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Abstract

NMDA-type glutamate receptors (NMDARS) are widely recognized as master regulators of synaptic
plasticity, most notably for driving long-term changes in synapse size and strength that support
learning. NMDARS are unique among neurotransmitter receptors in that they require binding of both
neurotransmitter (glutamate) and co-agonist (e.g. D-serine) to open the receptor channel, which leads
to the influx of calcium ions that drive synaptic plasticity. Over the past decade, evidence has
accumulated that NMDARs also support synaptic plasticity via ion flux-independent (non-ionotropic)
signaling upon the binding of glutamate in the absence of co-agonist, although conflicting results have
led to significant controversy. Here, we hypothesized that a major source of contradictory results can be
attributed to variable occupancy of the co-agonist binding site under different experimental conditions.
To test this hypothesis, we manipulated co-agonist availability in acute hippocampal slices from mice of
both sexes. We found that enzymatic scavenging of endogenous co-agonists enhanced the magnitude
of LTD induced by non-ionotropic NMDAR signaling in the presence of the NMDAR pore blocker,
MK801. Conversely, a saturating concentration of D-serine completely inhibited both LTD and spine
shrinkage induced by glutamate binding in the presence of MK801. Using a FRET-based assay in
cultured neurons, we further found that D-serine completely blocked NMDA-induced conformational
movements of the GIuN1 cytoplasmic domains in the presence of MK801. Our results support a model
in which D-serine inhibits ion flux-independent NMDAR signaling and plasticity, and thus D-serine
availability could serve to modulate NMDAR signaling even when the NMDAR is blocked by
magnesium.

Significance Statement

NMDARs are glutamate-gated cation channels that are key regulators of neurodevelopment and
synaptic plasticity and unique in their requirement for binding of a co-agonist (e.g. D-serine) in order for
the channel to open. NMDARs have been found to drive synaptic plasticity via non-ionotropic (ion flux-
independent) signaling upon the binding of glutamate in the absence of co-agonist, though conflicting
results have led to controversy. Here, we found that D-serine inhibits non-ionotropic NMDAR-mediated
LTD and LTD-associated spine shrinkage. Thus, a major source of the contradictory findings might be
attributed to experimental variability in D-serine availability. In addition, the developmental regulation of
D-serine levels suggests a role for non-ionotropic NMDAR plasticity during critical periods of plasticity.

Introduction

N-methyl-D-aspartate receptors (NMDARS) are glutamate-gated ion channels that play crucial roles in
neurodevelopment and synaptic plasticity; even subtle changes in NMDAR functioning can have wide-
ranging developmental and cognitive effects. NMDARS are unique among neurotransmitter receptors in
that, in addition to binding of the neurotransmitter (glutamate), they require co-agonist (e.g. D-serine)
binding in order to open the receptor channel pore (Hansen et al., 2018). Over the past decade, there
has been growing recognition that NMDARs (Dore et al., 2016; Gray et al., 2016; Park et al., 2022a),
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along with other ligand-gated ion channels (Valbuena and Lerma, 2016), support agonist-mediated
intracellular signaling independent of ion flux through the channels. Indeed, ion flux-independent (or
non-ionotropic) forms of NMDAR-mediated synaptic plasticity have been described, including long-term
depression (LTD) and dendritic spine shrinkage (Mayford et al., 1995; Nabavi et al., 2013; Stein et al.,
2015; Carter and Jahr, 2016; Wong and Gray, 2018; Stein et al., 2020; Dore and Malinow, 2021; Stein
et al., 2021). In these studies, NMDAR-dependent LTD and/or dendritic spine shrinkage were observed
in response to glutamate binding, even when ion flux through the receptor was blocked with the
uncompetitive channel blocker MK801 or with a competitive antagonist of the co-agonist site.

Despite the growing evidence supporting a role for ion flux-independent NMDAR signaling in synaptic
plasticity, there remains controversy regarding the phenomenon. Notably, several studies have
reported conflicting results, particularly with the use of MK801, which has been shown to inhibit LTD
(Sanderson et al., 2012; Babiec et al., 2014; Coultrap et al., 2014; Sanderson et al., 2016). Intriguingly,
we noticed that, in our hands, LTD induced in the presence of the pore blocker MK801 was smaller in
magnitude and had more experiment-to-experiment variation as compared to LTD induced during co-
agonist site inhibition. Importantly, while open-channel blockers like MK801 effectively block ion flux
through the NMDAR channel, they do not significantly alter the affinity or occupancy of the co-agonist
binding site (Huettner and Bean, 1988; MacDonald et al., 1991; Blanpied et al., 1997; Bolshakov et al.,
2003). Thus, we hypothesized that co-agonist occupancy might modulate glutamate-induced ion flux-
independent NMDAR-mediated plasticity.

Here we show that competitive antagonism of the NMDAR co-agonist site or enzymatic scavenging of
endogenous co-agonists both increases the magnitude and reduces the inter-experiment variability of
LTD induced in the presence of MK801. In addition, a saturating concentration of D-serine completely
inhibits ion flux-independent NMDAR-mediated LTD and LTD-associated spine shrinkage and NMDA-
induced conformational movements of the GIuN1 cytoplasmic domains. Our results demonstrate that,
surprisingly, D-serine blocks non-ionotropic NMDAR-mediated plasticity. These results suggest that
experimental differences in D-serine availability could contribute to the inconsistencies observed when
using MK801 to study non-ionotropic LTD. Furthermore, D-serine availability could serve to modulate
NMDAR downstream signaling, even at rest when the NMDAR is blocked by magnesium.

