Were there any NMDAR-driven retinal network abnormalities 

earlier in the signal-transmission pathway that would explain the reduction in response 

observed in people with schizophrenia? It was unclear if the reduction in the a- and b-

wave amplitude observed in people with schizophrenia reflected any NMDAR 

abnormalities.  Furthermore, I sought to understand whether there were any sex 

differences that could be reflected in the fERG. Earlier work on the fERG of healthy 

controls demonstrated longitudinal sex differences in the b-wave amplitude in humans 

(Bresnick and Palta, 1987; Tahara et al., 1993). With age, female and male b-wave 

amplitudes began to diverge, with females being higher than males. Simultaneously, 

literature on sex differences in people with schizophrenia, such as symptom onset being 
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later in females, stimulated my interest in learning whether any sex differences related to 

disease state could be detected by the fERG. Therefore, the aims of my experiments in 

this thesis were as follows: 

 Aim 1: Evaluate the fERG in a genetically altered mouse strain that modeled 

NMDAR hypofunction caused by D-serine deprivation (SR-/-), to identify whether 

there is a significant NMDAR component contribution to the fERG signal, 

specifically in the outer retina.  

 Aim 2: Investigate whether exogenous D-serine would restore abnormalities in 

the fERG of the NMDAR hypofunction mouse model. 

 Aim 3: Determine whether the sex of the animals would affect any of the fERG 

components in mice and humans 

 Aim 4: Evaluate if there are any functional retinal ganglion cell abnormalities in 

people with schizophrenia by analyzing a type of fERG response that has a 

strong RGC contribution the pattern ERG and the Photopic Negative Response- 

ERG (PhNR-ERG).  

 

Specifically, I performed a series of experiments focused on whether the fERG 

was altered in a mouse model of NMDAR hypofunction (Chapter 2). These mice had a 

mutation that made the enzyme serine racemase non-functional, and the decreased 

levels of D-serine were validated in the laboratory (Sullivan et al., 2011). Using a 

constitutive knockout mouse for serine racemase (SR-/-) and littermate controls, I 

performed fERG under mesopic light conditions. The fERG waveforms were analyzed 

for the following parameters: a-wave amplitude and implicit time; b-wave amplitude and 
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implicit time; b/a ratio; Fourier transform. I also examined the fERGs from these two 

cohorts based on sex.  

 In a second series of experiments, I performed in vivo fERGs on the SR-/- and 

WT control mice followed by a topical application of D-serine (Chapter 3). The goal of 

this second set of experiments was to determine if D-serine treatment would rescue any 

alteration caused by the constitutive absence of D-serine in the retina.  

 The ultimate question is whether the fERG would be able to distinguish between 

people with schizophrenia and age-matched controls (Chapter 4). A large data set of 

subjects was collected using what is called the photopic negative response fERG 

(PhNR-fERG). The photopic negative response (PhNR) is produced in a light-adapted 

retina evoked by a red flash on a blue background, and it is a large negative wave that 

occurs after the b-wave in response to a brief light stimulus. It is considered to represent 

function of the retinal ganglion cells (Frishman et al., 2018). In these same subjects, 

pattern electroretinogram (PERG) was also performed. PERG is obtained in response to 

patterned visual stimuli presented at a contrast modulation and at a constant mean 

luminance (Luo and Frishman, 2011; Porciatti, 2015). The stimulus is typically contrast-

reversing gratings or checkerboards. It is particularly indicative of retinal ganglion cell 

function, neurons known to have functional NMDAR (Cohen and Miller, 1994; Coleman 

and Miller, 1988; Gustafson et al., 2007). For the PhNR-fERG the following were 

analyzed: a-wave amplitude and implicit time, b-wave amplitude and implicit time, and 

the PhNR amplitude and implicit time. For the PERG the following was analyzed: N35, 

P50, and N95 amplitudes and implicit times, which are based on the time after retinal 

stimulation when these peaks normally occur. 
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Findings 

My work shows that deprivation of D-serine affects the outer retina and is 

reflected in the fERG components, specifically a-wave implicit time, b-wave amplitude, 

and b/a ratio. These findings demonstrate that either the NMDAR participates in outer 

retinal networks or that D-serine has another role in the retina other than being the 

endogenous co-agonist to the NMDAR. Furthermore, my work shows that deprivation or 

elevation of exogenous D-serine affects male and female mice differently. This shed light 

on a possible interaction between hormones and D-serine that has not previously been 

identified. Specifically, D-serine has a profound effect on male mice (Chapters 2 and 3) 

and to a certain extent in human males (Chapter 3). This work elevates the fERG as a 

potential diagnostic tool for schizophrenia prior to symptom onset and identify specific 

approaches that are critical for success in these analyses.  
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Chapter 2 

Electroretinographic Abnormalities and Sex Differences in an 

NMDAR Hypofunction Mouse Model of Schizophrenia: A and B 

Wave Analysis 

Nathalia Torres Jimenez, Justin W. Lines, Paulo Kofuji, Henry Wei, Amy Rankila, 

Joseph T. Coyle, Linda K. McLoon, Robert F. Miller 

Synopsis 

Purpose: The flash-electroretinogram (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 characterized 

by NMDAR hypofunction from genetic silencing of serine racemase expression (SR-/-), 

an established risk gene for schizophrenia. We analyzed parameters of the fERG to 

determine the resemblance to human fERG from people with schizophrenia to determine 

the most significant variables to allow for early identification of individuals at high risk for 

schizophrenia, prior to symptom onset.  

Methods: The fERG was analyzed in male and female mice in both SR-/- and wild type 

(WT) mice. Amplitude and implicit time of the a- and b-wave components, b/a wave ratio, 

and Fourier transform analysis of these components were analyzed.  

Results: The a- and b-wave implicit times were significantly delayed, and b-wave 

amplitudes were significantly decreased in the male SR-/- mice compared to WT, but not 

female SR-/- mice. Fourier transform analysis and b/a wave ratio showed significant 

differences at multiple light intensities between all SR-/- and WT mice. The fERGs in the 
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SR-/- mouse model of schizophrenia show many of the same differences in fERGs as 

seen in people with schizophrenia.  

Conclusions: The fERG prognostic capability may be improved by examination of a 

larger array of light intensities, considering sex as a variable, and performing Fourier 

transform analyses of all waveforms. This should improve ability to differentiate between 

healthy controls and subjects with schizophrenia, characterized by NMDAR 

hypofunction.
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Introduction 

As part of the central nervous system, the retina has been considered to be the 

ñwindow to the brainò as the retina and brain share many neurophysiologic properties 

(London et al., 2013). Thus, prior studies have demonstrated electroretinographic 

differences between subjects with schizophrenia and healthy controls (Demmin et al., 

2018; Gerbaldo et al., 1992). These findings point towards visual deficits in people with 

schizophrenia not limited to higher level visual-cognitive processing but manifested at 

earlier stages of the visual pathway, the retina. The significance of these findings 

focuses on the possibility of using retinal-evoked potentials as biomarkers for pre-

symptomatic diagnosis of schizophrenia and for characterizing neurophysiologic 

abnormalities associated with schizophrenia or subgroups of schizophrenic subjects 

(Lavoie et al., 2014; Nguyen et al., 2017; Weickert et al., 2013). While clinical interviews 

for diagnosis of schizophrenia are effective at identifying schizophrenia once present, 

they have limited success in identifying pre-symptomatic individuals prior to the onset of 

psychosis (Savill et al., 2018). Thus, an objective measurement prior to symptom onset 

would be invaluable. Collectively, these studies suggest that the retinal-evoked potential, 

the flash-electroretinogram (fERG), may serve as a physiological metric for predicting 

schizophrenia in subjects at risk. 

