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Abstract 

The N-methyl D-aspartate (NMDA) receptor coagonist D-serine is important in a number of 

different processes in the central nervous system, ranging from synaptic plasticity to disease 

states, including schizophrenia.  In the retina, light-evoked responses of retinal ganglion cells 

are shaped in part by NMDA receptors which require a coagonist for activation.  There is 

debate over whether glycine or D-serine is the endogenous coagonist of retinal ganglion 

NMDA receptors.  I used a mutant mouse lacking functional serine racemase (SRKO), the 

only known D-serine synthesizing enzyme in mammals, to show that retinal ganglion cells 

depend on D-serine for NMDAR activation (chapter 1). 

Most changes in NMDA receptor currents during synaptic activity have been attributed to 

glutamate fluctuations against a steady background of coagonist, excluding the possibility of 

dynamic coagonist release.  The retina is a particularly useful system to determine if 

coagonist release occurs in the nervous system, because it can be naturally stimulated with 

light.  By saturating the glutamate binding site of NMDA receptors, I was able to measure 

coagonist release during light-evoked responses.  Coagonist release was detected in retinal 

ganglion cell light responses and depended on α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic AMPA receptors.  Coagonist release was significantly lower in SRKO 

mice (chapter 2).  By directly measuring extracellular D-serine using capillary 

electrophoresis, I demonstrated that D-serine can be released from the intact mouse retina 

through an AMPA receptor dependent mechanism (chapter 3).  The collective works put 

forth in this thesis imply that activity-dependent modulation of D-serine availability may add 

an extra dimension to NMDA receptor coincidence detection in the central nervous system. 
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Introduction 

NMDA receptors 

Iontropic glutamate receptors mediate fast excitatory neurotransmission throughout the 

mammalian nervous system.  The ligand binding domain of all known glutamate 

receptors shares homology to a family of bacterial periplasmic binding proteins (1).  

Glutamate gated ion channels are found in plants (2) and some species of prokaryotes (3), 

implying that glutamate receptors mediated cellular signaling events in eukaryotes long 

before the evolutionary emergence of nervous systems approximately 600 million years 

ago (4).  Three major classes of ionotropic glutamate receptors are found in the nervous 

system: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), kainate, and 

N-methyl D-aspartate (NMDA) receptors.   

The biophysical properties of NMDA receptors (NMDARs), compared to AMPA and 

kainate receptors, allow for relatively large charge transfer following activation.  This in 

part is due to high peak channel conductance and slow deactivation (5).  The majority of 

NMDARs in the CNS are tetramers, comprised of two GluN1 subunits and two GluN2 

subunits (GluN2A or GluN2B) which contain the glutamate binding site.  NMDARs 

comprised of GluN2A or GluN2B subunits exhibit similar peak channel conductance, but 

GluN2B containing receptors are more sensitive to glutamate and display slower 

deactivation (6).  Early in postnatal cortical development GluN2B containing receptors 

are more abundant, but as synapses mature GluN2A receptors become more prevalent 

(7).   
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Gated NMDARs are highly conductive to Ca
2+

, which upon entry interacts with Ca
2+

 

binding proteins tethered to the receptor, subsequently activating a plethora of 

intracellular signaling cascades.  These signaling events can lead to changes in synaptic 

efficacy via phosporylation of AMPARs or can lead to long-term changes in synaptic 

function by altering gene expression.  The amount of Ca
2+

 entering through NMDARs is 

critical in determining which signaling pathways become activated.  Small Ca
2+

 influx 

through NMDARs results in synaptic depression, while larger Ca
2+

 influxes lead to the 

downstream potentiation of synapses (8).  On the other hand, excessive levels of Ca
2+

 

entering through NMDARs may cause excitotoxic cell death by activating apoptotic 

pathways (9).   

Given the wide range of neuronal modifications brought on by NMDAR activation, it is 

no surprise that that their gating is regulated by a number of factors.  For this reason, 

NMDARs can be thought of as molecular coincidence detectors, requiring the 

simultaneous occurrence of cellular signaling events to become active.  One such 

requirement is sufficient neural depolarization to remove Mg
2+ 

blocking the NMDAR 

pore.  Furthermore, NMDARs are unique among glutamate receptors in that they require 

the simultaneous binding of four agonists to become activated, which, in part, is 

responsible for their slow activation kinetics (10).  Channel gating requires glutamate 

bound to each GluN2 subunit and, more recently discovered, a coagonist must be bound 

to each GluN1 subunit (6).  Over the years, two candidates have emerged as endogenous 

activators of the coagonist site, glycine and D-serine.  In 1961 it was discovered that the 

application of D-serine potentiated excitatory field potentials in frog spinal cord (11).  

Despite these findings D-serine, being a mirror image enantiomer of the biologically 
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more common amino acid L-serine, was overlooked as an endogenous agonist candidate 

for over two decades, given the scarcity of D-amino acids found in animals. 

Molecular asymmetry in biology 

The concept of molecular handedness began in 1811 when the French scientist Francois 

Argago discovered that polarized light passing through particular substances was rotated 

by a specific angle (12).  Using this method of molecular finger printing, in 1848 Louis 

Pastuer discovered that certain compounds isolated from life would rotate light in one 

direction, but when synthesized in the laboratory these compounds were not optically 

active.  Pastuer realized when observing the macroscopic crystals of tartaric acid that they 

existed as mirror images of each other.  No matter how one crystal was oriented, it could 

not be overlayed with its mirror image crystal.  Pastuer segregated the mirror-image 

crystals out from each other, and suspended each type in solution.  The compounds were 

now optically active, rotating light by the same angle, but one to the left (levrorotatory, 

L-) and the other to the right (dextrototory, D-) (13).   

It has since been discovered that molecular asymmetry is found in biological systems, 

whereas the majority of reactions in the lab do not favor L-isomers over D-isomers and 

thus form racemic mixtures containing equal quantities of each enantiomer.  In life, L-

amino acids are more common than D-amino acids, forming the building blocks of 

proteins.  Also, sugars and nucleic acids are predominantly D-isomers.   It remains to be 

determined if biological asymmetry emerged 3.5 billion years ago as an arbitrary 

assembly of one enantiomer over the other from a racemic primordial soup, preserved by 
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the earliest self-replicators, or if molecular asymmetry existed on earth prior to life.  

Indeed, L-amino acids are more abundant in uncontaminated meteorite samples (14). 

NMDA Receptor Coagonist 

In 1987, Johnson and Ascher discovered that NMDAR currents in cultured neurons were 

potentiated by glycine (15).  Shortly after, Klechner and Dingledine found that it was 

essential for the glycine binding site to be liganded for NMDAR activation and that D-

serine could also serve this role (10).  At the time it was known that D-serine was present 

in the blood, but it was thought to originate from the ingestion of bacteria, which use D-

amino acids as a component of their cell walls (16).  Accordingly, it was tacitly 

concluded that glycine, given its abundance in the nervous system and role as an 

inhibitory neurotransmitter, was the endogenous ligand.   

The potency of glycine and D-serine may depend on both the subtype of NMDAR 

(GluN2A or GluN2B) and the species it belongs to.  Rat NMDARs expressed in Xenopus 

oocytes, consisting of a mixed population of GluN2A and GluN2B receptors, display an 

ED50 of 0.5 µM and 1 µM for glycine and D-serine, respectively, with similar efficacies 

(17).  Another study specifically compared the potency of each coagonist in oocytes 

separately expressing mouse GluN2 (A-D) receptors and found that D-serine was about 

three times more potent than glycine for each receptor (18).  In cloned human NMDARs 

D-serine is slightly more potent at GluN2A receptors, while glycine is a more potent 

coagonist for GluN2B receptors (19).  Although there appears to be modest differences in 

coagonist potencies for the NMDARs of different species, as an approximation, D-serine 

and glycine are comparably effective coagonists for GluN2A or GluN2B receptors.  More 
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noteworthy is that the affinity of glycine and D-serine for GluN2A receptors is several 

fold greater than GluN2B receptors (20).     

The prospects of D-serine as an endogenous coagonist began when Hashimoto and 

colleagues devised a technique to better resolve brain L-amino acids from D-amino acids 

(21).  They discovered the brain contains high levels of free D-serine (22), comparable to 

that of glycine (7 µM) (18).  Furthermore, histochemical staining revealed that D-serine 

overlapped with the expression of NMDARs (23).  The high levels of D-serine found in 

cortex could not be entirely attributed to bacterial origin and pointed towards a 

mechanism of D-serine synthesis.   

D-serine synthesis 

Work done in 1965 showed that certain eukaryotic organisms, including silkworms, were 

capable of synthesizing large quantities of D-serine from added L-serine consisting of 

carbon isotopes (24).  The enzyme responsible for this conversion remained elusive until 

1998 when the protein was partially purified (25).  Wolosker and colleagues showed that 

a similar racemization process was conserved in an isolated protein from rat brain (26), 

and went on to clone and sequence human serine racemase (27).  Three different mouse 

lines have since been generated that lack functional serine racemase, all showing an 

approximately 90% reduction in cortical levels of D-serine (28).  Serine racemase is 

expressed throughout the brain, and on a cellular level was initially shown to be 

expressed in astrocytes which also express high levels of D-serine (29).  This picture has 

been complicated by the more recent discovery of serine racemase and D-serine in 

neurons (30).   
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D-serine uptake and degradation  

The abundance of free D-serine found in the brain raised questions about factors that 

might also limit D-serine availability.  Studies have shown that intracerebroventricularly 

injected D-serine is taken up preferentially by glial cells (31).  The sodium dependent 

slow uptake transporter arganine-serine-cysteine-threonine (ASCT2) is expressed in 

astrocytes (32) and is responsible for D-serine uptake in astrocyte cultures (33).  

However, the sodium independent fast amino acid transporter alanine-serine-cysteine 

(ASC-1) is also present in neurons (34) and using ASC-1 knockout mice, it was shown 

that 30% of D-serine uptake from isolated synaptosomes was through ASC-1 (35).  

Collectively, these findings suggest that global D-serine levels may be regulated by glial 

ASCT2, while the rapid uptake of D-serine occurs near synaptic sites via ASC-1.  It is 

unclear which of these transport mechanisms are functionally relevant in regulating 

NMDAR coagonist availability.   

D-serine levels are also regulated by the flavin adenine dinucleotide (FAD) dependent 

enzyme D-amino acid oxidase, which to date is the only known D-serine degrading 

enzyme found in mammals, D-serine dehydratase being found in birds (36).  Extensive 

studies of DAO began in 1935 when Sir Hans Kreb noted that an enzyme present in 

kidney showed preference for D-amino acid substrate over L (37).  It was assumed that 

the purpose of D-amino acid oxidase was to degrade D-amino acids originating from the 

diet or from bacteria in the gut.  Later Hashimoto discovered that DAO is present in the 

brain (22).  Histochemical staining reveals a negative correlation between DAO 

expression and D-serine.  Rostral brain regions, including neocortex and hippocampus, 

show robust labeling for D-serine and no staining for DAO, whereas caudal regions, 
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including cerebellum and brainstem, show minimal D-serine and high DAO expression 

(38).  On a cellular level, DAO is localized to the peroxisomes of cerebellar astrocytes 

and Bergman glia (39).  Interestingly, in lower vertibrates DAO expression is relatively 

high in rostral brain, suggesting an evolutionary divergence in the utilization of D-serine 

(38).  Mice with a naturally occurring point mutation in DAO lose enzymatic function 

and consequently have dramatically elevated D-serine levels in these caudal but not 

rostral brain structures, stressing the importance of DAO in regulating D-serine (40).  On 

the other hand, SR expression is relatively uniform in the brain, including expression in 

cerebellum, and therefore cannot account for the difference observed in D-serine levels 

(41).  Although DAO is not expressed rostrally, it has been proposed that D-serine levels 

might be regulated by the B-eliminase activity of SR which converts D-serine into 

pyruvate, thus preventing an overaccumulation of D-serine in cells (42).  In addition, D-

serine levels can be indirectly depleted by NMDAR activity which reduces the activity of 

constitutively active SR by translocating it to the membrane (43) where it is inhibited by 

PIP2 (44).    