Materials and Methods

Animals

Wild-type C57BL/6J mice (#000664 Jax) of both sexes were group housed in polycarbonate cages and
maintained on a 12h light/dark cycle at a constant temperature of 24 + 1°C. For two-photon imaging
and uncaging experiments we used GFP-M mice (Feng et al., 2000) in a C57BL/6J background to
obtain sparsely GFP-labelled pyramidal neurons in the CAl area of the hippocampus. Serine racemase
knockout (SRKO; Basu et al., 2009) and GFP-M mice in a C57BL/6J background were crossed to
generate serine racemase knockout and wild-type littermates with sparsely GFP-labelled CA1
pyramidal neurons (Park et al., 2022b). Animals were given access to food and water ad libitum. All
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experiments were carried out in accordance with the National Institutes of Health guidelines and were
approved by the UC Davis Institutional Animal Care and Use Committee (IACUC).

Enzymes

Purified recombinant enzymes, Escherichia coli d-serine deaminase (DsdA; EC 4.3.1.18) and Bacillus
subtilis glycine oxidase (GO; EC 1.4.3.19) were the generous gift of Herman Wolosker (Technion
Institute, Israel). DsdA is a bacterial enzyme that has significant advantages over the more commonly
used D-amino acid oxidase (DAAO). DsdA is at least three orders of magnitude more efficient than
DAAO in destroying D-serine (Shleper et al., 2005), has a significantly higher apparent affinity for D-
serine (Km = 0.1 mM) compared to DAAO (Km =50 mM) (Shleper et al., 2005), does not produce
hydrogen peroxide as a byproduct (Lu et al., 2012; Matlashov et al., 2014), and is highly specific to D-
serine (Dupourque et al., 1966) thus eliminating possible off-target effects on other b-amino acid
substrates. In addition, DsdA efficiently degrades D-serine in organotypic slices (Shleper et al., 2005),
neuronal cultures (Kartvelishvily et al., 2006), and retina preparations (Gustafson et al., 2007). DsdA
was expressed and purified as described previously (Shleper et al., 2005; Kartvelishvily et al., 2006),
concentrated to 36.3 mg/mL in 10 mM Tris-HCI pH 8.5, and frozen at -70°C. DsdA was used at a final
concentration of 5 pg/mL. The H244K mutant of GO, which has an 8-fold higher specific activity for
glycine compared with wild-type (Rosini et al., 2014) was purified as described previously (Job et al.,
2002; Settembre et al., 2003) and concentrated to 60 mg/mL (~2 U/mg) in 10 mM Na-pyrophosphate
pH 8.5 and 10% glycerol, and frozen at -70°C. GO was used at a final concentration of ~0.12 U/mL. For
enzymes experiments, slices were pre-incubated with both GO and DsdA in artificial cerebrospinal fluid
(ACSF) for at least 60 min to optimally degrade endogenous co-agonists, then continuously perfused
during recordings in a reduced-volume recirculating perfusion system. For controls, enzymes were heat
inactivated at 65°C for 10 min.

Electrophysiology

P14-P18 mice were anesthetized with isoflurane and decapitated. Brains were rapidly removed and
placed in ice-cold sucrose cutting buffer, containing the following (in mM): 210 sucrose, 25 NaHCOs3,
2.5 KCl, 1.25 NaH;PQ,, 7 glucose, 7 MgCl,, and 0.5 CaCl,. Acute transverse 400 pm slices (300 puM for
whole-cell recordings) were made by dissecting the hippocampus out of each hemisphere and
mounting on agar. Slices were cut on a Leica VT1200 vibratome in ice-cold sucrose cutting buffer, then
recovered for at least 1 hr in 32°C ACSF containing (in mM): 119 NaCl, 26.2 NaHCOs3, 11 glucose, 2.5
KCI, 1 NaH,PQy,, 2.5 CaCl,, and 1.3 MgSO,. Slices were stored submerged in room temperature ACSF
for up to 5h, before they were transferred to a submersion chamber on an upright Olympus microscope,
perfused with room temperature ACSF containing picrotoxin (0.1 mM), and saturated with 95% O,/5%
CO..

Extracellular Field Electrophysiology

For extracellular field EPSP (fEPSP) recordings, a bipolar tungsten stimulating electrode (MicroProbes)
was placed in stratum radiatum of the CA1 region and used to activate Schaffer collateral (SC)-CAl
synapses. Evoked field excitatory postsynaptic potentials (fEPSPs) were recorded in stratum radiatum
using borosilicate pipettes (Sutter Instruments) filled with ACSF (resistance ranged from 5-10 MQ) at a
basal stimulation rate of 0.05 Hz). At the start of each experiment, the maximal fEPSP amplitude was
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determined and the intensity of presynaptic fiber stimulation was adjusted to evoke fEPSPs with an
amplitude of ~50% of the maximal amplitude. After obtaining a stable 10 min baseline, slices were
stimulated using either a standard low-frequency LTD induction protocol (900 stimuli at 1 Hz), a neutral
protocol (900 stimuli at 10 Hz ), or a high-frequency LTP induction protocol (300 stimuli at 50 Hz)
(Dudek and Bear, 1992). The mean slope of excitatory postsynaptic potentials (EPSPs) of the final 10
minutes of each recording (normalized to baseline) was used for statistical comparisons. Slices were
pre-incubated for at least 60 min in 100 uM (+)-MK801 (Tocris) before recordings. MK801, 10 uM L-
689,560 (L689; Tocris) and 50 uM D-AP5 (HelloBio) were bath applied throughout the entirety of the
recording. 10 uM D-serine (Tocris) was removed after the induction stimulus. NMDAR-meditated
fEPSPs were recorded in low Mg?* (0.2 mM) ACSF following application of 10 pM NBQX to block
AMPA receptors. All recordings were collected with a Multiclamp 700B amplifier (Molecular Devices).
Analysis was performed with the Clampex 11.2 software suite (Molecular Devices) and GraphPad
Prism 10.0 software.