  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 a known cellular origin 

(Granit, 1933). The fERG response is well studied, and has been recorded in many 

species, including humans and mice. (Frishman and Wang, 2011) Despite clinical 

observations noting fERG abnormalities in people 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 receptor (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, and there are 

now several excellent mouse models of schizophrenia to use for these analyses. Due to 

the importance of ensuring concordance between fERG abnormalities seen in people 

with schizophrenia and the mouse models with specific allelic variants similar to those 

seen in these individuals, we examined the fERG from a schizophrenic mouse model, a 

serine racemase knockout (SR-/-), that has been extensively evaluated for mimicking and 

studying chronic brain pathology in schizophrenia (Basu et al., 2010). The SR-/- 

schizophrenia mouse model has a knockout of the gene for the enzyme serine 

racemase (SR), and has a reduced functionality of the NMDAR (Balu and Coyle, 2015) 

resulting in NMDAR hypofunction. SR is one of several risk genes for schizophrenia that 

affect NMDAR function and its downstream signaling (Balu & Coyle, 2015). Proteomic 

and genomic analyses of synapses in human brain samples from controls or people with 

schizophrenia found altered expression of multiple proteins with known specific roles in 

NMDAR function (Föcking et al., 2015; Tomasetti et al., 2017). While the proportion of 

people with schizophrenia in this subtype is not known, the NMDAR-related molecules 

are well represented in the identified risk genes (Föcking et al., 2015; Tomasetti et al., 

2017).  

The NMDAR is an ionotropic glutamate receptor that is critical for cellular 

communication and found in both brain and retina. In the brain, the NMDAR receptor is 
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critical for learning and memory. In the retina, NMDAR regulates light-evoked activity 

(Dixon and Copenhagen, 1992; Haverkamp and Wässle, 2000; Mittman et al., 1990). 

The hypothesized NMDAR relevance to schizophrenia originated after clinical 

observations of the recreational use of phencyclidine (PCP), which caused increased 

emergency room visits from patients exhibiting symptoms resembling schizophrenia 

(Luby et al., 1962). This new hypothesis for NMDAR hypofunction as a potential etiology 

of schizophrenia is supported by pharmacological (Goff et al., 1999; Goff et al., 1995), 

genetic (Chumakov et al., 2002; Yamada et al., 2005), clinical (Leiderman et al., 1996; 

Yurgelun-Todd et al., 2005) ,and postmortem studies (Hashimoto et al., 2005; Tsai et al., 

1995; Weickert et al., 2013), and the hypothesis that reduced NMDAR activity can 

account, in part, for the etiology of schizophrenia (Javitt and Zukin, 1991b). In our study, 

we have utilized an NMDAR-hypofunction mouse model of schizophrenia (SR-/-) to 

identify which of the fERG waves would best serve as a marker for NMDAR 

hypofunction. This mouse model for NMDAR-hypofunction has a null mutation for the SR 

gene (Labrie et al., 2009). SR synthesizes D-serine, the primary co-agonist of NMDARs 

in the forebrain (Stevens et al. 2010) and retina (Blokhuis et al., 2016). As a component 

of the central nervous system, the retina can acquire cellular abnormalities similar to 

those that are present in the brain (Brown and Wiesel, 1961; Chu et al., 2012; Lavoie et 

al., 2014; Schönfeldt-Lecuona et al., 2015; Silverstein and Rosen, 2015). Given that 

fERG allows the evaluation of the functional integrity of the retina, it has the potential to 

become a useful non-invasive tool to assess pathological abnormalities in the brain 

(Penn and Hagins, 1969). 

The fERG response is characterized by two low-frequency waves, the a- and b-

waves, (Figure 2.1) and high-frequency wave forms called oscillatory potentials (not 
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shown) (Robson and Frishman, 1995; Stockton and Slaughter, 1989). Both the a- and b-

wave have known cellular origins (Wachtmeister, 1998; Zeidler, 1959). The first wave in 

the fERG is the a-wave (Faraone et al., 1994; Peterson, 1968; VainioȤMattila, 1951), 

which is a corneal-negative potential that originates from photoreceptor activity (Häfner, 

2003). The a-wave is followed by the b-wave, which is a corneal-positive potential 

originating from bipolar cells (McCulloch et al., 2015; Ochoa et al., 2012; Stockton and 

Slaughter, 1989). Riding on the ascending limb of the b-wave are the oscillatory 

potentials (OPs), which are hypothesized to originate from amacrine and retinal ganglion 

cells (RGC) (Wachtmeister, 1998). The clinical literature showed reduction in both the a- 

and b-waves in subjects with schizophrenia compared to controls; however, these 

studies did not fully address known gender and age differences associated with the 

fERG waveforms in human controls (Peterson, 1968; VainioȤMattila, 1951; Zeidler, 

1959). 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 

40-49 where there was a significant increase in the b-wave amplitude, speculated to be 

from hormonal changes (Bresnick and Palta, 1987; Tahara et al., 1993). Prior to age 40 

in healthy females, b-wave amplitudes were significantly 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 (Anis et al., 

1983; Faraone et al., 1994; Woodward et al., 2007). These gender and age differences 

in people with schizophrenia could hypothetically be reflected in the fERGs, which 

highlights the importance of including age and gender in the fERG analyses.  
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Since age and gender differences can affect the fERG, we conducted in vivo 

fERG recordings and controlled for the mouse age and analyzed sex differences. 

However, we deviated from ISCEV standards (McCulloch et al., 2015) and adapted the 

mice under mesopic rather than dark or light conditions because it was shown to be a 

good indicator of pathology in diabetic retinopathy (Bresnick and Palta, 1987; Tahara et 

al., 1993) and schizophrenia (Demmin et al., 2018). While the differentiation between 

light- and mesopic-adaptation was not stated in the Demmin study (Demmin et al., 

2018), the background luminance of the ñPhotopic 1 (P1)ò condition was insufficient to 

saturate rods and was technically mesopic. The mesopic adaptation reflected 

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 determine if sex related differences were present. 

 

Methods  

Animals 

Littermate male and female mice at 8-10 weeks of age from serine racemase null 

(SR-/-) mutant mice developed as described by Basu et al. (Basu et al., 2010) and wild-

type littermate controls (WT) were studied. A total of 34 mice were used, 8 and 9 per 

genotype for males and females respectively. 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 
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and were approved by the Institutional Animal Care and Use Committee at the University 

of Minnesota. 

Stimulation and Recording 

The retina was held in a mesopic state of adaptation via a steady, white 

background luminance of (0.35 cd·s/m2). Flashes (4 msec) were applied to a range of 

light intensities from 0.175 to 11.2 cd·s/m2 to record flash-evoked electroretinograms 

(fERGs).  The stimulus was a full field flash with a duration of 4 msec and a 10 sec 

interval between light intensities. The retinas were adapted to background light for 15 

minutes prior to recording. Four traces were collected at each light intensity and 

averaged to attain representative traces at each light intensity for each animal. Data 

were collected using the D215 Espion E2 Console (Diagnosys LLC, Lowell, MA) 

bandpass filter 0.3 Hz. 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 

transmission, as ketamine is an NMDAR non-competitive antagonist (Anis et al., 1983). 

Since 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 fERG (Woodward et al., 

2007). After anesthesia, Tropicamide (1%) eye drops were used as a pupil dilator 

(Akorn, Inc., Lake Forest, IL), followed by corneal analgesic proparacaine hydrochloride 

eye drops (0.5%) (Akorn).  A contact lens coiled wire electrode was placed on the 

cornea and embedded in methylcellulose (1.0%) eyedrops (Allergan, Dublin, Ireland) 

(Woodward et al., 2007). 
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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 0-30 Hz. 