Ontogeny of D-serine regulation 

In mice, D-serine levels increase several fold from postnatal day 1 (P1) to P7 in cortex, 

striatum, and cerebellum.  These changes correlate with a dramatic increase in SR 

expression (45).  During rat P1, D-serine is predominantly present in hindbrain, midbrain, 

and spinal cord (38).  By P14 D-serine is absent in hindbrain and spinal cord, showing the 

highest levels in forebrain (38).  D-serine reduction during the course of cerebellar 

development has also been observed in mice, correlating with an increase in DAO, while 

SR expression remained constant (45).  Early in the development of cerebellum, granule 
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cells migrate along Bergman glia, a class of radial glia, to the appropriate layer of 

cerebellar cortex.   SR expressed in Bergmann glia provides D-serine allowing for 

activation of granule cell NMDARs, which are essential for migration (46).  However, in 

adulthood, Bergmann glia heavily express DAO (47), thus reducing D-serine levels, 

while SR remains relatively stable.  Collectively, these studies suggest that the D-serine 

increases throughout the brain due to increased SR expression, but later in development 

DAO is expressed in hindbrain, reducing D-serine in this area. 

Physiological role for D-serine as NMDA receptor coagonist 

The extensive mechanisms regulating D-serine synthesis, uptake, and degradation imply 

that it plays an important role in CNS function, but levels of glycine are comparable to D-

serine when measured in CSF (38).  However, it is possible that the concentrations of 

glycine and D-serine could vary drastically at the synapse, where NMDARs are present.  

A number of electrophysiology studies have looked at the role of D-serine in regulating 

NMDAR activity during synaptic responses.  The application of exogenous DAO 

dramatically reduced NMDAR currents in slice recordings from hippocampus, which 

could be rescued by applying D-serine (48).  In isolated retinal recordings, light-evoked 

retinal ganglion cell NMDAR currents are completely abolished by bath applied DAO 

(49) or the highly specific D-serine degrading enzyme D-serine deaminase (50), implying 

that D-serine can serve as coagonist during physiological stimuli.   

Astrocytes are responsible for providing the D-serine acting on NMDARs in multiple 

brain regions.  In the supraoptic nucleus of the hypothalamus, D-serine is the primary 

coagonist.  During lactation the astrocytic processes enwrapping synapses retract and 
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NMDAR currents plummet.  This effect can be rescued by applying coagonist, 

suggesting the drop in excitatory input was caused by D-serine depletion, as the source 

became more distant from synapses (51).  Similarly, in hippocampus, patch-loading 

astrocytes with an inhibitor of SR reduced NMDAR currents in CA1 pyramidal neurons, 

consequently preventing the induction of LTP (52).  In prefrontal cortex, the glial toxin 

fluoroacetate reduced NMDAR currents in pyramidal neurons and this effect is rescued 

by adding D-serine to the bathing medium (53).        

Coagonist release 

Multiple studies have shown that the coagonist site of NMDARs is unsaturated during 

synaptic responses in the same regions where NMDARs appear to depend on D-serine.  

A picture where some but not all NMDARs are occupied by coagonist lends the 

possibility that a decrease or increase of D-serine could limit or recruit, respectively, 

NMDARs in synaptic responses.  When D-serine expression was first shown in 

astrocytes, studies revealed that the application of AMPAR agonist evoked D-serine 

release from astrocyte cultures (29).  Indeed, astrocytes display vesicular glutamate 

release, sharing many features with vesicular release from neurons (54).  Upon 

investigation, AMPAR mediated D-serine release from cultured astrocytes also shared 

many of the mechanisms of neural-like vesicular release.  This process depended on 

extracellular Ca
2+

 levels, with the novelty of also depending on release of Ca
2+

 from 

intracellular stores.  Furthermore, D-serine release depended on SNARE proteins and the 

proton pumps necessary for loading vesicles with transmitter (55).  Immunolabeling in 

astrocytes shows D-serine colocalization with vesicular SNARE proteins, which are 

recruited to the membrane following glutamate receptor stimulation (56).  It is unknown 
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if vesicular release of D-serine from astrocytes occurs in intact tissue, but in hippocampal 

slices D-serine release depends on the elevation of intracellular Ca
2+

 in astrocytes (52).  

AMPAR stimulation may also elevate extracellular D-serine by activating serine 

racemase.  Under basal conditions, Glutmate Receptor Interacting Protein 1 (GRIP-1) is 

bound to AMPARs.  Upon AMPAR activation, GRIP dissociates from AMPARs and 

associates with SR, allowing it to become active (46).   

Mechanisms for D-serine release independent of AMPAR activation have also been 

proposed.  Activation of mGluR5 receptors has been shown to phosphorylate PIP2, 

relieving its inhibition of SR and increasing levels of D-serine production (44).  D-serine 

release through the sodium dependent neutral amino acid transporter ASCT2 has also 

been proposed (33).  The addition of L-serine or cysteine, a substrate for the ASCT2, 

favors the sodium dependent release of D-serine via an antiport mechanism (57).  

Therefore, changes in the extracellular environment, including elevations of amino acids 

known to act on ASCT2, or relative increases in the intracellular sodium concentration in 

glia, decreasing the driving force for sodium, may consequently elevate D-serine levels.    

When D-serine and serine racemase were found in neurons, studies revealed that 

neuronal cultures also release D-serine in response to AMPAR stimulation (30).  

However, additional experiments argued that the underlying factor was more likely 

neural depolarization.  Direct depolarization by applying potassium or activators of 

voltage gated sodium channels evokes D-serine release from cultured neurons but not 

from cultured astrocytes.  Similarly, D-serine release in response to depolarization was 

observed in cortical slices by making real-time measurements of D-serine using online 

capillary electrophoresis.  Removal of external Ca
2+

 or chelation of intracellular Ca
2+

 had 
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no effect on depolarization-evoked release, suggesting the depolarization dependent D-

serine release was non-vesicular (58).       

The direct biochemical measurement of D-serine following pharmacological 

manipulations has provided a number of potential mechanisms of coagonist release, but it 

is unclear which, if any, of these mechanisms is utilized during synaptic transmission.  

The measurement of coagonist release using electrophysiological recordings has been 

complicated by the fact that glutamate release is also simultaneously occurring.  

Furthermore, for coagonist release to be detected through its activation of NMDARs, 

glutamate must also be present, but glutamate is only transiently available during 

synaptic transmission.  Therefore, sophisticated techniques have been developed to 

measure coagonist release during synaptic transmission.  By pharmacologically 

preventing glycine release in spinal cord slices, where D-serine is absent due to high 

levels of DAO expression, there was a reduction in NMDAR currents but not AMPAR 

currents.  This effect was absent when the experiment was repeated in the continuous 

presence of saturating coagonist (59).  The reduction in NMDAR current caused by 

inhibiting glycine release was proportional to the stimulus intensity, suggesting that the 

glycine effecting NMDAR currents was being released during stimulation (59).  Slice 

recordings of hippocampal pyramidal neurons have shown that the potentiation of 

NMDAR currents by the addition of coagonist were reduced as afferent stimulation was 

increased.  The authors concluded that larger stimulus intensities were causing more 

endogenous coagonist release and therefore less potentiation of NMDAR currents by 

exogenous coagonist (60).  However, it is possible that stronger stimuli cause more 

glutamate release, which then activates NMDARs that are basally occupied by coagonist.  
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Another study, in cerebellum, utilized a competitive antagonist for the coagonist binding 

site to estimate the levels of coagonist acting on granule cell NMDARs following mossy 

fiber stimulation.  The estimated coagonist concentration during stimulation exceeded the 

values of free glycine measured in cerebellum, suggesting that coagonist was released 

(61).  However, this experiment does not rule out the possibility that coagonist is 

constantly released, independent of stimulation, near synaptic NMDARs.   

Coagonist regulation in Retina 

Retinal phototransduction is initiated when the chromophore 11-cis retinal in 

photoreceptors is converted to all-trans retinal by the absorption of a single photon, 

resulting in the downstream closure of constitutively active cyclic nucleotide gated cation 

channels.  The photoreceptor membrane potential becomes more negative, preventing 

their tonic release of glutamate.  ON bipolar cells, carrying information about the onset of 

light, are typically inhibited by glutamate released in the dark via activation of mGluR6 

receptors.  Thus, the cessation of glutamate release following the onset of light 

depolarizes ON bipolar cells.  Off bipolar cells, on the other hand, are activated by 

glutamate through AMPA and kainate receptor activity.  Therefore, OFF bipolar cells are 

activated by the offset of light and suppressed by the onset of light.  The glutamate 

released from bipolar cell terminals activates the AMPA and NMDARs of retinal 

ganglion cells (RGCs), whose axons form the optic nerve, relaying information to the 

brain in the form of spikes. 

NMDARs contribute to RGC light-evoked currents for both ON and OFF responses (62).  

GluN2A and GluN2B are both expressed by RGC dendrites in the ON and OFF 
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sublamina of the inner plexiform layer, although GluN2B expression is slightly more 

prevalent at ON synapses and GluN2A at OFF synapses (63).  Spontaneous excitatory 

post synaptic currents in OFF cells are insensitive to GluN2B antagonist, while ON cells 

are only sensitive to an GluN2B antagonist when glutamate transporters are blocked, 

suggesting that GluN2B receptors are localized perisynaptically and activated by 

glutamate spillover during synaptic transmission (64).      

The retina contains relatively high steady state levels of glycine (65), which alone would 

be high enough to saturate the coagonist binding site of NMDARs (18).  Also, during 

light responses, the receptive field properties of RGCs are fine-tuned via direct 

glycinergic inhibition from amacrine cells (66).  Early studies measuring the effects of 

exogenously applied coagonist on RGC NMDAR currents in retinal slice preparations 

showed no evidence for augmentation and concluded that endogenous glycine must 

saturate the coagonist binding sites (67).  However, later studies in intact retina showed 

that the addition of glycine or D-serine to the bathing medium potentiated NMDAR 

currents.  In intact retina, RGCs were more sensitive to D-serine than glycine by several-

fold (49), whereas these coagonists show comparable potency and efficacy in NMDAR 

expression systems (17).  The apparent lower coagonist potency of glycine has been 

attributed to the glycine transporter 1 (GlyT1), which is expressed by Müller and 

amacrine cells in the inner plexiform layer (68).  Indeed, the coagonist site becomes 

saturated during light responses if GlyT1 is blocked (69), suggesting GlyT1 prevents 

glycine from spilling into the synaptic cleft.   

Initial studies found that D-serine and SR were present in astrocytes and Müller cells of 

the retina (49), but a more recent report found that SR mRNA may also be expressed by 
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amacrine, bipolar, and retinal ganglion cells (70).  Irrespective of the cellular origins of 

D-serine, it appears to play a critical role in regulating RGC activity during light 

responses.  Degradation of D-serine with bath applied DAO (49) or the highly specific 

bacterial D-serine degrading enzyme D-serine deaminase (50) eliminates NMDAR 

currents in RGCs, suggesting that D-serine is the major coagonist acting on RGC 

NMDARs. 

The uptake of D-serine in isolated retinas is sodium dependent and blocked by cystine 

and threonine, suggesting that it is regulated by the ASCT type transporter and not the 

sodium independent transporter ASC-1 (71), which plays a role in cortical uptake of D-

serine (35).  Islolated Müller cells express both ASCT1 and ASCT2 transporters, but D-

serine uptake is precluded by glutamine, suggesting ASCT2 is responsible for uptake in 

Müller cells (72).  Adding ASCT substrate causes D-serine release from isolated Müller 

cells through heteroexchange (73).  It is possible that the D-serine acting on RGC 

NMDAR coagonist sites is released through ASCT transporters.   

There is evidence for coagonist release during synaptic activity in the retina.  Diamond 

and colleagues used an mGluR6 antagonist to pharmacologically activate ON bipolar 

cells and measured NMDAR currents in RGCs.  To measure coagonist release, they 

saturated the glutamate binding site of NMDARs, removing the need for coincident 

glutamate release and preventing changes in NMDAR currents due to glutamate release.  