Whole-Cell Electrophysiology

CA1 neurons were visualized by infrared differential interference contrast microscopy. Cells were
patched with 3-5MQ borosilicate pipettes filled with intracellular solution, containing (in mM) 135 cesium
methanesulfonate, 8 NaCl, 10 HEPES, 0.3 Na-GTP, 4 Mg-ATP, 0.3 EGTA, and 5 QX-314 (Sigma).
Excitatory postsynaptic currents (EPSCs) were evoked by electrical stimulation of Schaffer collaterals
with a bipolar tungsten electrode (MicroProbes). NMDAR-EPSCs were measured at -40 mV in the
presence of 10 uM NBQX. Series resistance was monitored and not compensated, and cells were
discarded if series resistance varied more than 25%. All recordings were obtained with a Multiclamp
700B amplifier, filtered at 2 kHz, digitized at 10 Hz. Analysis was performed with the Clampex 11.2
software suite and GraphPad Prism 10.0.

Two-photon imaging

Acute hippocampal slices were prepared from P16-P21 GFP-M mice (Feng et al., 2000) or SRKO
(Basu et al., 2009) crossed with GFP-M of both sexes in C57BL/6J background. Coronal 300 um slices
(400 um for SRKO experiments) were cut (Leica VT100S vibratome) in cold choline chloride dissection
solution containing (in mM): 110 choline chloride, 2.5 KCI, 25 NaHCO3, 0.5 CaCl,, 7 MgCl,, 1.3
NaH,POQ,, 11.6 sodium ascorbate, 3.1 sodium pyruvate, and 25 glucose, saturated with 95% O,/5%
CO,. Slices were recovered at 30°C for 30-45 min then at room temperature (RT) for an additional 30-
45 min, in oxygenated ACSF containing (in mM): 127 NaCl, 25 NaHCO3, 1.25 NaH,PO,, 2.5 KClI, 25
glucose, 2 CaCl,, and 1 MgCl,. GFP-expressing CAl pyramidal neurons (30-60 um depth) were
imaged using a custom two-photon microscope (Woods et al., 2011). For each neuron, image stacks
(512 x 512 pixels; 0.02 um per pixel; 1-um z-steps) were collected from one segment of secondary or
tertiary basal dendrites at 5 min intervals in recirculating ACSF consisting of (in mM): 127 NacCl, 25
NaHCOs, 1.2 NaH,PO,, 2.5 KCI, 25 D-glucose, and 1.5 or 2 Ca®*, 0 or 1 Mg**(as specified in text),
aerated with 95%0,/5%C0,, ~310 mOsm, pH 7.2) at 27-30°C with 2.5 mM MNI-glutamate (Tocris) and
1 uM TTX (Tocris). Slices were pre-incubated with pharmacological reagents prior to imaging: 1 h for
enzymes (GO and DsdA, described above), heat-inactivated enzymes, MK-801 (100 puM), or Mg** (1
mM); 10-15 min for D-serine (10 puM), or NBQX (50 uM). All remained for the entire imaging experiment,
except D-serine (10 uM) which was removed immediately after uncaging. Estimated spine volume was
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measured from background-subtracted green fluorescence using the integrated pixel intensity of a
boxed region surrounding the spine head, as described (Woods et al., 2011). Representative images
are maximum projections of three-dimensional image stacks after applying a median filter (3 x 3) to raw
image data.

Glutamate uncaging

Uncaging of MNI-glutamate (2.5 mM) occurred directly after two baseline images using a parked beam
(720 nm, 9-12 mW at the sample) at a point ~0.5-1 ym from the spine head. Subthreshold high-
frequency glutamate uncaging (sub-HFU) consisted of 60 pulses of 2 ms at 0.5 Hz in 1.5 mM Ca*".
Low-frequency glutamate uncaging (LFU) consisted of 90 pulses of 0.2 ms duration at 0.1 Hz in 2 mM
Ca®" and 0 mM Mg*. High frequency glutamate uncaging (HFU) consisted of 60 pulses of 2 ms at 0.5
Hz in 2 mM Ca*" and 0 or 1 mM Mg*" (as specified in text).