 

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 

65 Hz using a custom MATLAB program (Asi and Perlman, 1992; Benchoin et al., 2017). 

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; while, 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-Wilkôs test (p>.05) for each 

group at each level of light intensity. Female SR-/- a-wave amplitude were not normally 

distributed at the dimmest light intensities, 0.175 and 0.35. Female WTs a-wave 

amplitude were not normally distributed at light intensity 0.35. The b-wave amplitude was 

not normally distributed at the dimmest light intensity (0.175) of female SR-/-. Aside from 

the aforementioned data points, the remaining light intensities across groups were 

normally distributed.  Two-factor between-subject Analysis of Variance (ANOVA) was 

conducted to evaluate a potential significant interaction between the independent 
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variables sex and genotype and simple main effects of sex (male vs female) and 

genotype (WT vs SR-/-). Lastly, we carried 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 dependent variables.  The dependent variables tested were: 

a-wave amplitude and implicit time; b-wave amplitude and implicit time; b/a ratio and low 

frequency Fourier transforms. All analyses were conducted for each light intensity. If 

there was a statistically significant two-way ANOVA, analysis for 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, main 

effects were analyzed through differences between the unweighted marginal means. All 

analyses were conducted in IBM SPSS Statistics 25. 

 

Retinal Histology 

To assess if there were significant changes in overall morphology of the retina 

from the SR-/- mice compared to WT, three eyes from 3 animals per genotype were 

removed after euthanasia, fixed in 4% phosphate-buffered paraformaldehyde 

(Affymetrix, Cleveland, OH), post-fixed in paraformaldehyde for several hours, followed 

by rinses in phosphate buffered saline (PBS), and incubation overnight in 10% sucrose 

in PBS and 20% sucrose in PBS. The eyes were embedded in paraffin and sectioned at 

10µm on a sliding microtome. 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 Figure 2.2), were used for measurements in 

order to be consistent where our measurements were taken. Using the Bioquant Imaging 
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System (Bioquant, Nashville, TN), the mean height of each of the layers of the retina 

was determined using 3 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 <0.05. 

 

Figure 2.1 Representative fERG recordings from WT and SR-/-.. 

Representative flash-ERG (fERG) recordings from WT (black), SR-/- male mice (blue), 
and SR-/- female mice (red) at 7 light intensities at 0-69Hz frequency. Green arrow 
indicates the a-wave, and purple arrow indicates the b-wave 
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Results 

Effect of NMDAR hypofunction on the mesopic a-wave amplitude 

The differences in amplitude and implicit times between the fERGs in the male and 

female WT and SR-/- are displayed as waveforms at each light intensity (Figure 2.1). 

Analysis of the main effects of the mesopic a-wave amplitude showed no statistically 

significant difference between WT and SR-/- mice (Supplemental Figure 2.1A, 

Supplemental Table 2.1). Analysis of simple main effects of sex for male mice showed 

the a-wave amplitudes were significantly different only at the highest intensity (Figure 

Supplemental 2.1B, Supplemental Table 2.1), while female mice showed a significant 

difference at the lowest light intensity (Supplemental Figure 2.1C). Significance at the 

brightest intensity was similar to the ERG in a study of people with schizophrenia 

(Demmin et al., 2018). 

 

Effect of NMDAR hypofunction on the mesopic a-wave implicit time 

The a-wave implicit time was significantly elevated in SR-/- mice compared to WT mice at 

all light intensities, with the SR-/- mice significantly delayed compared to the normal WT 

a-wave as reflected by the main effects analysis of genotype (Figure 2.2A; Table 2.1). 

The simple main effect for sex revealed that SR-/- male mice had a significantly increased 

a-wave implicit time in comparison to male WT at all light intensities except one (Figure 

2.2B, Table 2.2), while there were no differences in the a-wave implicit time between 

female WT and SR-/- mice (Figure 2.2C). 
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Table 2.1 Comparison of a-wave implicit time in WT and SR-/- mice: Data 
represents a-wave implicit time given genotype, with data from males and females 
pooled. Data expressed as mean± S.D. The p-values are the results of main effects 
analysis. 

 

 

Figure 2.2 A-wave implicit time analysis: (A) Comparison of a-wave implicit 
time based on genotype and evaluation of the main effects (WT=solid line & close 
circles, SR-/-=dashed line & open circles). (B, C) Comparison of genotype for a specific 
gender evaluating the simple main effects of sex: males (B) and females (C), WT (black) 
and SR-/- mice (ǁ blue line, ǀ red line) at all light intensities. Data expressed: mean 
(line), SEM (error bars), and significance ([*] p = 0.05-0.01; [**] p = 0.001-0.005; [***] 
p<0.0005). 
 

https://en.wikipedia.org/wiki/%E2%99%82
https://en.wikipedia.org/wiki/%E2%99%82
https://en.wikipedia.org/wiki/%E2%99%80
https://en.wikipedia.org/wiki/%E2%99%80
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Table 2.2 Comparison of a-wave implicit time in WT and SR-/- mice 
depending on sex: 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. 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. 
 

Effect of NMDAR hypofunction on the mesopic b-wave amplitude 

We compared the b-wave amplitude between WT and SR-/- mice (Figure 2.3). 

Analysis of 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 21-62 µV depending on light intensity, and interestingly did not 

change when light intensity was increased (Figure 2.3A, Table 2.3). Examination 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 at all light intensities except the highest (Figure 2.3B, Table 2.4,). Female 

mice showed a decrease in b-wave amplitude for three of the seven light intensities 

(Figure 2.3C). Simple main effects of genotype were determined to understand whether 

mice of the same genotype, but opposite sex, differed from one another. The simple 

main effects for genotype revealed that between male and female WT mice, male mice 

had statistically higher b-wave amplitudes in comparison to females at low light 
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intensities (Table 2.4), while the SR-/- female 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 variables 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 SR-/- mice b-wave did 

not modulate to increasing light intensity. These results demonstrate that at all light 

intensities, D-serine deficiency through NMDAR hypofunction reduced the b-wave 

amplitude. 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 statistically lower than the WT females. 

Interestingly, the b-wave amplitude between SR-/- male and SR-/- female did not differ 

from one another, while WT female and WT male mice differed at lower light intensities. 

This highlights the importance of investigating sex differences in fERG of WT animals as 

well as genetically modified mice.  
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Figure 2.3 B-wave amplitude analysis: (A) Comparison of b-wave amplitudes 
given genotype by evaluating the main effects (WT=solid line & close circles, SR-/-

=dashed line & open circles). (B,C) Comparison of genotype given a specific gender by 
evaluating the simple main effects of sex: males (B) and females (C), WT (black) and 
SR-/- mice (ǁ blue line, ǀ red line) at all light intensities. Data expressed: mean (line), 
SEM (error bars), and significance ([*] p = 0.05-0.01; [**] p = 0.001-0.005; [***] 
p<0.0005). 

 

https://en.wikipedia.org/wiki/%E2%99%82
https://en.wikipedia.org/wiki/%E2%99%82
https://en.wikipedia.org/wiki/%E2%99%80
https://en.wikipedia.org/wiki/%E2%99%80
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Table 2.3 Comparison of b-wave amplitudes in WT and SR-/- mice: Data 
represents b-wave amplitudes given genotype, with data from males and females 
pooled. Data expressed as mean± S.D. The p-values are the results of main effects 
analysis. 
 

 

Table 2.4 Comparison of b-wave amplitudes in WT and SR-/- mice depending 
on sex: The first two columns represent the mean b-wave amplitude at each condition. 
The interaction column includes the results from the analysis examining the interaction 
between sex and genotype with its corresponding p-values. 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. 
 