A substantial bipolar cell-evoked current persisted in the presence of saturating NMDA, 

while the addition of saturating D-serine prevented this current, suggesting it was due to 

coagonist release.  It remains unclear if the coagonist released was glycine or D-serine 

and whether actual light stimulation evokes D-serine release (74).   
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Chapter 1 

Serine racemase deletion abolishes light-evoked NMDA receptor currents in retinal 

ganglion cells 

Introduction 

NMDA receptor activation requires coincident binding of glutamate and a coagonist, 

either glycine or D-serine (15).  It was known for some time that D-serine was capable of 

exciting neural tissue (11), but given the paucity of D-amino acids in eukaryotes, it was 

ruled out as an endogenous neurotransmitter.  Later, it was discovered that D-serine is 

present in the brain (22), near postsynaptic sites abundant in NMDA receptors (29), and 

that reducing extracellular D-serine by perfusion with exogenously applied D-amino acid 

oxidase reduced NMDA receptor activity (51). 

The discovery of the D-serine synthesizing enzyme, serine racemase (SR), proved 

seminal to understanding coagonist regulation in the nervous system (26).  SR is a 

vitamin B6-dependent enzyme which catalyzes the synthesis of D-serine from L-serine 

(75).  Cortical regions high in D-serine also show marked SR expression (76).  Mice 

lacking functional SR have diminished cortical D-serine, resulting in failed induction of 

long-term potentiation (77).  Behaviorally, SR mutants have shown impairments in 

spatial memory (77) and recollection of event order (78).   

SR was thought to be predominately expressed by astrocytes (76) possessing high levels 

of D-serine (79).  Congruently, inhibiting SR activity in only a few astrocytes locally 
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impairs cortical LTP induction (52).  However, there is evidence that SR is also 

expressed in neurons (30).  A number of groups have shown that glutamatergic signaling 

can lead to downstream activation (46) or inhibition (43) of SR, consequently regulating 

the levels of extracellular D-serine.  These findings gain functional relevance in light of 

the fact that the NMDAR coagonist site is not saturated at many CNS sites, including 

retina (80). 

D-serine is present in the inner retina, where it serves as an endogenous coagonist of 

NMDA receptors (49).  Although retinal ganglion cells (RGCs) receive substantial 

inhibitory input from glycinergic amacrine cells, degradation of D-serine with bath 

applied enzyme virtually eliminates retinal ganglion cell NMDAR currents (50).  Also, 

application of a serine racemase inhibitor has been shown to reduce RGC NMDAR 

activity in salamander retina (81).  SR is predominantly expressed in astrocytes and 

Müller cells of the adult retina (49) and AMPAR dependent D-serine release in whole-

mount retinas requires glial cell function (82). 

Little is known about the involvement of SR in inner retinal function or what 

consequences diminished D-serine throughout development might have on vision.  In the 

present study, we use a transgenic mouse line with the SR gene deleted (SRKO) (77) and 

show that serine racemase synthesizes most of the retinal D-serine.  Whole-cell 

recordings from SRKO RGCs revealed that NMDARs contribute very little to light-

evoked responses, and SRKO RGCs display reduced NMDA/AMPA receptor ratio even 

after rescuing NMDAR currents with exogenous D-serine.  Yet, SRKO mice displayed 

no apparent signs of visual impairment in behavioral testing.   
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Results 

SRKO retinas have reduced D-serine 

To measure the levels of retinal D-serine, we homogenized isolated retinas and used 

capillary electrophoresis to quantify the amino acid content, which were then normalized 

to total retinal protein.  SRKO retinas displayed an 85% percent reduction in D-serine 

compared to wt (Fig 1B,C), whereas no difference in L-serine was detected (Fig 1C).    

 

    

 

 

NMDARs contribute less to light-evoked impulses in SRKO RGCs 

To determine the effects of diminished D-serine levels on retinal ganglion cell activity, 

we measured light-evoked synaptic currents and impulse activity using whole cell 

Figure 1.  SRKO mice have reduced retinal D-serine.  (A)  Capillary electrophoresis 

electropherogram showing the separation of L-serine from D-serine in wt and SRKO retinal 

homogenates.  (B)  Total retinal D-serine normalized to protein content.  SRKOs (n=5) have 

significantly less D-serine than wt (n=5).   (C)  No significant difference in L-serine was 

detected between SRKOs and wt retinas  (n=5). *indicates p<0.01. 
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recordings.  Patch pipettes were loaded with fluorescent dye (Alexa 594) and RGCs were 

morphologically identified using fluorescence microscopy (Fig 2A).  When injected with 

a series of hyperpolarizing currents, SRKO RGCs displayed no significant difference in 

input resistance compared to wt, suggesting there was no difference in the size or passive 

properties of RGCs between the genotypes (Fig 2B).  We next tested whether NMDAR 

contribution to RGC light-evoked action potentials was altered in SRKO retinas.  Current 

clamp recordings were made in a physiological concentration of Mg
2+

 (1 mM) and the 

number of light-evoked spikes for ON responses was averaged over repeated stimuli.  

The addition of the NMDAR antagonist AP7 significantly reduced light-evoked spiking 

in wt (39.1±8.5 % of control spiking, p<0.0001) but not in SRKOs (91.2±9.1% control, 

p=0.19), with only 2 out of 6 showing a reduction greater than 5% (Fig 2C,D).  The 

effects of AP7 were markedly greater in wt than SRKO cells (p<0.01).  Although D-

serine increased RGC light-evoked activity significantly in both SRKO and wt 

(wt=117.1±6.6%, p<0.01; SRKO=156.9±8.0%, p<0.01; Fig 2C,D), this effect  was 

greater in SRKOs than in wt RGCs (p<0.01; Fig 2D). 
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Figure 2.  SRKO RGC NMDARs have less coagonist occupancy and contribute less to light-

evoked spiking.  (A)  A flattened multi-photon Z-stack image of a RGC patch-filled with Alexa 594.  

Following whole-cell recordings, the identity of RGCs was confirmed by the presence of an axon 

(arrow).  (B)  The input resistance, calculated by a series of hyperpolarizing current injections in the 

passive range of conductance, was similar between wt (n=27) and SRKO RGCs (n=27).  (C)  ON 

responses, recorded in current clamp (0 pA holding), from wt and SRKO RGCs showing the effects of 

bath applied D-ser (100 µM) and AP7 (50 µM) on light-evoked (600ms, 600 lux) action potentials.  

Traces shown are from the same cell in each animal.  Recordings were made under physiological Mg
2+

 

(1 mM).  (Arrowheads, light stimulus onset).  (D)  D-serine potentiated ON response spiking in both 

wt (n=6) and SRKO (n=6) RGCs, but this effect was greater in SRKOs.  AP7 attenuated RGC spiking 

in wt but not SRKOs.  For a given cell, spikes were averaged over a series of 8 repeated exposures to 

light. The responses under pharmacological conditions were normalized to those under control 

conditions (% control). *denotes p<0.01 compared to control within genotype; # denotes p<0.01 

between genotypes for the same condition).  
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SRKO RGCs lack light-evoked NMDAR currents and have lower NMDA/AMPA 

receptor ratios 

To confirm that NMDAR currents underlie the spiking differences observed in SRKOs, 

voltage clamp recordings of RGCs were performed at the calculated chloride reversal 

potential (-65mV).  No Mg
2+

 was added to the superfusate to maximize NMDAR current.  

In addition, TTX was added to prevent cell spiking and strychnine was added to 

minimize inhibitory currents.  Under these conditions, AP7 significantly reduced the peak 

current amplitude of light-evoked ON responses in wt RGCs (33.3±5.9% control, 

p<0.001; Fig 3A).  SRKO ON responses were much less sensitive to NMDAR antagonist 

(88.8±12.5% control, p=0.20) compared to wt (p<0.001).  Bath applied D-serine 

significantly potentiated ON responses in both wt and SRKOs (wt=122.6± 4.4% control, 

p<0.01; SRKO=174.4± 18.6% control, p<0.01) but to a greater extent in SRKOs (p<0.01, 

compared to wt increase; Fig 3A).  A similar result was observed for OFF responses (Fig 

3B), where AP7 attenuated wt but not SRKO inward currents (wt=36.3±6.1% control, 

p<0.001; SRKO=84.7±11.6% control, p=0.12; p<0.01 between genotypes), while the 

potentiation by D-serine was significantly greater in SRKOs (wt=126.7±15.2% control, 

p<0.05; SRKO=171.0±8.0% control, p<0.001; p<0.05 between genotypes).  The pooled 

ON and OFF light-evoked charge transfer (Fig 3C) was comparable to the peak 

amplitude results (D-serine:  wt=143.6± 14.0%, p<0.001; SRKO=190.6± 17.7%, 

p<0.001; p<0.05 between genotypes) (AP7: wt=44.3± 9.4%, p<0.001; 

SRKO=93.7±17.7%, p=0.3, p<0.001 between genotypes).  Collectively, these findings 
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suggest that SRKOs have less NMDAR activity, at least in part because they are deficient 

in coagonist.      

Blocking AMPARs and NMDARs with NBQX and AP7, respectively, nearly abolished 

all inward currents (Fig 3D).  Because RGC excitatory inputs are predominantly AMPA 

and NMDAR mediated, we were able to derive NMDA/AMPA response ratios (see 

methods).  SRKO retinas had a significantly lower NMDA/AMPA ratio in the presence 

of saturating coagonist (wt=3.7± 0.8; SRKO=1.3± 0.3; p<0.05) (Fig 3E), implying that a 

reduction in D-serine availability might alter the expression of synaptic glutamate 

receptors. 
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Figure 3.  SRKO RGCs have less light-evoked NMDAR currents and lower NMDA/AMPA 

receptor ratios.  Whole-cell voltage clamp recordings from retinal ganglion cells held at -65 mV, 

in 1 µM TTX, 10 µM strychnine and 0 Mg2+.  (A)  i.  Light-evoked inward currents from the ON 
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responses of wt and SRKO mice (averaged over 8 sweeps) and the effects of bath applied D-ser 

and AP7.  ii. ON response peak inward currents were increased by D-serine in both wt (n=9) and 

SRKO mice (n=9), but to a significantly greater extent in SRKOs.  Blocking NMDAR with AP7 

reduced currents more in wt than in SRKO RGCs.  AP7 washout (wash) (B)  i. OFF response 

inward currents compared between wt and SRKOs.  ii. Potentiation by D-serine of peak inward 

currents in OFF responses was significantly greater in SRKOs (n=6) than in wt (n=5).  AP7 

reduced inward currents in wt but not SRKO RGCs.  (C) The ON and OFF pooled light-evoked 

charge was similar to peak amplitude.  (D)  Raw trace showing that a combination of AMPAR 

antagonist (10 µM NBQX) and AP7 blocks nearly all light-evoked inward currents.  (E)  The 

light-evoked NMDA/AMPA current ratio (see methods) was significantly lower in SRKOs 

(n=15) than in wt (n=14); data from ON and OFF responses pooled.  All data are normalized to 

control value within genotype (% control).  *denotes p<0.05 compared to control within 

genotype; #p<0.01 between genotypes for the same condition).  

 

SRKO mice have normal low level vision 

The optokinetic reflex (OKR) stabilizes moving images on the retina by moving the eyes 

relative to the head or the head relative to the body.  The OKR has been used as a reliable 

behavioral test of low level visual function (83).  We utilized OKR head movements to 

probe for potential differences in visual function in the SRKO mice.  A drum patterned 

with alternating white and black bars was rotated around a fixed platform where the 

mouse was stationed.  The number of head tracking movements elicited over a given time 

interval was used to gauge visual sensitivity (Fig 4A).  Visual acuity in wt and SRKO  
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Figure 4.  SRKO mice have normal vision.  (A)  Overhead view of a mouse in the optokinetic 

reflex (OKR) testing chamber.  Mice stood on a stationary elevated platform while a pattern of 

alternating white and black stripes rotated around them and the OKR was measured as the 

number of tracking head turns over a given time interval.  (B)  Under photopic lighting (40 ft 

candles), the number of black-white alterations per degree of visual field (cycles/degree) was 

altered to measure visual acuity.  The OKR elicited was similar between wt and SRKO mice over 

a wide range of spatial frequencies.  (C)  Using a 0.13 cycles/degree visual stimulus, varying 

overhead light intensities (foot candles) produced a similar OKR in wt and SRKOs.  (D)  The 

OKR in SRKOs was similar to controls when tested over a range of Michelson contrast values for 

a 0.13 cycles/degree pattern with 40 ft candles of overhead light. 
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mice was compared by varying the spatial frequency of the grating on the rotating drum 

and measuring the OKR under photopic lighting conditions (40 ft candles).  There 

appeared to be no difference in visual acuity between wt and SRKO mice within the 

range of stimuli tested (Fig 4B).  Using the optimal spatial grating measured from the 

visual acuity experiments (0.13 cycles per degree), we tested to see if there was any 

difference in the OKR under varying light intensities.  SRKO mice appeared to have 

normal OKRs with brightness values ranging from photopic to scotopic vision (Fig 4C).  