Fluorescence lifetime imaging of intracellular NMDAR conformation

C57BL/6J mouse pups (#000664 Jax) were used to prepare primary hippocampal neurons according to
previously described protocols (Dore et al., 2015). Neurons were transfected at DIV 7-10 with ~2 ug of
total DNA (GIuN1-GFP, GluN2B and GIuN1-mCherry) and 4 uL of Lipofectamine 2000 was used per
well (18mm coverslips, Neuvitro). The fluorescence lifetime of GIuN1-GFP, the FRET donor, is highly
sensitive to the proximity of GluN1-mCherry, the FRET acceptor; fluorescence lifetime imaging
microscopy (FLIM) can be used measure Forster resonance energy transfer (FRET) in a precise and
guantitative manner (Yasuda, 2006; Dore et al., 2015). Prior to imaging, 14-18 DIV neurons were
incubated in 100 uM of MK801 for 1 h. Imaging was done in a HBSS based solution containing: 0.87x
HBSS, 5mM HEPES, 1mM Glucose, 2.5mM MgCl,, 0.5mM CaCl,. MK801 was also added to the HBSS
imaging solution along with 10 UM D-serine when specified. After 1-3 suitable neurons were found for
imaging, a baseline image was recorded. The perfusion was then switched to a HBSS imaging solution
containing 25 uM NMDA (Tocris) and neurons were imaged a second time. Each neuron was imaged
only twice, and drugs conditions were interleaved. Results are pooled from at least two different animal
preparations. FLIM was performed on a SliceScope two-photon microscope (Scientifica) as previously
described (Dore et al., 2015). Briefly, a Chameleon Ultra Il IR laser (Coherent) tuned at 930 nm was
used for GFP excitation (power adjusted to 3mW after the microscope objective (LUMPLFLN 60XW,
NA = 1.0, Olympus)). Fluorescence emission was detected with a hybrid PMT detector (HPM-100-40,
Becker and Hickl, Germany) and synchronized by a TCSPC module (SPC-150, Becker and Hickl); all
imaging parameters were kept constant for all acquired images. FLIM images were processed with
SPCImage (Becker and Hickl) and further analyzed blind to condition with a custom MATLAB script
(Dore et al., 2015).

Experimental rigor and statistical analysis

A minimum of three mice were used per group. With the exception of the enzyme electrophysiology
experiments, controls and drug treatments were interleaved each day. Statistical comparisons were
made with unpaired t tests or with one-way or two-way ANOVAs with Bonferroni’s post-hoc multiple
comparisons test as specified and appropriate, using GraphPad Prism 10.1 with p < 0.05 considered
significant.
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Results

Decreasing co-agonist site occupancy reduces the variability and enhances the magnitude of
ion flux-independent NMDAR-LTD

In order to test our hypothesis that occupancy of the co-agonist site could influence the magnitude of
ion flux-independent NMDAR-mediated plasticity, we first took a closer quantitative look at a
comparison between LTD in the presence of the NMDAR pore blocker, MK801, and LTD in the
presence of the NMDAR co-agonist site competitive antagonist, L-689,560 (L689). Indeed, we
observed that LTD in the presence of MK801 was of lower magnitude than LTD observed in the
presence of L689 (Fig. 1A; MK801: 86.3+3.6%, n=19; +L689: 75.1+1.8%, n=16; p=0.022, one-way
ANOVA with Bonferroni post-hoc multiple comparisons test). In addition, the experiment-to-experiment
variability was higher with MK801 alone compared to MK801 with L689 (Fig. 1B). Similarly, applying
both inhibitors simultaneously, we again found that addition of the co-agonist site antagonist L689
results in a modest but significant increase in the magnitude of LTD compared to MK801 alone (Fig.
1C; MK801: 86.0+4.2%, n=16; +L689: 73.6+2.4%, n=9; p=0.0331, one-way ANOVA with Bonferroni
post-hoc multiple comparisons test), and a reduction in experiment-to-experiment variability (Fig. 1D).
Importantly, 100 pM MK801 completely inhibits NMDAR-meditated fEPSPs (Fig. 1E-F; ACSF:
12.7+1.5% of baseline, n=7, p=0.0002; MK801: 0.36%1.3%, n=6, p=0.7925, one sample t test
compared to a hypothetical mean of zero).

The higher variability and lower magnitude of ion flux-independent NMDAR-mediated LTD with MK801
suggests that some other factor is modulating the success rate of ion flux-independent LTD that is
eliminated in the presence of the co-agonist site inhibitor L689, such as variable occupancy of the co-
agonist binding site in the presence of MK801 (Huettner and Bean, 1988; MacDonald et al., 1991;
Blanpied et al., 1997; Bolshakov et al., 2003). However, an alternative explanation could be that co-
agonist site competitive antagonists may be stabilizing conformational states distinct from an
unoccupied site. Thus, we performed a similar experiment, using enzymatic scavenging of endogenous
co-agonists from brain slices (Mothet et al., 2000; Panatier et al., 2006; Papouin et al., 2012; Li et al.,
2013; Le Bail et al., 2015; Meunier et al., 2016) with recombinant D-serine deaminase (DsdA) and
glycine oxidase (GO). Hippocampal slices were pre-incubated for at least 60 min with both DsdA and
GO, then continuously perfused with enzymes during recordings using a recirculating perfusion system.
Like L689, enzymatic scavenging of endogenous co-agonists results in a significant increase in the
magnitude of non-ionotropic LTD compared to MK801 alone (Fig. 2A; MK801: 87.7+£5.1%, n=11,
+enzymes: 73.1+£3.2%, n=8; p=0.0497, one-way ANOVA with Bonferroni post-hoc multiple comparisons
test) and similarly reduced the experiment-to-experiment variability (Fig. 2B).