Effect of NMDAR hypofunction on the mesopic b-wave implicit time 

The b-wave implicit times for the SR-/- mice were significantly delayed from those 

generated by WT retinas at all light intensities as shown by the main effectsô analysis 

(Figure 2.4A, Table 2.5). However, there was an interaction effect between sex and 
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genotype at two of the brightest light intensities (Table 2.6). SR-/- males had a 

statistically significant delay in the b-wave implicit time in the brightest light intensities in 

comparison to WT male mice (Figure 2.4B, Table 2.6).  This difference was not present 

in female mice (Figure 2.4C). 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 statistically greater delay in the b-wave implicit 

time (Table 2.6), while 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: SR-/- females, WT females, and WT males (Table 2.6).    

 

Figure 2.4 B-wave implicit time analysis: (A) Comparison of b-wave implicit 
time given genotype by evaluating the main effects (WT=solid line & close circles, SR-/-

=dashed line & open circles). (B,C) Comparison of genotype for a specific gender by 
evaluating the simple main effects of sex: males (B) and females (C). WT (black) and 
SR-/- mice (ǁ blue line, ǀ red line) at all light intensities. Data expressed: mean (line), 

https://en.wikipedia.org/wiki/%E2%99%82
https://en.wikipedia.org/wiki/%E2%99%82
https://en.wikipedia.org/wiki/%E2%99%80
https://en.wikipedia.org/wiki/%E2%99%80
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SEM (error bars), and significance ([*] p = 0.05-0.01; [**] p = 0.009-0.001; [***] 
p<0.0005). 

 

Table 2.5 Comparison of b-wave implicit time in WT and SR-/- mice:  Data 
represent b-wave implicit times for each genotype; male and female were pooled. Data 
are expressed as mean ± S.D. The p-values are the results of main effects analysis. 
 

 

Table 2.6 Comparison of b-wave implicit time in WT and SR-/- mice 
depending on sex: 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. 
 

Effect of NMDAR hypofunction on the mesopic b/a wave ratio  

 Since the amplitude of the b-wave depended on the interaction between sex and 

genotype at all light intensities while the a-wave amplitude did not (Supplemental Figure 

2.1, Supplemental Table 2.1), we calculated the b/a wave ratio to determine whether the 



 

43 

 

relationship between the a- and b-wave differences depended on the interaction of 

genotype and sex. At all light intensities except the lowest, the main effects analysis 

revealed that the b/a wave ratio was significantly reduced in SR-/- mice in comparison to 

WT mice (Figure 2.5, Table 2.7). There was no interaction effect between sex and 

genotype (analysis not shown). In sum, the b/a wave ratio quantification 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 determine if these differences are seen in people 

with schizophrenia. 

 

 

Figure 2.5 b/a wave ratio analysis: (A) Comparison of b/a wave ratio given 
genotype by evaluating the main effects (WT=solid line & close circles, SR-/-=dashed line 
& open circles). (B,C) Comparison of genotype given a specific gender by evaluating the 
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simple main effects of sex: males (B) and females (C). WT (black) and SR-/- mice (ǁ blue 
line, ǀ red line) at all light intensities. Data expressed: mean (line), SEM (error bars), 
and significance ([*] p = 0.05-0.01; [**] p = 0.009-0.001; [***] p<0.0005). 
 

 

Table 2.7 Comparison of b/a wave ratio given in WT and SR-/- mice: Data 
represent the b/a wave ratio for each genotype; male and female data are pooled. Data 
are expressed as mean of each genotype ± S.D. The p-values are the results of main 
effects analysis. (N.A.) stands for not applicable and (N.S.) stands for not significant. 
 

Advanced Fourier transform analysis  

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 of SR-/- mice in 

comparison to WT mice at all light intensities except the dimmest (Figure 2.6A, Table 

2.8). There was a significant interaction between genotype and sex at the three lowest 

light intensities (Table 2.9). Examination 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 a 

significantly smaller low frequency component in comparison to male WT at all light 

https://en.wikipedia.org/wiki/%E2%99%82
https://en.wikipedia.org/wiki/%E2%99%82
https://en.wikipedia.org/wiki/%E2%99%80
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intensities (Figure 2.5B, C, Table 2.9). There was no statistically significant difference 

between SR-/- and WT females (Figure 2.5D, E). Analysis of the low frequency 

component demonstrated that SR-/- mice had lower power in comparison to WT mice, 

but this difference was greater in males at the lowest light intensities.  

 

 

Figure 2.6 Fourier transform analysis: Fourier transform analysis in males and 
females of WT (black) and SR-/- mice (ǁ blue line, ǀ red line)  of the a- and b-waves at 
all light intensities. Sample Fourier transform output of one animal per given genotype at 
light intensity 5.6 2 cd·s/m2 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 & close circles, SR-/-

=dashed line & open circles). SR-/- mice had reduced low frequency component in 
comparison to WT at the dimmest light intensities in the males (B) but not females (D). 
Data expressed: mean (line), SEM (error bars), significance ([*] p = 0.05-0.01; [**] p = 
0.009-0.001; [***] p<0.0005). 

 

https://en.wikipedia.org/wiki/%E2%99%82
https://en.wikipedia.org/wiki/%E2%99%82
https://en.wikipedia.org/wiki/%E2%99%80
https://en.wikipedia.org/wiki/%E2%99%80
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Table 2.8 Comparison of low frequency component in WT and SR-/-

 mice: 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 

 

 

Table 2.9 Comparison of low frequency component given in WT and SR-/-

  mice depending on sex: 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. 
 

Morphometric Analysis of Retinal 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-/- 
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mice. No significant differences were seen in any of the layers of either the central or 

peripheral retina (Supplemental Figure 2.2). It should be noted that these mice were 

generated and validated in the Coyle laboratory, where they were shown to mimic a 

number of aspects of the human disease (Basu et al., 2010). The retinas of these mice 

were also 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 optokinetic reflex 

(Sullivan et al., 2011). 

 

Discussion 

 This study demonstrated that mesopic-adapted fERG in mice with reduced 

function of the NMDAR had a reduced b-wave amplitude, delayed a-wave and b-wave 

implicit time, smaller b/a ratio and a decreased low frequency component of the FFT. 

This highlights the potential of using mesopic background luminance in identifying 

abnormalities pertinent to schizophrenic pathology. Similar to people with schizophrenia, 

mice with NMDAR hypofunction have a reduced b-wave amplitude and delayed b-wave 

implicit time in comparison to controls. However, we emphasize that this reduction 

depended on whether the mouse was female or male and, therefore, suggests including 

sex 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 FFT. Our work demonstrates the b/a ratio did 

not depend on sex and can be used exclusively to evaluate genotypic differences. 

Lastly, the low-frequency component of the fERG, which reflects the a- and b- wave 
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combined, can inform about sex and genotype differences as well, but it can be a better 

measure for recording in instances with a low signal to noise ratio.  Due to its sensitivity 

to sex and genotype, the b-wave amplitude and implicit time and the low frequency 

component of the FFT emerged as potential candidates for use as a schizophrenia 

biomarker. 

Studies comparing people with schizophrenia to healthy human controls showed 

a reduction of the b-wave amplitude in the people with schizophrenia under different light 

adaptation conditions (Demmin et al., 2018; Gerbaldo et al., 1992; Hébert et al., 2010; 

Hébert et al., 2015). While some earlier work did not observe differences in people with 

schizophrenia in comparison to controls (Marmor et al., 1988; Schechter et al., 1987; 

Balogh, 2008), the recent studies cited above used a variety of dependent variables in 

broader stimulus and background luminance, which may explain the inconsistencies with 

the earlier studies. The reduced b-wave amplitude and delayed implicit times at all light 

intensities in SR-/- mice compared to WT mice agreed with similar changes in the b-wave 

seen in people with schizophrenia compared to healthy controls (Demmin et al., 2018). 