Additionally, we tested contrast sensitivity under the photopic lighting condition over a 

100 fold range of Michelson contrast values, but no apparent differences were detected 

between the genotypes.   (Fig 4D).   

 

Discussion 

These studies demonstrate that serine racemase is essential for providing D-serine for 

proper retinal ganglion cell NMDAR activity.  SRKO mice displayed a marked reduction 

in retinal D-serine levels and an absence of NMDAR drive in light-evoked currents and 

impulse activity, indicating that D-serine, and not glycine, is the predominant endogenous 

co-agonist of RGC NMDARs.  A substantial portion of the NMDA receptor response 

could be rescued in the SRKO mice by adding exogenous coagonist, but a difference 

remained in the NMDA/AMPA receptor ratios in the SRKO mice.  Surprisingly, SRKO 

mice had no apparent deficit in basic visual function when tested behaviorally. 
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SRKO mice displayed an 85% reduction in retinal tissue D-serine compared to wt 

controls, similar to the 90% reduction in D-serine found in cortex (77).  However, the 

total level of D-serine that we measured in the wt retina was substantially lower than that 

found in the cortex.  This, in part, might be a consequence of elevated expression of the 

D-serine degrading enzyme D-amino acid oxidase (DAO) in retina compared to cortex.  

Mutant mice lacking functional DAO have increased retinal D-serine (82), while having 

an even greater increase of D-serine in cerebellum but very little change in the cortex 

(84).  However, DAO cannot solely account for this difference because D-serine levels in 

the retinas of DAO mutant mice are still much lower than in cortex.  Perhaps serine 

racemase expression levels are lower in the retina than in cortex but the D-serine it 

synthesizes is precisely distributed at RGC synapses or less stringently regulated by 

transporters (71;72). 

 Both ON and OFF light-evoked currents were less sensitive to NMDAR antagonist in 

SRKO RGCs, suggesting NMDARs contribute less to SRKO RGC currents.  This 

apparent difference could not have been due to a lack of synaptic NMDARs in the 

SRKOs, because an NMDAR component could be rescued in these animals by adding D-

serine.  Although wt RGC NMDAR currents were still significantly increased by 

coagonist, the magnitude of potentiation in SRKOs was greater.  A major contributor to 

the smaller SRKO NMDAR currents must therefore be reduced occupancy of coagonist 

sites.     

Glycine, another NMDAR coagonist, is found in high concentrations in the retina where 

it serves as an inhibitory neurotransmitter.  Measurements of extracellular amino acids in 
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the retina have shown that glycine levels are much higher than those of D-serine (82), yet 

the findings here demonstrate that D-serine is the major coagonist of synaptic RGC 

NMDARs.  Previously, we demonstrated that mice heterozygous for a null mutation of 

the glycine transporter GlyT1 have saturated RGC NMDARs (85). Thus, GlyT1 appears 

to be responsible for maintaining low concentrations of glycine in the synaptic cleft in the 

retina and permitting D-serine to serve as the predominant coagonist.   

The light-evoked synaptic responses of SRKO RGCs displayed reduced NMDA/AMPA 

receptor ratios, raising the possibility that D-serine is involved in determining the balance 

of ionotropic glutamate receptors at excitatory synapses during development.  At the 

initial phase of synapse formation in hippocampus, neurons only express NMDARs, 

which must be activated for AMPARs to be delivered to synapses (86), and adult SRKO 

mice have shown elevated expression of NMDAR subunits in the postsynaptic density of 

hippocampal neurons (87).  In the retina, D-serine is present in Müller cells prior to the 

expression of synaptic proteins (88) where it might serve a role in synaptogenesis.  If D-

serine is important in driving AMPAR insertion in retinal synapses, then one might 

expect to find an increase in the NMDA/AMPA ratio, the opposite of what we observed.  

However, the retina differs from cortex in that neurons initially possess AMPARs during 

early development and expresses NMDARs later on (89).  Perhaps D-serine is required to 

activate newly inserted NMDARs, which in turn regulate the number of AMPARs at 

retinal synapses. 

SRKO mice had a significantly reduced NMDAR component in light-evoked RGC 

impulse activity, yet behavioral tests of visual function demonstrated that SRKOs had 
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normal photopic visual acuity, scotopic detection, and contrast sensitivity.  SRKO mice 

may undergo some form of developmental compensation to adequately relay visual input, 

such as increased expression of AMPARs, which would also account for the lower 

NMDA/AMPA ratios observed in these studies.  An alternative explanation is that RGC 

NMDARs and their interrelation with D-serine might serve a more specialized role in 

retinal processing, features which were not tested in this study. 

Methods 

Isolation of retinas 

Experiments were performed in strict accordance with protocols approved by the 

Institutional Animal Care and Use Committee at the University of Minnesota.  Adult C57 

B1 mice were killed by an overdose of Nembutal (0.1 mL of 50 mg/mL, i.p.) followed by 

pneumo-thorax.  Eyes were enucleated and placed in bicarbonate Ringer’s solution (111 

mM NaCl, 3 mM KCl, 2 mM CaCl2, 1 mM MgSO4, 32 mM NaHCO3, 0.5 mM NaH2PO4, 

and 15 mM dextrose; bubbled with 95% O2, 5% CO2) for the surgical isolation of the 

retina.  

Capillary Electrophoresis 

We used capillary electrophoresis (CE) to measure D-serine levels in retinal 

homogenates.  Both retinas from an animal were pooled and homogenized in 0.6 M 

perchloric acid (PCA) using a sonicator probe.  35 μl of 2M KOH was added to neutralize 

the acid.  The mixture was spun down in a tabletop centrifuge and the supernatant was 
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removed.  The remaining pellet was re-suspended in 2 M NaOH for protein determination 

using a Pierce (Rockford, Illinois) bicinchoninic acid assay.  Amino acids in the 

supernatant were fluorescently derivatized at 60
o
C for 15 min with 0.7 mg/mL 4-fluro-7-

nitrobenz-2oxa-1,3-diazole (NBD-F; Molecular Probes, Eugene, OR).  CE separations 

were performed on a commercial CE instrument (Bechman-Coulter MDQ, Fullerton, CA) 

with laser-induced fluorescence (LIF) detection in a (2-Hydroxypropyl)-β-cyclodextrin 

buffer at 15 kV (70 μA).  Fluorescent signals were detected by a photomultiplier tube and 

digitally plotted as fluorescence versus time (electropherogram).  Mass of D-serine was 

determined by comparing samples to known standards.  Peak integration was performed 

using 32 Karat software (Beckman-Coulter). 

Whole-cell recordings 

Following vitreous removal, isolated retinas were treated with an enzyme solution 

containing collagenase (120 units/ml) and hyaluronidase (465 units/ml).  The edges of the 

retina were maltese-cross cut and flattened over nitrocellulose paper containing a hole in 

it for imaging.  The retina preparation was placed over a glass cover slip of a perfusion 

chamber and secured using a platinum ring crossed with nylon threading.  The chamber 

was perfused continuously with bicarbonate Ringer’s solution bubbled with 95% O2, 5% 

CO2 at a flow rate of ~2 ml/minute.  Patch pipettes (3-8MΩ) contained, in mM, 128 

KCH3SO4, 5 NaCH3SO4, 2 MgCl2, 5 EGTA, 5 HEPES, 1 Glutathione, 2 ATP-Mg
2+

, 0.2 

GTP (3Na) and Alexa 594.  Ganglion cell bodies were identified using IR-DIC prior to 

patching (Fig 1A) and, following recordings, the presence of an axon was confirmed with 

multi-photon or epifluorescence imaging (800 nm) (Fig 1B). 
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Current-clamp recordings were made in bicarbonate Ringer’s containing 1 mM Mg
2+

, 

while voltage-clamp recordings (-65 mV holding) were made in Mg
2+

 free Ringer’s 

solution which also contained 1 µM TTX and 10 µM strychnine.  Data were acquired 

using an Axoclamp
 
700A amplifier with a 10-kHz low-pass Bessel filter at a 

sampling
 
frequency of 10 kHz, digitized with a Digidata 1320,

 
and recorded in pClamp 

9.0 (all Molecular Devices).  All experiments were performed at room temperature.   

Voltage clamp sweeps were averaged (4-8) for a given pharmacological condition and the 

resulting trace was used to determine peak amplitude and area.  NMDA/AMPA ratios 

were calculated by subtracting the residual current after adding AP7 from the control 

current (NMDA), divided by the AP7 residual current (AMPA).  In current clamp, spike 

counts were made by averaging the number of spikes generated over 8 sweeps for the On 

response.  These values were normalized to the response evoked in the control condition 

prior to statistical analysis. 

For each sweep retinas were exposed to a single flash of light (~100 µm diameter spot, 

600 lux, 600 ms duration, 10 sec inter-stimulus interval) generated using a digital 

projector controlled by custom software.   

Optomotor response 

Methods were adopted from (90).  Briefly, paper drums (30 cm diameter x 40 cm high) 

were constructed with printed alternating black and white bars.  Mice were centered in 

the drum on a stationary platform while the drum rotated at a constant rate of two 

rotations per minute.  To control for directional bias, the drum was rotated 2 minutes 
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clockwise, followed by a 30 sec period of no rotation, and then 2 minutes of counter-

clockwise rotation.  The light intensities were adjusted to the desired intensity using a 

neutral density filters before each experiment.  For testing in scotopic conditions, mice 

were first dark adapted for 10 minutes and night vision camera was used.  Michelson 

contrast measurements were made by measuring the luminance (candelas/m
2
) of the 

white and black bars with a Minolta CS-100 meter.  For all data, two independent 

observers, blind to the conditions, analyzed each video by counting the number of head 

tracks (defined as head motions matching the angular velocity of the drum) over the 

testing period.  Time when the mice were grooming was subtracted in analysis.   

Statistics 

All comparisons between groups were made using a Student’s one-tailed t-test.  Z-tests 

were used when the null hypothesis stated no change from a fixed value.  All data are 

expressed as mean ± standard error, significance defined as p<0.05.  



 

 32 

Chapter 2 

AMPA receptor dependent light-evoked D-serine release acts on retinal ganglion 

cell NMDA receptors 

Introduction 

NMDARs serve as molecular coincidence detectors, requiring sufficient depolarization 

for the removal of Mg
2+

, which blocks the ion channel, and glutamate binding to the 

GluN2 subunit.  Early studies showed that NMDARs are also modulated by coagonist 

(15) and later it was discovered that coagonist binding to the GluN1 subunit was 

necessary for ion channel gating (10;38).  Numerous studies have since demonstrated that 

the coagonist site is unsaturated, including work in hippocampal slices (91), prefrontal 

cortex in vivo (92), and the intact retina (49), lending the possibility that changes in 

coagonist levels determine the number of NMDARs available during glutamatergic 

transmission. 

It was originally assumed that glycine was the endogenous coagonist acting on 

NMDARs, because of its abundance in nervous tissue.  However, D-serine is present in 

the brain (22) and bath application of D-serine degrading enzymes reduces NMDAR 

currents (48;49).  D-serine and its synthesizing enzyme serine racemase are found in both 

glia (29) and neurons (30).  Biochemical measurements of extracellular D-serine from 

glial (29;55) and neuronal (30) cultures have shown that AMPA receptor (AMPAR) 

stimulation evokes D-serine release.  D-serine levels may increase following AMPAR 

stimulation by activating serine racemase via the Glutmate Receptor Interacting Protein 
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(GRIP) (46).  Though AMPAR stimulation is sufficient for D-serine release, it is 

unknown if this mechanism is utilized during synaptic transmission.  There is 

electrophysiological evidence for coagonist release acting on postsynaptic NMDARs 

during evoked potentials in hippocampus (60), cerebellar slices (61), spinal cord (59), 

and retina (74), but it is unclear if glycine or D-serine is being released. 