In addition to LTD, ion flux-independent NMDAR signaling drives dendritic structural plasticity (Stein et
al., 2015; Stein et al., 2020; Stein et al., 2021). We next tested whether scavenging of endogenous
NMDAR co-agonists would also promote plasticity-induced long-term spine shrinkage. For these
experiments, we chose to implement a neutral subthreshold high-frequency glutamate uncaging
protocol (sub-HFU) that releases glutamate next to individual dendritic spines but does not result in any
long-term spine size changes (Park et al., 2022b). We chose this protocol for its middle set point, which
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would allow detection of enzyme-induced changes in spine structural plasticity in either direction.
Importantly, we found that following treatment with enzymes that scavenge endogenous co-agonists,
but not with heat-inactivated enzymes, the sub-HFU protocol resulted in dendritic spine shrinkage (Fig.
2C-E; active enzymes: 62+2%, n=5; inactive enzymes, 103£2%, n=5; p<0.001, two-way ANOVA with
Bonferroni post-hoc multiple comparisons test).

Similarly, a neutral 10 Hz electrical stimulation resulted in LTD when applied following enzymatic
scavenging of endogenous co-agonists (Fig. 2F,H left; vehicle: 99.8+2.8%, n=11; enzymes: 72.7+4.2%,
n=9; p<0.0001, one-way ANOVA with Bonferroni post-hoc multiple comparisons test) but not in the
presence of heat-inactivated enzymes (Fig. 2F,H left; vehicle: 99.8£2.8%, n=11, inactivated enzymes:
99.1+5.1%, n=7; p=0.9992, one-way ANOVA with Bonferroni post-hoc multiple comparisons test).
Notably, a HFS of 50 Hz that typically induces long-term potentiation (LTP), also resulted in LTD
following enzymatic scavenging of endogenous co-agonists (Fig. 2G,H right; vehicle: 140.7+8.8%,
n=10; enzymes: 66.5+4.8%, n=10; AP5: 96.7+4.1%, n=10; p=0.0060 for enzymes vs. AP5, one-way
ANOVA with Bonferroni post-hoc multiple comparisons test), providing evidence of the efficacy of the
scavenging enzymes. Together, these results show that reducing co-agonist binding to the NMDAR,
either via competitive antagonism or by decreasing co-agonist availability, promotes ion flux-
independent NMDAR-mediated LTD and LTD-associated spine shrinkage.

D-serine blocks ion flux-independent NMDAR-mediated LTD

To test the impact of increasing co-agonist site occupancy on ion flux-independent NMDAR-LTD, we
next applied a saturating concentration (10 uM) of D-serine (Hansen et al., 2021). We again performed
these experiments in the presence of MK801 and applied a standard 1 Hz, 900 stimuli low-frequency
induction protocol. We found that 10 uM D-serine completely blocked LTD in the presence of MK801
(Fig. 3A; MK801: 80.2+4.0, n=12; +D-ser: 105.3£3.7, n=11; p=0.0002, unpaired t test), and reduced the
inter-experiment variability (Fig. 3B). Importantly, D-serine application alone had no effect on fEPSP
slope (Fig 3C; D-ser: 99.8+£3.5% of baseline, n=7, p=0.9538, one sample t test).

MK801 has an extremely slow off-rate and has thus been considered to be effectively irreversible on
the time scale of a typical experiment (Huettner and Bean, 1988; Reynolds and Miller, 1988; Jahr,
1992). However, the rate of MK80L1 dissociation from the NMDAR channel can be enhanced by agonist
binding and channel re-opening (Huettner and Bean, 1988; MacDonald et al., 1991; McKay et al.,
2013). Importantly, MK801 is continuously present in the bath during these experiments, and we found
that during whole cell recordings of isolated NMDAR-EPSCs, neither 10 pM D-serine alone, nor in
combination with low-frequency stimulation, resulted in any apparent transient or persistent changes in
the degree of NMDAR inhibition by MK801 (Fig 3D).

D-serine blocks LTD-associated spine shrinkage mediated by ion flux-independent NMDAR
signaling

We next examined whether long-term dendritic spine shrinkage driven by ion flux-independent NMDAR
signaling (Stein et al., 2015; Stein et al., 2020; Stein et al., 2021) was similarly blocked by D-serine. For
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these experiments, we used a low frequency uncaging protocol (LFU) designed to induce LTD and
long-term spine shrinkage (Oh et al., 2013; Stein et al., 2020; Jang et al., 2021). We isolated ion flux-
independent NMDAR-mediated plasticity by examining spine shrinkage with an LTD-inducing stimulus
in the presence of MK801. Indeed, we found that addition of 10 uM D-serine completely blocked long-
term spine shrinkage induced by LFU at single dendritic spines in the presence of MK801 (Fig. 4A-C;
veh: 69+2%, n=6; +D-Ser, 107+9%, n=7; p<0.001, two-way ANOVA with Bonferroni post-hoc multiple
comparisons test). No changes in size of neighboring spines were observed. Thus, addition of D-serine
is sufficient to completely inhibit LTD-associated long-term dendritic spine shrinkage mediated by ion
flux-independent NMDAR signaling.