However, our work highlights the importance in examining sex differences in 

electroretinographic measurements from people with schizophrenia, as they are also 

known to be present in the normal human fERG (Zeidler, 1959). 

The b/a ratio has not been examined previously in the human fERG-

schizophrenic literature nor in animal models of schizophrenia. However, it was reported 

to be a good marker for central retinal vein occlusion and predicting neovascular 

glaucoma (Matsui et al., 1994; Sabates et al., 1983). Since the b-wave amplitude was 

significantly reduced in SR-/- mice but the a-wave amplitude was not, calculation of the 

b/a ratios allowed the evaluation of its usefulness in quantifying genotypic differences. In 
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the SR-/- NMDAR hypofunction mice, the b/a ratio was reduced at all light intensities in 

comparison 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 schizophrenic subjects 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 (Gur & Zeevi, 1980). This finding suggests that frequency 

domain measurements would be essential in when examining subjects with 

schizophrenia, where there is a low signal to noise ratio, such as might be expected from 

pathology of those afflicted with schizophrenia (Association, 2013). To mitigate this 

difficulty, current schizophrenia-fERG investigations are utilizing portable, hand-held 

fERG devices (Demmin et al., 2018). We conducted frequency domain measurements 

due to their translational potential of reducing inherit variability brought about by the 

population studied (Gur and Zeevi, 1980). In our research, the low frequency component 

was significantly reduced in SR-/- NMDAR hypofunction mice in comparison to controls. 

Similar 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 

component can also account for inherent variability in the data resulting from studying 

individuals with schizophrenia (Gur and Zeevi, 1980). We suggest that an analysis of the 
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low frequency component be included in fERG analyses of people with schizophrenia as 

well.  

Our findings strongly support the value of the SR-/- mouse model of 

schizophrenia, consistent with the NMDAR hypofunction hypothesis contributing to the 

pathophysiology of schizophrenia. 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 (Lavoie et al., 2014). Lavoie and colleagues observed a reduction in the b-

wave amplitude at all light intensities in both photopic and scotopic conditions in the 

dopamine D1 receptor knock-out (D1R-KO) mice, commenting on the similarity between 

D1R-KO results and high-risk schizophrenic off-spring. However, this reduction in b-

wave was expected from knocking-out the D1 receptor, a dopamine receptor type known 

to be expressed in bipolar cells (Farshi et al., 2016) and essential for normal response to 

light adaptation from bipolar cells (Chen et al., 2017; Flood et al., 2018). We also 

observed a decrease in b-wave amplitude in SR-/- mouse, but it differs from the previous 

research in that SR expression normally changes dynamically in the retina with age (Dun 

et al., 2008). In addition, the ERG in the SR-/- mouse showed sex differences and 

interaction of sex with the waveform amplitudes, b/a ratios, and spectral frequency 

components that cannot be predicted from glutamatergic manipulation alone. 

Specifically, in comparison to infant mice (3-week old), adult mouse retina has limited D-

serine and SR expression. Our study shows that the absence of D-serine expression 

from birth affects bipolar cell function; furthermore, it can potentially show within-subject 

longitudinal differences that may be relevant to changes associated with the onset of 
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psychosis in schizophrenia. As this is a constitutive knockout, it would affect 

development.  The onset of schizophrenia is not linked to the onset of psychosis, which 

typically occurs in the late teens or early 20s in males (Hambrecht et al., 1992). 

Cognitive impairments and social/motivational deficits (negative symptoms), which best 

reflect NMDAR hypofunction, are present in childhood in most individuals who later are 

diagnosed with schizophrenia ï after the appearance of psychosis (Loebel et al., 1992). 

 Importantly, our study demonstrated distinctly different patterns of the fERG in 

male and female mice, only showing significant changes in the male SR-/- mice 

compared to WT mice but not in females. While some fERG studies in people with 

schizophrenia demonstrated that components of the photopic a- and b-waves were 

reduced in people with schizophrenia in comparison to healthy controls, most studies 

grouped male and female subjects for their data analyses. Only one study included sex 

as a factor, and they did not observe a statistically significant difference in the fERG 

between females and males with schizophrenia (Hébert et al., 2015). However, this 

study measured subjects that were at high risk for schizophrenia and did not account for 

sex on the follow-up study examining subjects who had developed schizophrenia 

(Hébert et al., 2015). It is difficult to interpret these results because questions remain as 

to cause and effect of these relationships. Several studies showed a sex difference in 

the fERGs among healthy human controls, including differences in amplitude and implicit 

time (Peterson, 1968; Sannita et al., 1989). This is reflected in our work whereby the 

fERG 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 (Loranger, 1984; 
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Shepherd et al., 1989). Notably, the behavioral phenotype was less severe in female SR-

/- mice than in males (Frishman and Wang, 2011). 

 The power of the present study is two-fold. First, we demonstrate that our current 

knowledge of D-serineôs role in the retina requires further investigation due to the 

reduction of the b-wave amplitude and time delay observed in SR-/- mice. It would be 

essential to understand how the changes in D-serine and SR expression during 

development (Gustafson et al., 2007) reflect changes in the fERG at various light 

intensities. D-serine plays a pivotal role in the retina as the endogenous co-agonist of 

the NMDAR (Gustafson et al., 2015). Since it is known that NMDARs are recruited in 

RGCs based on light intensity demands, looking 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 (Coyle, 2006). As a result, we recommend that 

examination of the differences between the fERGs in people with schizophrenia and 

controls needs to be performed at a range of light intensities with the same background 

condition, not just the standard flash intensity of 1.68 cd/m2, in order to understand the 

full scope of functional alterations in the retina. Secondly, we demonstrate that signals 

from mesopic-adapted retina warrant further investigation regarding inner retinal 

involvement in the fERG, particularly how these changes can be used to as a potential 

diagnostic tool for identification of psychiatric disorders. The b-wave amplitude under 

mesopic conditions contains inner retinal contributions, likely from amacrine cells 

(Mojumder et al., 2008), and dopamine plays a role in switching between photopic and 

mesopic states (Krizaj, 2000). This suggests that the network needed for adapting to 

mesopic light conditions can be severely affected by neuropsychiatric diseases, like 

schizophrenia, because it requires both dopamine and glutamate. It is the consensus 
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that schizophrenia is a disorder of complex genetics and that no single molecular event 

can account for the pathophysiology of schizophrenia (Coyle, 2006), which implies that 

people with schizophrenia may be quite diverse in the underlying cause of their disorder. 

This may explain the inconsistent results from human fERG data from people with 

schizophrenia (Demmin et al., 2018; Gerbaldo et al., 1992; Hébert et al., 2015; 

Schechter et al., 1987; Warner et al., 1999; Bulogh, 2008), Including mesopic-adapted 

conditions in the human fERG literature may provide further insight. Lastly, the 

calculation of the b/a ratio may prove to be important in demonstrating differences 

between people with schizophrenia and normal individuals. This finding needs to be 

replicated in studies of the ERG of human subjects, as this dependent measure has not 

been previously evaluated in these individuals. Our results demonstrate that specific 

analyses of the ERG waveform may allow more accurate and sensitive measures of 

differences between people with schizophrenia and normal individuals. Our study 

suggests that subgroups within these populations are likely to be differentiated by using 

a wider range of light intensities and mesopic adaptation. Second, the replication of the 

fERG results in people with schizophrenia by this mouse model supports 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 fERG that 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 identifying schizophrenia once present, clinical screens prior to 

the appearance of psychosis are weakly predictive of schizophrenia (Weickert et al., 

2013). The power of having a biomarker for schizophrenia lies on prognostics, the ability 

to predict who will become ill prior to symptoms. As there is a known genetic risk for the 
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development of schizophrenia (Baron et al., 1983; Kendler and Robinette, 1983), this 

may aid in the early identification of at-risk individuals with impaired NMDAR function 

and facilitate early intervention. The human studies demonstrate that there are 

anomalies in the fERG of humans with schizophrenia in comparison to normal persons; 

however, insights into the cellular mechanisms behind these differences are needed. 