In the retina, D-serine is present in Muller cells and astrocytes and is essential for the 

activation of RGC NMDARs (49;50).  AMPAR stimulation causes release of D-serine 

from intact retinas (82), but it is unknown if this mode of release occurs during light 

responses.  Pharmacological activation of ON bipolar cells evokes coagonist release 

capable of acting on RGC NMDARs (74), but the mechanism of this release and whether 

or not it happens during light stimulation is unestablished.  Furthermore, it is unclear if 

the coagonist released in these studies was glycine or D-serine. 

In this study we detected light-evoked coagonist release in the isolated retina which acts 

on RGC NMDARs.  To determine if the released coagonist was D-serine, we utilized a 

serine racemase knockout (SRKO) with reduced retinal D-serine (93), and found that 

these mice display markedly diminished coagonist release.  We also found that the 

coagonist reaching RGC NMDARs during light responses or following the direct 

application of NMDA was reduced by AMPAR antagonist, although this effect was 

substantially greater for light-evoked responses.  NMDA-evoked currents were 

surprisingly similar in SRKO mice, which have little to no coagonist contribution to light 

responses (93).  Based on these findings, we present a model for coagonist regulation in 

the retina where AMPAR dependent light-evoked D-serine release serves as coagonist at 
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synaptic NMDARs and static or saturating glycine levels occupy extrasynaptic 

NMDARs. 

Methods 

Retina preparation:  Experiments were performed in strict accordance with protocols 

approved by the Institutional Animal Care and Use Committee at the University of 

Minnesota.  Adult C57 B1 mice were killed by an overdose of Nembutal (0.1 mL of 50 

mg/mL, i.p.) followed by pneumo-thorax.  Eyes were enucleated and placed in 

bicarbonate Ringer’s solution (111 mM NaCl, 3 mM KCl, 2 mM CaCl2, 1 mM MgSO4, 

32 mM NaHCO3, 0.5 mM NaH2PO4, and 15 mM dextrose; bubbled with 95% O2, 5% 

CO2) for the surgical isolation of the retina.  Following vitreous removal, retinas were 

treated with an enzyme solution containing collagenase (120 units/ml) and hyaluronidase 

(465 units/ml).  Retinas were flattened over a glass cover slip of a perfusion chamber and 

secured using a platinum ring crossed with nylon threading.  The chamber was perfused 

continuously with bicarbonate Ringer’s solution bubbled with 95% O2, 5% CO2 at a flow 

rate of ~2 ml/minute.  RGCs were identified using IR-DIC prior to patching and, 

following recordings, by fluorescently imaging cells patch loaded with alexa 594 (0.1 

mg/ml). 

Light-evoked inward currents:  Patch pipettes (3-8MΩ) contained, in mM, 128 

KCH3SO4, 5 NaCH3SO4, 2 MgCl2, 5 EGTA, 5 HEPES, 1 Glutathione, 2 ATP-Mg
2+

, and 

0.2 GTP (3Na).  RGCs were voltage clamped at the estimated chloride reversal potential 

(-65 mV).  The bathing medium contained 0 Mg
2+

, 10 uM strychnine, and 1 uM TTX.  
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For each recorded sweep, retinas were exposed to a single flash of light (~100 µm 

diameter spot, 600 lux, 600 ms duration, 10 sec inter-stimulus interval) generated using a 

digital projector controlled by custom software (Vision Egg).  A trace averaged over 

eight repeated responses was used for data analysis. 

NMDA picospritz:  Whole cell-recording were made at -65 mV.  Conditions were 

identical to those for measuring light-evoked inward currents, except the bathing solution 

also contained TPMPA (50 uM) and picrotoxinin (50 uM).  3-5 MΩ pipettes were loaded 

with oxygenated (95% O2, 5% CO2) bicarbonate Ringer’s solution containing 10mM 

NMDA.  RGCs were identified as ON, OFF, or ON-OFF depending on their response to 

flashes of light.  The puff-pipette was positioned in the inner-plexiform layer above the 

patched cell, and ejections were made at 10 psi every 45 seconds.  Ejection times were 

adjusted (40-80 ms) to obtain the peak maximum inward current.  All other drugs were 

applied by switching the perfusion.  The response to two repeated puffs was averaged for 

data analysis. 

Measuring light-evoked coagonist release:  Outward currents were measured by 

clamping RGCs at +40 mV.  The light stimulation protocol was the same as for 

measuring inward currents.  The extracellular solution was identical to that for recording 

inward currents with the addition of Mg
2+

 (1mM), TPMPA (50 uM), and picrotoxinin (50 

uM).  Recordings were made using 3-7 MΩ pipettes containing the standard intracellular 

solution, except KCH3SO4 was substituted with 108 mM CsCH3SO4 and 20 mM TEA-Cl.  

The light-evoked outward current was measured after which 100 uM NMDA was adding 

to the bathing media, evoking a baseline increase in outward DC.  Once the baseline 
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stabilized, light responses were recorded.  This was followed by adding 100 uM D-serine 

plus 100 uM NMDA to the bathing medium.  Once the DC response stabilized, the light-

evoked response was recorded again.  The average response in NMDA and D-serine was 

subtracted from the average response in NMDA alone, to derive a resultant trace that 

represented the time course and magnitude of coagonist release.  For data analysis, the 

integrated peak area (charge) of the resultant trace was normalized to the initial light-

evoked current.  Un-normalized resultant traces were averaged to generate Fig 3B.  All 

traces used for subtracting were averages of eight light responses in the specified 

condition.  To calculate the percent potentiation of bath applied D-serine, the baseline 

shift when switching from NMDA to NMDA plus D-serine was normalized to the 

baseline shift going from control to NMDA. 

Statistics:  All comparisons between groups were made using Student’s one-tailed t-test.  

Z-tests were used when the null hypothesis stated no change from a fixed value.  All data 

are expressed as mean ± standard error, significance defined as p<0.05. 

Results 

Blocking AMPARs reduces coagonist availability during light-evoked RGC 

responses 

To determine if AMPARs influence coagonist levels during light responses, we first 

measured excitatory ON responses from RGCs of isolated retinas and determined their 

sensitivity to NBQX.  OFF responses were excluded from analysis because OFF bipolar 

cell excitation is driven in part by AMPARs, whereas ON bipolar cell activity is mediated 
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by mGluR6.  RGCs were clamped at the calculated chloride reversal potential and light-

evoked inward currents were measured in the presence of TTX and strychnine, with Mg
2+

 

absent to optimize NMDAR currents.   ON responses were substantially reduced by 10 

uM NBQX (25.5±5.9% of control light response, n=14; p<0.01) (Fig 1A, B).  Reports 

have shown that AMPARs contribute no more than 30-50% to RGC light-evoked 

currents (93).  To test if the exaggerated block of excitatory RGC currents by NBQX was 

due to reduced coagonist, we applied D-serine (100 uM) to the bathing medium, which 

rescued light-evoked ON responses (125.7±19.67% ctrl, n=6; p<0.005 for NBQX vs. 

NBQX+D-serine) (Fig 1B, C).  The rescued currents were blocked by the NMDAR 

antagonist AP7 (11.3±3.0% ctrl; p<0.005) (Fig 1B, C), showing that D-serine was acting 

through NMDARs.  In control conditions bath applied D-serine increased light responses 

by 22.8±12.8% (n=11; p<0.05) (Fig 1A, D), but in the continuous presence of NBQX the 

potentiation was substantially greater (678.0±204.0%, p<0.05 comparing control and 

NBQX) (Fig 1B, D), indicating that NBQX reduced coagonist occupancy of synaptic 

NMDARs during light responses.  For simplicity, we refer to the RGC NMDARs active 

during light responses as “synaptic”, although there is evidence that perisynaptic 

receptors are also activated (63). 
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Figure 1:  Voltage clamp recordings of RGC responses to the onset of light.  Cells were held 

at -65 mV and recordings were made in 0 Mg2+, 1uM TTX, and 10 uM strychnine.  Light 

stimulation began at the start of traces and lasted the entire duration.  A.)  The addition of 

100 uM D-serine potentiated ON responses.  B.)  10 uM NBQX diminished ON responses 

and this current was rescued by D-serine.  Rescued currents were abolished by 50 uM AP7.  

Inward currents returned to control values following washout of NBQX, D-serine, and AP7.  

Numbers to left of trace indicate the order of drug application.  C.)  Summary of the 

pharmacological series shown in B, expressed as the peak light-evoked current amplitude 

normalized to control values (%Ctrl).  D.)  When NBQX was in the bathing medium, the 

percent increase in the ON response by D-serine was significantly larger than in control 

conditions. 
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RGC extrasynaptic NMDARs are less dependent on AMPARs than synaptic 

NMDARs 

It was unclear if AMPARs regulate the tonic release of coagonist, resulting in a steady 

background of coagonist, or if their phasic activation during light stimulation caused 

coagonist release.  We first tested whether AMPARs regulated tonic coagonist 

availability in the absence of light by measuring NMDAR currents from RGCs in 

response to picospritzed NMDA.  Puff-evoked currents were abolished by bath applying 

the NMDAR antagonist AP7 (Fig 2A), confirming that the currents were generated by 

NMDARs.  No significant decrease in puff-evoked NMDAR currents was observed when 

NBQX was bath applied to the retina (ctrl=-262.6±41.8 pA, n=11; NBQX=-271.6±44.7 

pA, n=11; p=0.89) (Fig 2B, C).  These findings indicate that the effects of NBQX on 

puff-evoked NMDAR currents were not as pronounced as that observed for light-evoked 

currents.  This leaves two possible explanations involving coagonist regulation; either the 

AMPARs involved in providing synaptic NMDARs with coagonist during light responses 

are not active in basal conditions, or NBQX reduces synaptic coagonist levels but this 

effect is masked in NMDA puff-evoked responses by the activation of extrasynaptic 

NMDARs that do not depend on AMPARs for coagonist. 

It was previously shown that the synaptic RGC NMDARs involved in light-evoked 

responses depend on the coagonist D-serine (50).  However, there are also NMDARs 

present on RGC dendrites distant from synaptic sites (63) and on cell bodies (94).  It is 

likely that our puff-applied NMDA also recruits these extrasynaptic NMDARs, which 

may be activated by different source of coagonist, such as ambient glycine.  To determine 
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the contribution of D-serine to ambient coagonist levels, we measured puff-evoked 

NMDAR current in serine racemase knockout mice (SRKO).  These mice display a ~85% 

reduction in retinal D-serine and subsequently have no NMDAR contribution to light-

evoked responses (93).  No difference (p=0.47) was detected in puff-evoked inward 

currents between wt (-326.7±20.7 pA, n=28) and SRKOs (-316.5±32.8 pA, n=25) when 

sampling a mix of ON, OFF, and ON/OFF cells (Fig 2D).  When we compared different 

RGC types separately, a marginal, but significant, decrease was only detected in the ON 

RGCs of SRKOs (wt=-322.8±34.5 pA, n=11; SRKO= -212.7±32.5 pA, n=7, p<0.05).  

This finding implies that, unlike synaptic NMDARs, extrasynaptic RGC NMDARs are 

primarily occupied by a coagonist other than D-serine, most likely glycine. 

To more closely examine the effects of NBQX on coagonist availability during puff-

evoked NMDAR currents, we measured the potentiating effects of bath applied D-serine 

on these responses.  In control conditions, D-serine significantly potentiated NMDA 

currents by 11.5±3.4% (n=13, p<0.005)(fig 2E, F).  In the presence of NBQX, D-serine 

potentiated NMDA-evoked currents significantly more than in control conditions 

(NBQX=24.9±4.0% increase, n=11; p<0.01 between ctrl and NBQX), although this 

effect was still much lower than the potentiation of light-evoked currents in NBQX.  