Physiologically, ion flux-independent NMDAR-mediated forms of plasticity and signaling are likely to be
most relevant at individual synapses during Mg?* block of ion flow through the NMDAR, as expected at
resting membrane potentials and at silent synapses, or in physiological or disease states associated
with reduced D-serine levels (Park et al., 2022b; Park et al., 2022a). Because our single-spine plasticity
protocols were originally developed using low or zero Mg?* to mimic coincident pre- and post-synaptic
activity (Oh et al., 2013; Jang et al., 2021), we chose to examine next whether D-serine levels would act
to modulate NMDAR-mediated structural plasticity during Mg block. For these experiments, we
implemented a high frequency glutamate uncaging protocol (HFU) that typically results in long-term
potentiation (LTP) and spine growth but, in the presence of MK801 or L689 to block ion flow through
the NMDAR, instead leads to a robust LTD and LTD-associated spine shrinkage mediated by ion flux-
independent NMDAR signaling (Stein et al., 2015; Stein et al., 2020; Stein et al., 2021).

In the presence of 1 mM Mg?*, we observed that HFU at individual dendritic spines resulted in long-
term spine shrinkage, as expected from ion flux-independent NMDAR signaling (Fig. 4D-F; veh:
81+4%, n=8, p<0.001 compared to baseline, two-way ANOVA with Bonferroni post-hoc multiple
comparisons test). Importantly, the addition of 10 uM D-serine completely blocked HFU-induced long-
term spine shrinkage in the presence of 1 mM Mg?* (Fig. 4D-F; D-Ser: 96+4%, n=9, p=0.001 compared
to vehicle, two-way ANOVA with Bonferroni post-hoc multiple comparisons test). Notably, the
magnitude of spine shrinkage observed in the presence of 1 mM Mg?* was comparable to that
observed with the addition of 50 uM NBQX to inhibit AMPARSs (Fig. 4D-F; NBQX: 85+3%, n=12,
p=0.75, two-way ANOVA with Bonferroni post-hoc multiple comparisons test) and in the SRKO mouse
that lacks the enzyme for D-serine production (Fig. 4G-I; WT littermates: 83+5%, n=8; SRKO: 80+5%,
n=8; p>0.99, two-way ANOVA with Bonferroni post-hoc multiple comparisons test), supporting that
spine shrinkage observed in the presence of 1 mM Mg?* is mediated by ion flux-independent NMDAR
signaling and thus that the block of spine shrinkage is not due to D-serine-mediated enhancement of
ion flux through the NMDAR. Therefore, we conclude that addition of D-serine is sufficient to block long-
term dendritic spine shrinkage mediated by ion flux-independent NMDAR signaling under physiological
conditions expected at resting membrane potentials and at silent synapses.

D-serine inhibits NMDA-induced intracellular GIuN1 conformational changes

Previous work using FRET-FLIM (Férster resonance energy transfer - fluorescence lifetime imaging
microscopy) has demonstrated that glutamate or NMDA binding can induce conformational movements
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in the NMDAR intracellular c-terminal domain in the presence of co-agonist site antagonists or MK801
(Dore et al., 2015). Thus, NMDARs can transmit agonist-driven information into the cell in the absence
of ion flux through the receptor channel. Using this FRET-FLIM approach, we found that 10 uM D-serine
completely inhibits the NMDA-induced lifetime change in dendritic spines (Fig. 5; MK801: 88+26ps,
n=20 neurons; +D-ser: -7£13ps, n=23 neurons; p=0.0015, unpaired t test). Together, these results
suggest that D-serine inhibits ion flux-independent NMDAR-mediated LTD and long-term spine
shrinkage by preventing intracellular conformational changes of the NMDAR in response to glutamate.

Discussion

Over the past decade, evidence has accumulated supporting that ion flux-independent (non-ionotropic)
signaling of the NMDAR is sufficient to drive synaptic plasticity. Indeed, studies from several
independent laboratories have shown that glutamate binding to NMDARSs, independent of ion flux, is
sufficient to induce LTD (Nabavi et al., 2013; Stein et al., 2015; Carter and Jahr, 2016; Wong and Gray,
2018; Stein et al., 2020; Dore and Malinow, 2021) and LTD-associated dendritic spine shrinkage
(Birnbaum et al., 2015; Stein et al., 2015; Stein et al., 2020; Stein et al., 2021; Thomazeau et al., 2021,
Park et al., 2022b). Physiologically, such ion flux-independent signaling through NMDARs would be
expected with glutamate binding (1) when levels of co-agonist are low, such as could occur during
sleep (e.g. Papouin et al., 2017) and in diseases associated with lowered D-serine levels (e.g. Park et
al., 2022b), or (2) when the NMDAR channel pore is blocked by Mg, such as at silent synapses
lacking AMPARSs or when there is insufficient postsynaptic depolarization to relieve the Mg** block.
Here, we report that even in the latter case when the NMDAR pore is blocked, occupancy of the
NMDAR co-agonist binding site is a major determinant of ion flux-independent plasticity. Specifically,
using MK801 or Mg?* to isolate ion flux-independent signaling, we found that increasing p-serine to
levels that would be expected to saturate the NMDAR co-agonist binding site completely inhibited ion
flux-independent NMDAR-mediated LTD and LTD associated spine shrinkage. Thus, altered levels of
D-serine, either through physiological or pathological conditions, will not only determine, but will
regulate the extent of ion flux-independent NMDAR signaling.