Further studies in this mouse model of schizophrenia should help explain why the fERG 

differences are present and provide stronger support for the use of fERG as a tool to 

decipher the etiology of schizophrenia. 
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Supplemental Table: 

Supplemental Table 2.1 

 

Supplementary Table 2.1. Comparison of a-wave amplitudes in WT and SR-/- 

mice depending on sex: The first two columns represent the mean a-wave amplitude 
at each condition. The interaction column includes the results from the analysis 
examining the interaction between sex and genotype with its corresponding p-values. 
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 



 

56 

 

Supplemental Figures: 

Supplemental Figure 2.1 

 

Supplementary Figure 2.1. a-wave amplitude analysis: (A) Comparison of A-
wave amplitudes given genotype by evaluating the main effects (WT=solid line & close 
circles, SR-/-=dashed line & open circles). (B,C) Comparison of genotype given a specific 
gender by evaluating the simple main effects of sex: males (B) and females (C), WT 
(black) and SR-/- mice (ǁ blue line, ǀ red line) at all light intensities. Data expressed: 
mean (line), SEM (error bars), and significance ([*] p = 0.05-0.01; [**] p = 0.001-0.005; 
[***] p<0.0005). 
 

https://en.wikipedia.org/wiki/%E2%99%82
https://en.wikipedia.org/wiki/%E2%99%82
https://en.wikipedia.org/wiki/%E2%99%80
https://en.wikipedia.org/wiki/%E2%99%80
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 Supplemental Figure 

2.2

 

 

Supplementary Figure 2.2. Retinal Layer Height Calculations. 
Photomicrographs of retinal sections from the central (A-C) and peripheral (D-F) regions 
of the retina from SR-/- (B and E) and littermate controls (A and D) at two months stained 
with hematoxylin and eosin. Retinal layers were quantified for height in µm. O+IS: outer 
and inner segments; ONL: outer nuclear layer; OPL: outer plexiform layer; INL: inner 
plexiform layer; IPL: inner plexiform layer; GCL+OFL: ganglion cell layer and outer fiber 
layer. N.S.: not significant. Bar is 50µm. 
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Chapter 3 

Effects of D-Serine on Outer Retinal Function 

Synopsis 

The role of NMDAR in outer retina is unclear despite expression of the NMDAR-complex 

and its subunits in the outer retina. The flash-electroretinogram (fERG) offers a non-

invasive measurement of the retinal field potentials of the outer retina that can serve to 

clarify NMDAR contribution on early retinal processing. I report alteration in fERG 

components as a result of NMDAR hypo- and hyperfunction, through the use of a 

genetic mouse model for NMDAR hypofunction (SR-/-) where the absence of the enzyme 

serine racemase results in a significant reduction of D-serine, followed by examination of 

the fERG after an exogenous application of D-serine. I analyzed parameters of the fERG 

to determine whether pre- and post-topical delivery of D-serine would be affected in SR-/- 

mice and their littermate control WT counterparts. Amplitude and implicit time of the low-

frequency components, the a- and b-wave, were conducted. A reduced functionality of 

the NMDAR results in a statistically significantly delayed a-wave and reduced b-wave in 

SR-/- animals. The effect of NMDAR deprivation was more prominent in male SR-/- mice. 

A hyperfunction of NMDAR, though exogenous topical delivery of 5mM D-serine, in WT 

mice showed a significantly delayed a-wave implicit time and reduced b-wave amplitude.  

These changes were not observed in female WT mice. There were temporal delays in 

the a-wave and amplitude and a decrease in the b-wave amplitude and implicit time 

because of hypo- and hyperfunction of the NMDAR in male mice. This suggests that 

NMDAR and D-serine are involved in the retinal field potentials of the outer retina that 

interact with the animalôs sex. This implicates the involvement of gonadal hormones and 

D-serine in retinal functional integrity.  



 

59 

 

 

Introduction  

 The N-Methyl-D-Aspartate (NMDAR) receptor is an ionotropic glutamate receptor 

essential for synaptic plasticity and learning and memory in the brain (Malenka & Bear, 

2004). One of the unique characteristics of this receptor is that it requires another ligand 

other than glutamate to activate the channel (Kleckner & Dingledine, 1988; Paoletti, 

2011), which makes glycine and D-serine, the two co-agonists, indispensable for 

NMDAR functioning. In the retina, NMDARs are known to contribute to the light-evoked 

response of retinal ganglion cells (RGCs) (Cohen and Miller, 1994; Massey and Miller, 

1990), mediate GABAergic feedback (Ferreira et al., 1994) and excitotoxicity (Vorwerk et 

al., 2000). Unfortunately, most of the knowledge about NMDAR functionality in the retina 

is focused on the retinal ganglion cell layer, even though functional NMDARs have been 

found in horizontal cells (O'Dell and Christensen, 1989), and NMDAR subunits have 

been localized in photoreceptors and cells in the inner nuclear layer (Brandstätter et al., 

1994). Therefore, it is unclear if the NMDAR plays a role in early retinal processing.  

 The role of D-serine as an NMDAR co-agonist has illuminated our understanding 

of NMDAR function in the retina (Hashimoto et al., 1992a; Hashimoto et al., 1993; 

Kleckner and Dingledine, 1988; Mothet et al., 2000). D-serine serves as an endogenous 

co-agonist for the NMDAR in the retina, potentiating NMDAR currents in RGC several 

fold greater than glycine at the same concentration (Gustafson et al., 2007; Stevens et 

al., 2003). This increase of NMDAR currents by the addition of D-serine suggested that 

NMDARs are not saturated, and that release of D-serine would result recruitment of 

NMDAR (Gustafson et al., 2007; Stevens et al., 2003). However, it is as yet unclear how 

dynamic recruitment of NMDAR through D-serine is initiated by light, and how this 
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recruitment affects upstream retinal function. Studies of D-serine in the retina have been 

limited to its effects on RGC currents and not on retinal field potentials as a whole. Given 

that functional NMDARs are located earlier in the vision pathway, D-serine acting on 

NMDAR may affect electric potentials in the outer retina. One such electric potential is 

reflected in the flash-electroretinogram (fERG), a light-evoked potential from the retina in 

response to a flash of light (Frishman & Wang, 2010). The fERG assesses the integrity 

of the retina, shedding a light on the vertical signal processing. The first low-frequency 

component is known as the a-wave, which represents activity from photoreceptors; the 

second low-frequency component is known as the b-wave, which reflects activity from 

on-bipolar cells (Frishman & Wang, 2010; Frishman and Wang, 2011). These 

components represent retinal field potentials that can be used to investigate the role of 

NMDAR and D-serine in the outer retina. The electroretinogram offers a quantitative, 

non-invasive method to examine neural activity under hypo- and hyper-functionality of 

the NMDAR in the outer retina.  