SRKOs were more potentiated by D-serine than wts in control conditions 

(SRKO=28.27±7.4% increase; p<0.05 between genotypes).  However, unlike wt, 

coagonist potentiation in SRKOs was not increased in the presence of NBQX 

(22.14±5.5% increase; p=0.26 compared to control) (fig 2E, F), suggesting that NBQX 

reduces ambient D-serine. 
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Figure 2:    Inward currents evoked by picrospritzing 10 mM NMDA (40-80 ms duration) onto RGCs.  Cells 

were held at -65 mV and recordings were made in 0 Mg
2+

, 1 uM TTX, 10 uM strychnine, 50 uM TPMPA, 

and 50 uM picrotoxinin.  Puffs were initiated 300 ms into traces.  A.)  Raw trace showing that puff-evoked 

inward currents are blocked by bath applied AP7.  B.)  Bath applied NBQX did not alter puff-evoked 

NMDAR currents.  C.)  There was no significant decrease in the average puff-evoked peak inward current by 

NBQX.  D.)  No significant difference in the average puff-evoked peak inward current was detected between 

wt and SRKOs.  E.)  Raw traces showing the potentiation of NMDAR currents by D-serine in wt and SRKO 

RGCs, with or without NBQX in the bathing medium.  F.)  Summary of E.  In wt RGCs, bath applied D-

serine significantly potentiated NMDA currents in ctrl conditions, but in the presence NBQX this 

potentiation was larger.  In SRKO RGCs, D-serine potentiated NMDA currents greater than in wt RGCs.  

Unlike wt, there was no further potentiation by D-serine in the presence of NBQX. 
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AMPAR dependent light-evoked D-serine release 

It was unclear if the effect of NBQX on light-evoked responses was reducing steady-state 

ambient levels of coagonist, or preventing light-evoked coagonist release.  Previous 

studies have shown that AMPAR activation can evoke D-serine release from the isolated 

retina (82), although it is unclear if this mechanism of coagonist release occurs during 

light stimulation.  To test this possibility, we utilized a method previously established for 

measuring coagonist release (74).  Retinas were bathed in a cocktail of inhibitory 

antagonists (strychnine, picrotoxinin, and TPMPA) and light-evoked outward currents 

were measured from RGCs voltage clamped at +40 mV (Fig 3A).  To mask the changes 

in NMDAR currents caused by glutamate release and to assure that any released 

coagonist would activate NMDARs, we saturated the glutamate binding site of NMDARs 

by bath applying 100 uM NMDA.  The bathing solution also contained 1mM Mg
2+

 to 

reduce the global effects of NMDA perfusion.  The addition of NMDA caused an 

increase in the baseline outward current recorded from RGCs (Fig 3A).  With the 

glutamate binding site saturated, a residual outward light-evoked current persisted.  To 

determine if any residual current was due to coagonist release, we saturated the NMDAR 

coagonist site in addition to the glutamate binding site (NMDA plus D-serine) so any 

released coagonist would not cause a change in current.  Bath applied D-serine 100uM, 

resulted in a further baseline increase (Fig 3A) and a reduction in the light-evoked 

outward current recorded.  By subtracting the light-evoked current obtained in the 

presence of only NMDA from that in the presence of both NMDA and D-serine, we were 

able to observe coagonist release in the resultant trace (Fig 3A).  Averaging the resultant 
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traces from multiple cells showed a clear trend of coagonist release (Fig 3B).  The charge 

induced by coagonist release in wt retinas was 52.1±4.7% (n=13) of the charge measured 

in control light responses, without NMDA added.  To test if the released coagonist was 

D-serine, we repeated these experiments in SRKO mice.  We discovered that the charge 

transfer due to coagonist release in SRKO ON responses was substantially lower than wt 

(14.9±3.9% ctrl, n=8; p<0.005 compared to wt) (Fig 3B, C).  Coagonist release during wt 

ON responses was blocked when these experiments were repeated in the continuous 

presence of NBQX (8.5±3.6% ctrl, n=8; p<0.005 compared to wt) (Fig 3B, C).  

Coagonist release was minimal in OFF responses and showed no significant difference 

between SRKO (6.7±4.6% ctrl, n=4) and wt animals (13.6±2.5% ctrl, n=6; p=0.56 

between genotypes) (Fig 3C). 

The relative potentiation of NMDAR currents by the coapplication of NMDA and D-

serine to the bath was comparable to our observations using puff-applied NMDA (Fig 

3D).  Specifically, D-serine significantly potentiated NMDAR currents in wt (28.0±3.4% 

increase) and SRKOs (52.8±10.7% increase), but to a greater extent in SRKOs (p<0.05 

between genotypes).  In wt RGCs, NBQX enhanced the potentiating effects of D-serine 

(50.6±5.6% increase; p<0.01 between ctrl and NBQX), suggesting that NBQX reduces 

the baseline level of coagonist that is present in the absence of light stimulation, in 

addition to preventing evoked coagonist release. 
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Figure 3:  Light-evoked RGC responses recorded at +40 mV.  Recordings were made in 1 mM 

Mg2+, 1 uM TTX, 10 uM strychnine, 50 uM TPMPA, and 50 uM picrotoxinin.  A.)  Raw trace 

showing the effects of bath applied NMDA (100 uM) or NMDA plus D-serine (100 uM) on light-

evoked ON responses.  Numbers indicate the order of drug application.  Traces are offset to show 

the baseline shift in current caused by the different pharmacological conditions (arrows).  The 

green trace, representing coagonist release, was obtained by subtracting the NMDA plus D-serine 

trace from the NMDA trace.  B.)  Average coagonist release traces (SE shown in gray) for ON 

cells compared between wt and SRKO RGCs in control conditions and wt RGCs in the 

continuous presence of NBQX.  C.)  The response area (charge) of coagonist release traces 

normalized to the charge in control conditions.  SRKOs displayed significantly less coagonist  

release than wt for ON responses but not OFF responses.  Coagonist release was significantly 
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lower for both genotypes during OFF responses than in ON responses.  NBQX significantly 

reduced coagonist release during ON responses in wt.  D.)  The percent increase in the baseline 

shift (see A) caused by NMDA after adding NMDA plus D-serine.  The D-serine induced 

potentiation of NMDAR currents was larger in SRKOs than wt.  In the continuous presence of 

NBQX, D-serine potentiation was enhanced it wt.            

 

Discussion 

Our study is the first to demonstrate AMPAR-dependent coagonist release during retinal 

light responses.  Using a SRKO mouse, we provide evidence that the released coagonist 

acting on RGC NMDARs during ON responses was D-serine.  Light-evoked NMDAR 

currents were abolished by NBQX but could be rescued by adding D-serine, 

demonstrating that AMPARs are critical in providing synaptic NMDARs with coagonist.  

RGC NMDAR coagonist site occupancy was also reduced by blocking AMPARs during 

puff-evoked NMDAR currents but to a far lesser extent than that observed in light 

responses, suggesting a difference between coagonist regulation at synaptic and 

extrasynaptic sites.  NMDA-puff responses in SRKOs were fairly robust, but still showed 

lower coagonist site occupancy, suggesting ambient coagonist levels are at least in part 

regulated by D-serine.  Overall these findings illustrate a complex system of coagonist 

regulation, where synaptic NMDAR receive D-serine from AMPAR-dependent light-

evoked coagonist release, while extrasynaptic NMDARs are regulated primarily by 

relatively stable levels of glycine. 

NBQX dramatically reduces the NMDAR currents in RGCs evoked by the 

pharmacological activation of ON bipolar cells, which can be rescued by exogenous D-
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serine (74).  Our findings show that NBQX also reduces the coagonist contribution to 

light-evoked ON responses in RGCs.  The potentiation of NMDA puff-responses by D-

serine was also increased in NBQX, suggesting a reduction in coagonist occupancy, but 

to a far lesser extent than that observed in response to light.  In fact, NBQX did not 

noticeably alter puff-evoked NMDAR currents (Fig 2C).  These findings imply that 

synaptic NMDARs depend on AMPARs for coagonist supply, while extrasynaptic 

coagonist is primarily regulated via an unknown mechanism. 

Enzymatic degradation of extracellular D-serine abolishes RGC NMDAR currents during 

ON and OFF light responses (50).  However, we found that SRKO RGC responses to 

direct NMDA application were relatively normal, only showing a slightly augmented 

potentiation by coagonist application compared to wt.  Congruently, enzymatic removal 

of extracellular D-serine only reduces NMDA puff-evoked currents (49) and NMDA-

induced Ca
2+

 responses to bath applied NMDA by ~40% (95).  These findings provide 

evidence for heterogeneity in coagonist distribution in the retina.  The synaptic NMDARs 

involved in light responses require D-serine for activation.  However, when extrasynaptic 

NMDAR are also activated by puff-applying NMDA to RGCs, a population of NMDARs 

that do not depend on D-serine for activation, potentially occupied by glycine, is 

revealed. 

Direct measurement of global glycine concentrations in the retina (82;85) show that 

glycine reaches levels high enough to saturate NMDARs (17).  The glycine transporter 

GlyT1 is critical in limiting these high concentrations of glycine from saturating the RGC 

NMDARs involved in light responses (69;85).  However, it is possible that glycine is 
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regulated less stringently away from synaptic sites, where it could serve as a coagonist to 

extrasynaptic NMDARs.  Consistent with this model, GlyT1 expression is relatively high 

in the inner plexiform layer, where bipolar cells synapse onto RGCs, but is absent in 

ganglion cell bodies (68), where NMDARs are also expressed (96).  Perhaps exploiting 

the differences in the coagonist utilized by different NMDAR populations in the CNS 

might serve to target extrasynaptic NMDA receptors, which are suspect in excitoxic cell 

death (97) and Alzheimer’s disease (98). 

We found evidence for released coagonist acting on RGC NMDARs during ON 

responses.  Coagonist release was abolished by blocking AMPARs, implying that NBQX 

reduces coagonist availability during light responses (Fig 1) by blocking coagonist 

release, as opposed to merely reducing ambient coagonist levels set by tonic AMPAR 

activity in the absence of light.  Work in hippocampus (60), cerebellum (61), and retina 

(74) have provided evidence for activity dependent coagonist release acting on NMDARs 

but it was unclear whether this coagonist was D-serine or glycine.  Indeed, RGCs receive 

inhibitory glycinergic input from amacrine cells which depend on AMPARs for 

activation.   On the other hand, AMPAR activation evokes D-serine release from isolated 

retinas (82).  We used SRKO mice to test if the coagonist released during light responses 

was D-serine and found the amount of coagonist released during ON responses was 

reduced dramatically, suggesting a role for D-serine release in RGC responses. 

The coagonist released during ON responses in our study was relatively rapid, 

overlapping with excitatory glutamatergic input.  Although the retinal cell-type releasing 

D-serine cannot be determined from our findings alone, D-serine is present in retinal glia 
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(49) and possibly neurons (70).    Rapid vesicular release of neurotransmitter has been 

demonstrated in glia (54), but it is unclear how effectors downstream of AMPAR 

activation could elevate Ca
2+

 levels fast enough in glia, unless the Ca
2+

 originated from 

the AMPARs themselves.  Indeed, AMPA induced D-serine release in retina depends on 

Ca
2+

 permeable AMPARs (82).  Alternatively, D-serine could be released from neurons 

during light responses.  Irrespective of the cell type(s) responsible for releasing D-serine 

in the retina, our work emphasizes that coagonist release should be considered as one of 

the coinciding factors required for NMDAR activation during excitatory transmission in 

the CNS. 
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Chapter 3 

AMPA receptor mediated D-serine release from retinal glial cells 

Introduction 

Activation of N-methyl-D-aspartate receptors (NMDARs) requires glutamate bound to 

the NR2 subunit as well as a separate coagonist bound to the NR1 subunit (10;15).  

Glycine was originally thought to be the endogenous coagonist, but in recent years D-

serine has emerged as the more likely coagonist at several CNS sites, including the 

retina.  D-serine is now known to be abundant in the brain (22), especially in regions 

rich in NMDARs (29).  The prospects of D-serine as an endogenous coagonist were 

further strengthened when Wolosker discovered serine racemase, the enzyme that 

synthesizes D-serine from L-serine (26).  D-serine has since been implicated in 

numerous mechanisms ascribed to NMDARs, including neuroplasticity (51;77) and 

learning and memory (99).  Furthermore, abnormalities in D-serine regulation have been 

implicated in the NMDAR hypofunction theory of schizophrenia (100;101). 