How might occupancy of the NMDAR co-agonist site interfere with plasticity mediated by ion flux-
independent NMDAR signaling? Here we show that D-serine inhibits NMDA-induced conformational
changes of the intracellular C-tails of the NMDAR as measured by FRET-FLIM. Several studies have
examined the conformational movements of the NMDAR during non-ionotropic signaling using FRET-
FLIM to monitor movements of intracellular carboxy-terminal tails (C-tails) of the GIuN1 subunits (Aow
et al., 2015; Dore et al., 2015). In the original reports (Aow et al., 2015; Dore et al., 2015), glutamate (or
NMDA) binding in the presence of MK801 or L689 resulted in an increased GFP lifetime, demonstrating
that the GluN1 C-tails move away from each other during ion flux-independent signaling. In the current
study, this NMDA-induced movement is completely blocked by D-serine. Interestingly, in a study by
another group, D-serine binding alone (i.e. in the absence of NMDA or glutamate) shortened the GFP
lifetime suggesting that it causes the GIuN1 C-tails to move closer together (Ferreira et al., 2017),
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opposite to the effect of glutamate. Structurally, a dimer-dimer interface between the ligand binding
domains of GIuN1 and GIuN2 (Furukawa et al., 2005) results in allosteric coupling between glutamate
and co-agonist binding (Regalado et al., 2001; Cummings and Popescu, 2015; Durham et al., 2020)
providing a potential structural mechanism for the inhibition of non-ionotropic NMDAR signaling by D-
serine.

NMDARs are well-suited to employ conformation-based signaling. Compared with AMPA receptors,
NMDARSs adopt a significantly more compact structure of their extracellular domains (Karakas and
Furukawa, 2014; Lee et al., 2014), which explains their wide-range of allosteric modulation as this
compact structure provides molecular routes for the transmission of conformational changes through
the complex. However, the large intracellular C-terminal domains of NMDARSs are considered
intrinsically unstructured which would seemingly limit transmission of conformational signals
intracellularly. In addition to the FRET-FLIM studies, multiple lines of evidence support conformational
interactions between the C-terminal and the other domains of NMDARs. For example, deletion or
truncation of GIUN2 C-terminal domains has been shown increase co-agonist potency (Puddifoot et al.,
2009), reduce single-channel open probability (Maki et al., 2012; Punnakkal et al., 2012), and affect the
activity of extracellular allosteric modulators of NMDARs (Sapkota et al., 2019). Phosphorylation of
individual residues on GIuN2 C-terminal tails by either PKC or PKA increases NMDAR single-channel
open probability (Zheng et al., 1999; Lan et al., 2001; Aman et al., 2014; Murphy et al., 2014) and alters
allosteric modulator activity (Sapkota et al., 2019), suggesting transmission of intracellular changes to
the core channel domains of the receptor. Furthermore, proteins that interact with the intracellular C-
terminal domains of NMDARs have been shown to affect channel gating. Co-expression of PSD-95
along with NMDARs in heterologous cells enhances single-channel opening rate and reduces agonist
potency (Yamada et al., 1999; Lin et al., 2004) and Ca**-calmodulin binding to the GIuN1 C-terminal
domain affects channel gating properties (Zhang et al., 1998; lacobucci and Popescu, 2017). Thus,
while the C-terminal domains of NMDARSs are intrinsically disordered, synaptic NMDARSs are a part of a
large multi-protein complex at the postsynaptic density (Fan et al., 2014; Frank et al., 2016; Frank and
Grant, 2017) that likely imparts the secondary and tertiary structure required to transmit information via
agonist-induced conformational changes.

Despite the growing evidence supporting ion flux-independent signaling through the NMDAR,
significant controversy has remained. Most of the contradictory results regarding ion flux-independent
LTD have been with the use of MK801 to inhibit ion flux through the pore. In the presence of MK801,
some groups observed robust LTD and LTD-associated spine shrinkage (Mayford et al., 1995; Nabavi
et al., 2013; Dore et al., 2015; Stein et al., 2015; Carter and Jahr, 2016), while others saw no LTD
(Sanderson et al., 2012; Babiec et al., 2014; Coultrap et al., 2014; Sanderson et al., 2016). Importantly,
while MK801 effectively blocks ion-flux through the NMDAR channel, it does not significantly alter the
affinity or occupancy of the co-agonist binding site (MacDonald et al., 1991). Uncompetitive NMDAR
open-channel blockers like MK801 are considered “trapping” blockers, entering the pore of the channel
when it is open then promoting the return of the receptor to the closed state, while returning to inactive
conformations that allow for the release of glutamate and D-serine (Huettner and Bean, 1988; Jahr and
Stevens, 1990; MacDonald et al., 1991; Blanpied et al., 1997; Bolshakov et al., 2003; Song et al.,
2018). Here we report that LTD in the presence of the open channel blocker MK801 shows a higher
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inter-experiment variability than observed when the occupancy of the NMDAR co-agonist site is directly
controlled by saturating it with D-serine, blocking it with L689, or greatly reducing it with co-agonist
scavenging enzymes. We suggest that experimental differences in D-serine availability could serve as a
source of the inconsistencies observed when using MK801. Various factors could affect the availability
of D-serine in slice preparations, including but not limited to, age, strain, slice health, preparation
method, slice orientation, slice thickness, and perfusion rate. Alternatively, MK801, as an open channel
blocker, might not be consistently effective in its block of ion flux due to the requirement for receptor
activation and channel opening prior to blockade (Huettner and Bean, 1988); however, we and other
have shown this is unlikely (Nabavi et al., 2013; Stein et al., 2015; Carter and Jahr, 2016).