 

Methods 

Animals 

Serine racemase knock out (SR-/-) mice were obtained from Dr. Joseph Coyle 

(Balu & Coyle, 2015) and the colony was maintained by Resource Animal Resources at 

the University of Minnesota. Littermate controls and SR-/- mice were used at ages 8-16 

weeks and included both males and females. A total of 34 mice were used for all 

experiments, seventeen for each genotype. All procedures were in accordance with the 

standards provided by the National Institutes of Health for use of animals in research 

and the animal care and use standards set by the Association for Research in Vision 
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and Ophthalmology and approved by the Institutional Animal Care and Use Committee 

at the University of Minnesota. 

 

Experimental design and D-serine delivery  

In vivo fERGs were conducted in all mice pre- and post-topical delivery of D-

serine at a concentration of 5 mM diluted in 0.05% carboxymethylcellulose Refresh Plus 

Lubricant Eye Drops (Allergan, Inc., Irvine, CA). One day prior to recording, normal 

Refresh Plus eye drops (0.05%) were topically delivered. On the day of recording, either 

normal eye drops were administered or eye drops containing 5mM D-serine were used.  

Stimulation and recording 

Pupils were dilated with tropicamide (1%) eye drops (Akorn, Inc., Lake Forest, 

IL), followed by proparacaine hydrochloride eye drops (0.5%) (Akorn, Inc.). Mice were 

anesthetized for the fERG recordings with 4% isoflurane, an anesthetic known to leave 

the fERG recordings unchanged (Anis et al., 1983). A contact lens with a coiled wire 

electrode was placed on the cornea, and methylcellulose eyedrops (1.0%) (Allergan) 

were used to hold the contact in place and protect the cornea from drying out. The 

stimulus duration was 4 msec, and retinas were adapted to a steady white background 

luminance of 0.35 cd·s/m2 for 15 minutes prior to recording. A D215 Espion E2 Console 

(Diagnosys LLC, Lowell, MA) was used for data collection under a bandpass filter of 0.3-

300 Hz. At each light intensity, four traces were collected, which were averaged to 

determine the representative response at each light intensity for each mouse tested.  

After data collection, a customized MATLAB program was used to remove 

oscillatory potentials from the a- and b-wave recordings. Once filtered, the a-wave 

amplitude was measured from the pre-flash baseline to the peak of the a-wave, the b-
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wave amplitude was measured from the peak of the a-wave (trough) to the largest peak 

of the b-wave, and implicit times of the a-waves and b-waves were measured from flash 

onset to the peak of the response.  

 

Statistical analysis  

A three-way (2x2x2) mixed Analysis of Variance (ANOVA), with two between-

subject (Genotype and Sex) and one within-subject factor (Treatment), was conducted at 

each flash strength to evaluate the interaction between treatment, genotype, and sex. 

We tested all possible simple two-way interactions that were adjusted with Bonferroni 

correction at statistical significance set at p<0.025. If simple two-way interactions were 

significant, simple main effects were analyzed. The dependent variables tested were a-

wave amplitude and implicit time and b-wave amplitude and implicit time. All analyses 

were conducted for each light intensity. An IBM SPSS Statistics 26 program was used to 

conduct all statistical analyses. 

 

Results 

Effect of D-serine on the a-wave amplitude  

 When the a-wave amplitude data from the pre- and post-treatment were 

analyzed, only the a-wave amplitude from the male WT mice was significantly different 

from the other cohorts and only at the brightest flash strength. Statistical significance 

was based on demonstration of a three-way interaction between treatment, genotype, 

and sex using ANOVA (Table 1). Analysis of simple two-way interactions revealed that 

at the brightest flash strength, there was an interaction between sex and genotype 

(Table 1, Figure 1A). Surprisingly, this significant difference for the male WT at the 
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brightest flash strength disappeared with the application of exogenous D-serine (Table 1, 

Figure 1B). Simple main effects analyses examining the four distinct groups did not 

show statistically significant differences in the a-wave amplitude with exogenous 

application of D-serine (Table 2). However, the a-wave amplitude of male WT mice 

showed trends to a reduction in a-wave amplitude with increasing flash strength (Table 

2). Also noteworthy is that the a-wave amplitudes of male WT and SR-/- mice became 

even more similar after D-serine treatment. Female SR-/- mice showed no significant 

changes at any flash strength. These results suggest that the a-wave amplitude in all 

groups was unaffected by exogenous addition of D-serine but rather tended to result in 

the WT and SR-/- responses being more similar to other than pre-treatment.  
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Table 3.1: Statistical analysis of the a-wave amplitude. The top 
section shows the results of a three-way analysis for genotype, sex, and 
treatment. The bottom panel shows the results of an analysis of two-way 
interactions between treatment and genotype, treatment and sex, and pre- and 
post-treatment genotype and sex interactions. Red indicates statistical 
significance. 
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Figure 3.1. Effects of D-serine of the-wave amplitude: (A) The a-wave 
amplitudes prior to treatment of all cohorts: female wild type (fWT), female serine 
racemase knockout (fSR-/-), male wild type (mWT), and male serine racemase 
knockout (mSR-/-). (B) The a-wave amplitudes after D-serine treatment for all 
cohorts. Data are expressed as mean +/- SEM. Asterisks indicate statistical 
significance. 
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Table 3.2: Analysis of a-wave amplitude pre- and post-D-serine for 
each cohort. No significant differences were seen between any of the 
parameters analyzed. 

 

Effect of D-serine on the a-wave implicit time  

 In the SR-/- mice, there was a statistically significant delay in the a-wave implicit 

time compared to WT mice at all but the brightest flash strengths, based on the three-

way interaction in the ANOVA (Table 3, Figure 2A). Four of those flash strengths had a 

statistically significant two-way interaction between treatment and genotype (Table 3; 

Figure 2 A, B). Pre-D-serine delivery, there was a delay in the a-wave implicit time in the 

male SR-/- mice compared to the other genotypes (Figure 2C). Post-D-serine application, 

there was no difference in the implicit time of the a-wave in SR-/- mice in comparison to 

WT mice (Table 3, Figure 2D). Separating the animals into four distinct groups, as 

revealed by the simple main effect analyses, demonstrates that the delay in a-wave 

implicit time observed when both male and female SR-/- were combined, prior to topical 
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delivery of D-serine, was driven by the male SR-/- (Table 3, Figure 3E).  At the middle 

flash strengths, only male SR-/- had a statistically significant reduction in the a-wave 

implicit time when D-serine was added exogenously. These results suggest that adding 

D-serine eliminated the temporal delay in the a-wave implicit time in male SR-/- that was 

observed in the pre-D-serine condition (Table 4). In contrast, while not statistically 

significant, male WT mice trended to have a delay in the a-wave implicit time with 

exogenous D-serine treatment (Figure 3B). Female WT (Figure 3C) and female SR-/- 

(Figure 3F) had no temporal changes in the a-wave implicit time when exogenous D-

serine was administered (Table 4). These results imply that changes in exogenous D-

serine can affect the temporal dynamics of the a-wave in male WT mice, accelerating it 

in male SR-/- and delaying, though not significantly, in male WT.  In summary, 

exogenous application of D-serine eliminates the genotype and sex differences 

observed in the normal pre-treatment retina, making the a-wave implicit time of all four 