Early immunohistochemical and ultrastructural studies localized D-serine to astrocytes 

adjacent to neurons expressing NMDARs (79).  A similar result was later confirmed in 

the retina, where D-serine was found in astrocytes and Müller glia (49).  However, the 

recent discovery of D-serine in neurons throughout the brain (30) and serine racemase 

mRNA in retinal neurons (70) brings into question the idea that D-serine originates 

solely from glia in the CNS.   
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While the cellular origins of D-serine are presently unclear, it serves as an endogenous 

coagonist of retinal ganglion cell (RGC) NMDARs.  In the intact retina, applying D-

serine deaminase (DsDa), a highly selective D-serine degrading enzyme, has the same 

effect on light-evoked RGC NMDAR currents as completely blocking NMDARs with 

conventional antagonist.  Adding exogenous coagonist augments RGC NMDAR 

currents (49;50) demonstrating that the coagonist site is not saturated and additional 

NMDARs would be recruited by D-serine release.  

Studies on cultured cortical astrocytes suggest that α-amino-3-hydroxyl-5-methyl-4-

isoxazole-propionate receptor (AMPAR) activation stimulates the synthesis (46) and 

release of D-serine (55).  However, cultured cortical neurons (30) and, more recently, 

neurons from cortical slice have displayed similar AMPA-evoked D-serine release 

(102).  It remains unclear which cell type contributes to the endogenous pool of D-serine 

in intact CNS tissue and whether the same glutamatergic release mechanisms are 

employed.  

Previous attempts at measuring extracullar D-serine in the retina have proven difficult 

because of the relatively low levels of D-serine (103), despite the fact that D-serine 

modulates retinal ganglion cell NMDARs.  To aid us in our study of D-serine release, 

we utilized a mutant mouse with a point mutation in the only known mammalian D-

serine degrading enzyme, D-amino acid oxidase (DAO-), rendering the enzyme inactive 

(40).  Direct measurements of extracellular D-serine in the intact retina via capillary 

electrophoresis demonstrate glutamate-evoked D-serine release through an AMPAR-
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dependent pathway.   This D-serine release persisted in the presence of neural inhibitors 

but was abolished by a glial toxin. 

 Materials and Methods 

 Materials 

AMPA, cyclothiazide, TFB-TBOA, GYKI 52466 hydrochloride, TTX, and suramin 

were purchased from Tocris Bioscience (Ellisville, MO).  NBD-F and Fluo-4 AM were 

purchased from Invitrogen (Eugene, OR).  All other chemicals were purchased from 

Sigma (St Louis, MO).   

Isolation and pharmacological treatment of retinas 

Experiments were performed in strict accordance with protocols approved by the 

Institutional Animal Care and Use Committee at the University of Minnesota.  Adult 

ddY mice were euthanized by an overdose of Nembutal (0.1ml of 50mg/ml, i.p.) and 

pneumo-thoraxed.  Eyes were enucleated and placed in bicarbonate Ringer’s solution 

(111 mM NaCl, 3 mM KCl, 2 mM CaCl2, 1 mM MgSO4, 32 mM NaHCO3, 0.5 mM 

NaH2PO4, and 15 mM Dextrose; bubbled with 95% O2, 5% CO2) for the surgical 

isolation of the retina.  For each data point, two isolated retinas were incubated in 100 

µL of Ringer’s solution and oxygenated in a humidified chamber containing 95% O2 and 

5% CO2 gas with shaking for 50 minutes, unless indicated otherwise.  Following 

incubation in the drug solution or control, the bathing media from the retinas was 
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extracted and partitioned into three equal volumes.  These samples were used for the 

identification of D-serine via capillary electrophoresis.  

Capillary electrophoresis  

Capillary electrophoresis (CE) with a commercial LIF detection system (MDQ, 

Beckman-Coulter, Fullerton, CA, USA), was used to separate and measure D-serine as 

described previously (71).  25 µL of the sample was treated with 2.5 µL of the internal 

standard α-aminoadipic acid (5 µM final concentration).  D-glutamate was used as an 

internal standard in experiments using α-aminoadipic acid as a glial toxin.  The amino 

acids from extracellular retinal samples were fluorescently derivitized by adding 2.5 µL 

of 4-fluro-7-nitrobenz-2oxa-1,3-diazole (NBD-F) dissolved in acetonitrile (3.6 mM final 

concentration; 30 µL final volume) and reacting at 60°C for 15 minutes. 

Samples were pressure injected for 5 s at 0.5 psi into a fused cilica capillary and run at -

15 kV (70 µA) for 30 minutes.  Before each run, the capillary was rinsed with 1M 

NaOH and loaded with 34 mM hydroxypropyl-β-cyclodextrin in 165 mM borate pH 

10.2 to separate D-serine from its enantiomeric partner L-serine.  A 4 mW argon laser 

(488 nm excitation) was used to detect fluorescence.   A beam splitter combined with 

two separate photo multiplier tubes allowed simultaneous recording of samples at 

different gain settings.  Amino acids were quantified by integrating the generated 

electropherogram using 32 karat analysis software. 

Retinal protein determination 
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Total protein measurement was used to normalize all CE amino measurements 

(expressed as nmol/g protein).  Retinas were homogenized by sonication and centrifuged 

at 11,000 g for 5 minutes.  The pellets from each sample were re-suspended in 120 µL of 

2M NaOH and diluted (1:20) in water.  Protein concentration in the diluted samples was 

quantified using a Pierce (Rockford, IL) bicinchoninic acid assay. 

Identification of D-serine 

The D-serine peak was identified by spiking a fraction of the extracellular sample with 

an additional 5 µM D-serine.  To be sure that another molecule with a similar migration 

time was not interfering with our D-serine measurements, D-serine was also measured 

after treating the sample with DsDa (50 µg/ml, 20 minutes).  DsDa specifically 

eliminated D-serine from a series of amino acid standards (Figure 1A) and also 

completely removed the peak matching the D-serine migration time in samples (Figure 

1B).  The mass of D-serine in each sample was computed from a standardized curve. 
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 Glial toxin α-aminoadipic acid 

Retinas were preincubated in Ringer’s solution containing 10 mM α-aminoadipic acid 

(AAA) for 3 hours, while control retinas were incubated for the same period without the 

toxin.  The treated retinas were then incubated for 50 minutes in presence of 1mM AAA 

(10 mM AAA added too much noise to the CE trace) and the extracellular media was 

sampled.   

 

 

Figure 1.  Identification of D-serine 

via capillary electrophoresis.  (A) 

Electropherogram showing the 

separation of D-serine (D-ser), from a 

series of amino acid standards; 

Gamma-aminobutyric acid (GABA), 

Taurine (Tau), Glycine (Gly), L-

serine (L-ser), α-aminoadipic acid 

(AAA), and Glutamate (Glu).  

Treatment with D-serine deaminase 

(DsDa) (50 ug/ml, 20 min) 

specifically eliminated D-serine 

(dotted trace).  (B) Separation of 

amino acids from mouse retina 

extracellular media, with L-serine 

and D-serine expanded.  D-serine 

was completely eliminated following 

DsDa incubation.  
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Ca
2+

 imaging 

Retinas were incubated in Ringer’s solution containing 230 µM Fluo-4 AM for 45 

minutes to label glial cells (104).  Whole-mount retinas were flattened on nitrocellulose 

paper, with the ganglion cell side up, and perfused in bicarbonate Ringer’s solution. 

Whole field fluorescence in the ganglion cell layer revealed Müller cell end feet 

surrounding dark unlabeled ganglion cell bodies.  Images were acquired every 2 seconds 

with a multiphoton laser (λ=820 nm) (Prairie Technologies).    Data were expressed as 

∆F/F, where F is the average baseline fluorescence measured over the first 30 seconds.  

Drugs blocking neural signaling were applied 1 minute prior to imaging.  Figure 4A 

(bottom) was reconstructed from a Z-series of images taken at 1um intervals.          

Statistical analysis 

Each data point collected (n) for CE data was derived from an incubation of two retinas, 

while those for Ca
2+

 imaging denotes the response of a single retina.  Student’s one-

tailed t-test was used to calculate significance. All data are expressed as mean ±
 
SE.  

Significance defined as p<0.05. 

 Results 

AMPA induced D-serine release 

DAO- mice have significantly elevated levels of D-serine in brain regions rich in DAO 

expression, including the brainstem and cerebellum (84).  In this study, we found that 

DAO- retinas incubated for 50 min in oxygenated Ringer’s solution had significantly 
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greater extracellular D-serine levels compared to wild-type (wt) controls (Table 1, 

Figure 2B).  In contrast, no significant difference was observed in any of the other 

amino acids measured, including L-serine, glycine, taurine, GABA, or glutamate (Table 

1).  

 

 

 

We examined the possibility that D-serine is released through glutamatergic 

mechanisms.  To carry out this objective, we exposed retinas to AMPA+cyclothiazide 

(which prevents AMPAR desensitization (105)) and sampled the extracellular media.  

AMPA+cylcothiazide treatment resulted in an approximately twofold increase in 

extracullar D-serine in both wt and DAO- retinas (figure 2B), implying that there is no 

difference in the D-serine release mechanism between the genotypes.  DAO- mice were 

used in all subsequent pharmacological experiments to more readily detect changes in 

D-serine. 

We tested whether the D-serine release induced by AMPA+cyclothiazide was detectable 

over shorter exposures.  Retinas were moved to a new well containing fresh Ringer’s 

Table 1.  Extracellular amino acid comparison between wt and DAO- mice.  Data 

expressed as the mean extracellular amino acid measurement in nmol/g protein ± S.E. 

*, statistically different from wt at p<0.05.  n=5. 
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solution every 10 minutes for five consecutive incubations, and the incubation sample 

measured for D-serine at each point (50 minutes total).  Over this time period, the 

AMPA+cyclothiazide-induced D-serine release was steady and inexhaustible (Figure 

2C).  This finding suggests that the source of releasable D-serine was continuously 

replenished, presumably by serine racemase.  Coapplication of 1-naphthyl acetyl 

spermine (NAS), a Ca
2+

 permeable AMPAR antagonist (106), significantly reduced the 

AMPA+cyclothiazide-induced D-serine release observed over time (Figure 2C, 2D).  

AMPA alone, in the absence of cyclothiazide, was incapable of increasing extracellular 

D-serine, suggesting that this mode of D-serine release is prone to AMPAR 

desensitization (Figure 2C, 2D).  Cyclothiazide alone had no effect on D-serine levels 

(data not shown). 

Blocking Glutamate uptake elevates extracellular D-serine by acting through 

AMPA receptors  

Our findings raised the possibility that endogenous glutamate is capable of evoking D-

serine release.  In healthy retinas, extracellular glutamate concentrations are tightly 

regulated by excitatory amino acid transporters (EAAT1-EAAT5) and removal of 

EAAT1 or EAAT2 significantly elevates extracellular glutamate (107).  We treated the 

retinas with TFB-TBOA, a high affinity EAAT1 and EAAT2 blocker (108), which 

dramatically elevated extracellular glutamate over the course of 50 minutes (Figure 3A, 

3B).   
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Figure 2.  AMPA+cyclothiazide evokes D-serine release in wt and DAO- retinas.  (A) 

Extracellular D-serine in DAO- retinas incubated for 50 minutes (Ctrl) or with 50 µM AMPA 

plus 50 µM cyclothiazide (AMPA+cylco).  Both peaks were eliminated by DsDa.  (B) 

Comparison of extracellular D-serine between wild-type (wt) and DAO- mice, ctrl or with 

AMPA+cyclo.  *, statistically different from control at p<0.05.  #, statistically different from wt 

under same drug condition at p<0.05.  (C) D-serine release measured in DAO- retinas every 10 

minutes, for 5 times total.  (D) sum of D-serine release at each 10 minute time point in C. C-D, 

AMPA alone failed to elevate D-serine (*, significantly different from control, p<0.05) and 

AMPA+cyclo release was significantly attenuated by 1-naphthyl acetyl spermine (NAS) (#, 

comparison of two groups, p<0.05).  Data reported as the mean ± S.E.  n=3-6. 
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We found that elevating glutamate alone was insufficient to measurably increase D-

serine, consistent with our findings that AMPA alone did not elevate extracellular D-

serine (Figure 2D).  However, using cyclothiazide, in addition to TFB-TBOA, resulted 

in a significant elevation of D-serine.  This increase was blocked by the selective non-

competitive AMPAR antagonist GYKI 52466, confirming that glutamate was acting 

through an AMPAR-dependent pathway to elevate D-serine.  GYKI did not bring D-

serine levels significantly below baseline (Figure 3C), which implies that the baseline 

levels of D-serine measured in these experiments were set by a non-AMPAR 

mechanism, possibly by the alanine-serine-cysteine transporter (ASCT2) as described 

previously (71;72).  