Physiologically, ion flux-independent NMDAR-mediated plasticity is likely to play a key role during
development, where it could serve to modulate the stability of immature ‘silent’ synapses that lack
postsynaptic AMPA receptors. At silent synapses, glutamate release alone would be insufficient to
invoke the local depolarization needed to remove the NMDAR Mg®* block. Therefore, glutamate binding
to NMDARs at silent synapses would be predicted to primarily engage ion flux-independent NMDAR-
mediated LTD, representing a mechanism to continuously exclude AMPA receptors and maintain
synapse silence (Colonnese et al., 2003; Xiao et al., 2004; Colonnese et al., 2005; Ultanir et al., 2007;
Adesnik et al., 2008; Kerchner and Nicoll, 2008; Gray et al., 2011), and to drive shrinkage and loss of
synapses that do not exhibit coincident pre- and postsynaptic activity (Feldman, 2012). Indeed,
previous studies have also established that holding neurons at hyperpolarized potentials during low-
frequency stimulation does not inhibit LTD (Nabavi et al., 2013) and leads to a modest synaptic
depression following a normally LTP-inducing high-frequency stimulation (Malinow and Miller, 1986).
Notably, we found that NMDAR-mediated spine shrinkage in the presence of Mg?*, a condition
expected physiologically during a weak stimulus without co-incident postsynaptic activity, is inhibited by
D-serine. Intriguingly, serine racemase expression in CA1 pyramidal neurons increases between the
second and fourth postnatal weeks (Miya et al., 2008; Folorunso et al., 2021), which corresponds with
the increased usage of D-serine as a synaptic NMDAR co-agonist (Le Bail et al., 2015). Thus,
increased D-serine could serve to reduce the prevalence of ion flux-independent NMDAR-mediated
plasticity following the critical period where excessive synapse pruning matches the developing nervous
system to the sensory environment.
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Figure Legends

Figure 1. Co-agonist site antagonism increases the magnitude and reduces the variance of ion
flux-independent NMDAR-mediated LTD.

A, Left: averaged plasticity experiments using a 1 Hz, 900 pulse LTD induction protocol in the presence
of 100 uM MK801 (grey circles; n=19), 10 uM L689 (dark blue circles; n=16) or 50 uM AP5 (light blue
circles; n=12). Right: Compared with MK801, L689 resulted in an increased magnitude of LTD
(unpaired t test). B, Coefficient of variation (CV) of the experiments in A demonstrating the reduction in
variation with L689 compared to MK801. C, Left: averaged plasticity experiments using a 1 Hz, 900
pulse LTD induction protocol in the presence of 100 pM MK801 alone (grey circles; n=16), or with the
addition of either 10 uM L689 (dark blue circles; n=9) or 50 uM APS5 (light blue circles; n=9). Right:
Compared with MK801 alone, the addition of L689 resulted in an increased magnitude of LTD
(unpaired t test). D, Coefficient of variation (CV) of the experiments in A demonstrating the reduction in
variation with L689 compared to MK801 alone. E, Left: averaged NMDAR fEPSPs recorded in 0.2 mM
Mg?* normalized to baseline fEPSP amplitude prior to blocking AMPA receptors with 10 pM NBQX in
slices pre-incubated with ACSF (black circles; n=7) or 100 pM MK801 (grey circles; n=6). Right: sample
traces before (black) and after (grey) NBQX. F, summary data of E, MK801 pre-incubation completely
blocks NMDAR fEPSPs (one sample t test compared to 0). Scale bars for all sample traces are 0.5 mV,
10 msec. All data represented as mean + SEM. *p<0.05, ***p<0.001, "°p=0.05.

Figure 2. Enzymatic scavenging of endogenous co-agonists increases the magnitude and
reduces the variance of ion flux-independent NMDAR-mediated LTD.

A, Left: averaged plasticity experiments using a 1 Hz, 900 pulse LTD induction protocol in a
recirculating bath with MK801 alone (grey circles; n=11), or in the presence of scavenging enzymes
(orange circles; n=8) or 50 uM AP5 (light blue circles; n=6). Right: Compared with MK801 alone, the
presence of scavenging enzymes resulted in an increased magnitude of non-ionotropic LTD (unpaired t
test). B, Coefficient of variation (CV) of the experiments in A (left) and B (right) demonstrating the
reduction in variation with either L689 or enzymes compared with MK801 alone. C, Images of dendrites
of CA1 neurons from acute hippocampal slices GFP-M mice (P16-20) before and after sub-HFU (yellow
crosses) at single spines across time (yellow arrowheads) in the presence of active scavenging
enzymes (top) or heat-inactivated enzymes (bottom). D-E, Sub-HFU in the presence of active enzymes
(orange filled circles/bar; 5 spines/5 cells), but not inactive enzymes (black filled circles/bar; 5 spines/5
cells), led to robust long-term spine shrinkage. Size of unstimulated neighbors (open circles/bars) did
not change. F, averaged plasticity experiments using a neutral 10 Hz, 900 pulse protocol in a
recirculating bath with vehicle (black circles; n=11), or in the presence of active scavenging enzymes
(filled orange circles; n=9), or heat-inactivated enzymes (open orange circles; n=7). G, averaged
plasticity experiments using a 50 Hz, 300 pulse LTP induction protocol in a recirculating bath with
vehicle (black circles; n=10), or in the presence of scavenging enzymes (orange circles; n=10) or 50
MM APS5 (light blue 