groups essentially the same. 
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Table 3.3: Statistical analysis of a-wave implicit time. There was a 
significant difference in a-wave implicit times between the SR-/- mouse and WT 
control mice, with the SR-/- showing a significant delay in the a-wave component. 
When analyzed for two-way interactions, there was a significant difference in a-
wave implicit time for the majority of flash strengths, with the male SR-/- mice 
showing a significantly delayed implicit time compared to all other genotypes and 
between males and females. This difference was reduced by the D-serine 
treatment, causing a less delayed a-wave. Asterisks indicate significant 
difference.  
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Figure 3.2. Effects of D-serine on the a-wave implicit time: 
Comparison of the a-wave implicit time in WT and SR-/- mice before (A) and after 
(B) topical delivery of D-serine onto the cornea. There was a significant 
difference between the SR-/- mice and WT mice prior to D-serine treatment and a 
significant difference in the altered implicit time between the two genotypes. 
Significance in both A and B represents the interaction between treatment and 
genotype. Comparison between all groups, female wild type (fWT), female serine 
racemase knockout (fSR-/-), male wild type (mWT), and male serine racemase 
knockout (mSR-/-) before (C) or after (D) topical delivery of D-serine. Significance 
represents interaction between genotype and sex before D -serine (C) and after 
D-serine. Data are expressed as mean +/- SEM. Asterisks represent significant 
difference.  
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Table 3.4 Effect of D-serine on the a-wave implicit time for each 

cohort. Analysis of a-wave implicit time shows significant differences based on 
D-serine treatment in the male SR-/- mice, but only at the middle range of flash 
strengths. No significant differences were seen as a result of treatment in either 
the male or female WT mice. Similarly, there were no significant differences in a-
wave implicit time in the female SR-/- mice at any of the flash strengths. 
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Figure 3.3. Effects of D-serine on a-wave implicit time: sex, 
genotype, and treatment. The a-wave implicit time was not significantly different 
pre- and post-D-serine treatment. However, there was a significant delay in the 
a-wave implicit time in the male WT ERGs compared to the SR-/- controls. No 
differences were seen between female mice regardless of genotype or treatment. 
Asterisks indicate significant differences. Female wild type (fWT), female serine 
racemase knockout (fSR-/-), male wild type (mWT), and male serine racemase 
knockout (mSR-/-). Data are expressed as mean +/- SEM. 
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Effect of D-serine on the b-wave amplitude  

 Unlike the a-wave amplitude, there was a highly significant difference between 

the b-wave amplitude between WT and SR-/- mice based on an ANOVA for three-way 

interaction between treatment, sex, and genotype at all flash strengths (Table 5, Figure 

4A), as well as two-way interactions between treatment and genotype. In addition, at all 

flash strengths, there was a statistically significant decrease in b-wave amplitude in the 

untreated male SR-/- mice (Table 5, Figure 4C) based on the analysis of two-way 

interactions between genotype and sex (Table 5, Figure 4C). Interestingly, with 

exogenous application of D-serine, the differences in the b-wave amplitude that 

depended on the animalôs genotype and sex disappeared, resulting in a b-wave 

amplitude that was similar between all cohorts (Table 5, Figure 4D). This result suggests 

that exogenous D-serine eliminated the difference in the b-wave amplitude that 

depended on the animalôs genotype and sex. Our simple main effect analysis, which 

separates the animals into four distinct groups, revealed that exogenous D-serine 

significantly reduced the b-wave amplitude of male WT compared to the male SR-/- 

(Table 6, Figure 5C, D). In male WT, exogenous D-serine decreased the b-wave 

amplitude; this decrease was statistically significant at four dimmest flash strengths 

(Table 6, Figure 5C).  In male SR-/- mice, exogenous D-serine increased the b-wave 

amplitude; this increase was statistically significant at 3 of the brighter flash strengths 

(Table 6, Figure 5D).  There were no statistically significant differences in the b-wave 

amplitude in either female WT or female SR-/- with exogenous application of D-serine 

(Table 6, Figure 5 E, F). These results demonstrate that the exogenous addition of D-

serine affected the b-wave amplitude of only male mice, and the effect was opposite 
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depending on the genotype of the male mice. In male WT, exogenous D-serine reduced 

the amplitude of the b-wave; while, in male SR-/- exogenous D-serine increased the 

amplitude of the b-wave. This effect was more prominent at some flash strengths than at 

others.  

 

 

Table 3.5 Statistical analysis of the b-wave amplitude .There was a 
statistically significant reduction in b-wave amplitude of the SR-/- mice compared 
to WT controls at all flash strengths. When examined for interactions of sex and 
genotype, there again was a significant difference between male WT and male 
SR-/- mice, with the male SR-/- mice showing a significant reduction in b-wave 
amplitude compared to the male WT controls. After D-serine treatment, there 
were no significant differences in b-wave amplitude between any of the cohorts. 
Asterisks indicate significant difference. Female wild type (fWT), female serine 
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racemase knockout (fSR-/-), male wild type (mWT), and male serine racemase 
knockout (mSR-/-). 
 

 

Figure 3.4 Effects of D-serine on b-wave amplitude: Comparison of 
WT and SR-/- mice b-wave amplitude before (A) and after (B) topical delivery of 
D-serine. Significance in both A and B represent the interaction between 
treatment and genotype. Comparison between all groups, female WT (fWT), 
female SR-/- (fSR-/-), male WT (mWT), and male SR-/- (mSR-/-), before (C) or after 
(D) topical delivery of D-serine. Significance represents interaction between 
genotype and sex before D -serine (C) and after D-serine. Data are expressed as 
mean +/- SEM. Asterisks indicate statistical significance.  
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Table 3.6 Effect of D-serine on b-wave amplitude for each group. 
Analysis of the b-wave amplitude for male and female mice. Only the male mice 
showed significant changes in b-wave amplitude, both pre-D-serine treatment 
and post-D-serine treatment. Red indicates significance.  
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Figure 3.5 Effects of D-serine on the b-wave amplitude: sex, 
genotype, treatment. In the male WT prior to treatment, the b-wave amplitude 
was significantly decreased compared to the WT controls, but only at the 4 
lowest flash strengths. In the male SR-/- mice, D-serine treatment resulted in a 
significant increase in b-wave amplitude. No significant differences were seen in 
the female mice for either genotype or treatment. Data are expressed as mean 
+/- SEM. Asterisks indicate statistical significance. 
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Effect of D-serine on the b-wave implicit time  

The b-wave implicit time was significantly delayed in the SR-/- mice before treatment 

based on the ANOVA showing a significant three-way interaction at all flash strengths 

(Table 7, Figure 6A). At all the flash strengths there was a statistically significant 

difference between b-wave implicit times before and after D-serine treatment, based on 

a simple two-way interactions between treatment and genotype (Table 7; Figure 6A, B). 

Exogenous D-serine reduced the temporal delay in the b-wave implicit time for the SR-/- 

mice (Table 7, Figure 6B).  

 At all flash strengths but one, there were significant differences in the b-wave 

implicit time based on genotype and sex interaction across all groups either before D-

serine treatment (Table 7, Figure 6C) or after D-serine delivery. In fact, the differences 

between the b-wave implicit time for all groups became relatively the same post D-serine 

treatment (Figure 6D). Simple main effect analyses revealed that the b-wave implicit 

time of the SR-/- decreased after stimulus onset with the addition of exogenous D-serine 

(Table 8). However, this effect was only statistically significant in two flash strengths in 

male SR-/- and in one flash strength in female SR-/- (Table 8). B-wave implicit time was 

not statistically significantly different in any of the WT mice. This result suggests that the 

significant differences seen in the b-wave implicit times at all light intensities in the 

grouped data were not dependent on genotype and sex. It appears that D-serine may 
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only affect the temporal dynamics of the SR-/- mice at selected flash strengths (Figure 7). 

 

 
Table 3.7 Statistical analysis of b-wave implicit time. An analysis for a 

three-way interaction for treatment, sex, and genotype showed that there was a 
significant difference between the groups. A two-way interaction analysis showed 
that for treatment and genotype, the male mice showed a significantly increased 
b-wave implicit time 
 