AMPA induced D-serine release is independent of neural activity   

We next wanted to evaluate the cell type responsible for AMPAR-dependent D-serine 

release.  Given that D-serine could be present in both neurons and glia, there are three 

basic possibilities:  (1) AMPA could act directly on neurons stimulating them to release 

D-serine; (2) AMPA could act on neurons which then signal to glial cells to release D-

serine; or (3) AMPA could act directly on glial cells to release D-serine.  We addressed 

possibilities (1) and (2) by adding pharmacological inhibitors of neuronal activity and 

neurotransmitter release, combined with an inhibitor of neuron to glia signaling.   
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For possibility (3) to hold true, AMPA must have some direct effect on glia.  Müller 

cells appear to express AMPA receptors (109) and are responsive to AMPA in isolation 

(110).  To test this in the intact retina, we looked at intracellular Ca
2+ 

in retinal glia in 

Figure 3.  Blocking Glutamate 

uptake elevates extracellular D-

serine by acting through AMPA 

receptors.  (A) Raw trace showing 

glutamate (Glu) increase following 

a 50 minute incubation in 10 µM 

TFB-TBOA.  (B) TFB-TBOA 

significantly elevated Glu in all 

conditions tested.  There was no 

difference in Glu between 

experiments where TFB-TBOA 

was added.  (C) TFB-TBOA 

elevated D-serine in the presence of 

cyclothiazide which was blocked 

by the application of 50 µM GYKI.  

A, B, C DAO- retinas (*, 

statistically different from control, 

p<0.05, n=6-7).  
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response to AMPA+cyclothiazide treatment in the presence of a cocktail of neural 

signaling inhibitors. TTX was used to prevent neural impulses, and cadmium chloride 

(Cd
2+

) was also added to prevent synaptic transmission in retinal neurons with graded 

potentials by blocking voltage gated Ca
2+

 channels.  To inhibit neuron-to-glia and glia-

to-glia communication, which is primarily carried out by ATP in the retina (111), the 

purenurgic (P2) antagonist suramin was added.  Whole-mount retinas were incubated in 

Fluo-4 AM over time periods favoring glial loading (104).  We observed that Fluo-4 

AM loaded astrocytes and Müller cells but not neurons (Figure 4A-B).  Imaging with a 

multiphoton laser we found that retinal Müller cell endfeet in the ganglion cell layer of 

the retina show significant increases in intracellular Ca
2+

 in response to 

AMPA+cylothiazide in the absence of neural signaling which was blocked by the 

AMPAR antagonists GYKI and NAS (Figure 4C-E), suggesting that AMPA is capable 

of directly acting on glia, perhaps through Ca
2+

 permeable AMPARs.  There was no 

difference in the Ca
2+

 response between wt and DAO- retinas (Figure 4E), implying that 

the DAO mutation did not indirectly influence D-serine levels by altering glial 

sensitivity to agonist.  AMPA+cyclothiazide application still evoked D-serine release in 

the presence of suramin and the neural signaling inhibitors (Figure 4F), which implies 

that neurons are not contributing to the AMPAR-dependent D-serine release in these 

studies. 



 

 62 

 

 

 

 

 

 

 

 

Figure 4.  AMPA+cyclothiazide D-serine release is not blocked by inhibition of neural activity.  (A) 

Fluo-4 AM loaded retina showing labeling of Astrocytes (black arrow) and Müller cell endfeet 

surrounding unlabeled ganglion cell bodies (white arrow).  (B) Cross-section of retina in A 

reconstructed from a Z-series showing Müller cell labeling of endfeet near the ganglion cell layer 

(GCL), with stalks spanning the inner plexiform layer (IPL), and cell bodies in the inner nuclear layer 

(INL).  (C) Ca
2+

 response of Müller cell endfeet to AMPA+cylco.  Retinas were bulk loaded with 

Fluo-4 AM then treated with 1µM TTX, 100 µM suramin, and 200 µM Cd
2+

 2 minutes prior to a 30 

second bath application of AMPA+cylco.  Image shows the change in Ca
2+

 in response to 

AMPA+cylco as a thresholded maximal projection (pseudocolor) overlaid on the average baseline 

image.  Ca
2+

 elevations excluded ganglion cell bodies.   (D) Change in Ca
2+

 over time from the region 

in C.    (E) No significant difference was observed in the Ca
2+

 increase between wt (n=4) and DAO- 

(n=3) retinas following AMPA+cylco application.  GYKI (n=5) and NAS (n=6) significantly reduced 

the AMPA+cylco induced Ca
2+

 response in  DAO- retinas (*, p<0.05, compared to ctrl).  (F) DAO- 

retinas exposed to AMPA+cyclo still released D-serine in the combined presence of TTX, suramin, 

and Cd
2+

.  (*, statistically different from control, p<0.05, n=4-5). 
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Glial cells regulate baseline as well as evoked D-serine release  

To address whether or not AMPA+cyclothiazide can act directly on glia to evoke D-

serine release, we utilized the glial toxin α-aminoadipic acid (AAA).  AAA toxicity is 

thought to originate by causing free radical buildup in glial cells (112), and eliminates 

retinal Müller cell function, while retaining the retina’s responsiveness to light 

(113;114).  Preincubating retinas in 10 mM AAA significantly reduced extracellular 

glutamine (Gln) concentrations compared to control retinas (Figure 5A), indicating that 

the glial cells, the major source of Gln (115), were impaired.  In the same preparations, 

D-serine release evoked by AMPA+cyclothiaizide was dramatically reduced (Figure 

5B).  Glial impairment also significantly lowered baseline D-serine (Figure 5B), 

implying that glia also contribute to basal concentration of D-serine in the extracellular 

environment.   
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 Discussion 

We have provided the first direct measurements of dynamic D-serine release from the 

isolated retina.  This pathway for D-serine release involved the activation of AMPARs, a 

model consistent with previous findings in cortical astrocytes (55).  Because the 

coagonist site is not saturated on RGC NMDARs (49;50;74;95), stimulated D-serine 

release would influence the output of the retina to the brain.   

Figure 5.  Glial toxin prevents 

AMPA receptor dependent D-

serine release.  (A) 

Electropherogram showing the 

reduction of Glutamine (Gln) 

following a 3 hour incubation 

in 10 mM AAA.  (B) Gln was 

significantly reduced by AAA 

irrespective of AMPA+cyclo 

application.  (C) Baseline D-

serine and AMPA+cyclo 

induced D-ser release was 

reduced by AAA.  A, B, C 

DAO- retinas (*, p<0.05, n=5).   
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Our results reveal that DAO- retinas have significantly greater D-serine than wt, while a 

number of other amino acids are unaffected.  The similar increase in D-serine evoked by 

AMPA+cylcothiaizide in DAO- and wt suggests that the mechanism of D-serine release 

is unaltered in the mutants, making them ideal for studying D-serine release in the retina.  

In other areas of the nervous system, DAO expression appears to correlate negatively 

with D-serine levels.  Brain regions that typically show the lowest levels of D-serine, 

such as the cerebellum, display the greatest relative increase in DAO- mice, whereas 

brain regions with high levels of D-serine appear to be unaffected by the mutation (84).  

Based on our results, we would predict the utilization of DAO in the regulation of retinal 

D-serine to most likely fall somewhere between the extremes of cortex and cerebellum.    

We showed that raising extracellular glutamate by blocking glutamate transport can 

induce D-serine release via an AMPAR-dependent pathway.  Many retinal stressors are 

known to increase extracellular glutamate, including:  hypoglycemia, anoxia (116), optic 

nerve crush (117;118), and models of glaucoma (119).  A leading theory as to how these 

stressors pathologically develop is that the excess glutamate becomes excitotoxic 

through its action on NMDARs.  Our studies suggest that glutamate elevations could 

also cause retinal glia to release D-serine, which would recruit more NMDARs for the 

same level of glutamate to act on, thus exacerbating excitotoxicity.  Congruently, 

oxygen-glucose deprivation in the cerebrum leads to efflux of glutamate and D-serine 

(120) and serine racemase knockout mice are protected against ischemia (121), while the 

addition of coagonist exaggerates NMDA excitotoxicity in the retina and D-serine 

removal attenuates it (122). 
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The fact that the glial toxin AAA reduced but did not completely eliminate baseline 

extracellular D-serine might mean that AAA only partially impaired the glial metabolic 

machinery required for D-serine synthesis.  Alternatively, neurons might also contribute 

to baseline extracellular D-serine levels.  However, retinal D-serine uptake is thought to 

occur solely through ASCT2 (71), expressed primarily by glial cells (72).  If there was a 

neural source of D-serine, disrupting the main mechanism of D-serine uptake by 

functionally eliminating glia would be expected to elevate the levels of extracellular D-

serine, but the opposite was observed.  Although a potential role of neurons in the 

regulation of D-serine cannot be ruled out, the fact that there was no apparent D-serine 

release observed when glia were functionally eliminated, and that inhibitors of neurons 

and neuron-to-glia signaling had no effect on D-serine release, suggests that the 

AMPAR-dependent D-serine release observed in our studies was exclusively from glia. 

Electrophysiological observations in our lab have shown that increasing the contrast of 

light stimuli leads to a greater occupancy of the NMDAR coagonist site on RGCs 

(unpublished findings).  Another group has shown, in rat retinal slice, that a 

pharmacologically mimicked light stimulus is still capable of recruiting additional RGC 

NMDA current in the presence of saturating NMDA concentrations, again implying 

dynamic coagonist release (74).  In this report, stimulated coagonist release was 

unaffected by the addition of DAO, leading the authors to conclude that glycine was 

enhancing NMDAR currents.  However, previous studies in the salamander retina 

showed that using an enzyme with greater specific activity against D-serine, DsDa, 
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abolished light-evoked RGC NMDAR (50), implying that released glycine was not 

reaching the coagonist site. 

Glycine serves as a major inhibitory neurotransmitter in the retina (66).  It is noteworthy 

that our CE measurement of the extracellular retinal environment showed a significantly 

higher baseline concentration for glycine than D-serine.  It is plausible that the high 

affinity glycine transporter GlyT1 expressed in amacrine (123) and Müller (124) cells 

keeps glycine levels low at the local micro-environment of RGC NMDARs.  

Coexpression of both GlyT1 and NMDARs in Xenopus oocytes dramatically reduces 

the level of glycine capable of reaching the coagonist site (125), despite the fact that 

glycine and D-serine have comparable potencies in expression systems void of amino 

acid transporters (17).  Similarly, mutant mice with reduced expression of the GlyT1 

transporter display greater coagonist site occupancy in the retina (85).  On the other 

hand, transport of D-serine in the retina is thought to occur almost exclusively through 

the relatively slow neutral amino acid transporter ASCT2 (71;72), unlike the cortex 

where the high affinity transport ASC-1 is also expressed (35).  It is possible that the 

absence of a high affinity transport system for D-serine, combined with spatially precise 

release, allows such small extracellular levels of D-serine to serve as the major coagonist 

in the retina.   

The mechanism of D-serine release in response to light stimulation remains to be 

elucidated.  Our findings provide a model for D-serine release whereby glutamate 

released from bipolar cells during light stimulation could act on Müller cell processes in 

the IPL, which in turn release D-serine onto RGC NMDARs. The added NMDAR 
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currents recruited by releasable D-serine could serve to increase the dynamic range of 

light-evoked RGC responses, or may lead to more long-term changes in ganglion cell 

activity by the activation of intracellular signaling pathways. 
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