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Abstract

D-serine, an endogenous coagonist of N-methyl-p-aspartate receptors (NMDARS) at the glycine
binding site, is synthesized by serine racemase (SR) through conversion of L-serine. Dysregulation
of SR/D-serine and Disrupted-In-Schizophrenia-1 (DISC1) contributes to the pathogenesis of
schizophrenia at converging pathways, as perturbation of SR-DISC1 binding in astrocytes elicits
schizophrenia-like behaviors in mice. However, an association of neuronal SR with DISC1
remains elusive. Here we report that SR associates with DISC1 and its agglomerates in cortical
neurons, which can be modulated by NMDAR activity. Endogenous SR colocalizes with DISC1
large agglomerates in the soma and with smaller puncta in the nucleus and dendrites of cortical
neurons. Co-immunoprecipitation assays demonstrate SR interaction with DISC1 in cortical
neuronal lysates, suggesting the physiological presence of functional SR-DISC1 complexes in
neurons. Moreover, exogenous D-serine application significantly increases the interaction of SR
with DISC1, the number of DISC1-SR large agglomerates and the levels of DISC1 agglomerated
form along with SR in the triton-insoluble pellet fraction, whereas application of glycine with a
glycine transporter inhibitor fails to increase their interactions, abundance of DISC1-SR large
agglomerates and levels of DISC1 agglomerated form. This increase by D-serine application is
blocked by 7-chlorokynurenic acid, a specific antagonist at the glycine site of NMDARs,
suggesting mediation through NMDARSs. Our findings thus demonstrate neuronal SR association
with DISC1 and its agglomerates, which can be modulated by D-serine, thereby validating a novel
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neuronal SR-DISC1 complex responsive to NMDAR activation and providing a molecular
mechanism by which pathways implicated in schizophrenia converge.
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Introduction

NMDARs are glutamate-gated ionotropic channels that are crucial for many physiological
processes including neurotransmission, synaptic plasticity, and learning and memory. In
addition to glutamate, NMDAR activation requires the binding of a coagonist, D-serine or
glycine, to a specific site of the NR1 subunit of NMDARs [1-8]. In some paradigms, D-
serine preferentially gates synaptic NMDARSs and glycine preferentially gates extrasynaptic
NMDARs [5, 9]. D-serine is synthesized by serine racemase (SR) through conversion of L-
serine and degraded by D-amino acid oxidase (DAAO) [10-16]. D-serine is how recognized
as an important physiological modulator in many NMDAR-dependent processes and
functions, including brain development, synaptic transmission and plasticity, learning and
memory, and social interactions [3-8, 17-23].

Abnormally reduced levels of D-serine have been found in the cerebrospinal fluid and
postmortem brains of schizophrenia patients [24-26]. D-serine/NMDAR hypofunction have
been implicated in the pathogenesis of schizophrenia [27-37]. Targeted deletion of SR in
mice reduces D-serine production and glutamatergic transmission in the forebrain and leads
to schizophrenia-like behavior [30]. Disruption of D-serine/SR during development has also
been associated with schizophrenia. Neonatal disruption of SR and D-serine synthesis in
mice leads to schizophrenia-like behavioral abnormalities in adulthood [34]. These findings
strongly suggest that SR and D-serine are crucial for maintaining normal cortical functions
in healthy individuals and implicate SR/D-serine deficiency in pathogenesis of
schizophrenia.

SR is found preferentially in excitatory and inhibitory neurons, and D-serine is
predominantly produced and released by neurons in rodent and human brains [8, 20, 38-44].
SR is a highly regulated enzyme that binds several NMDAR- and AMPA receptor
(AMPAR)-interacting proteins including DISC1, GRIP1, PICK1, stargazin and PSD-95 [20,
35, 45-49]. Our previous studies have demonstrated that SR associates with PSD-95 in
postsynaptic terminals and that D-serine stabilizes glutamatergic synapses during
development in cortical neurons [20, 48]. In the current study, we investigate the association
of SR with DISC1 in neurons and how D-serine modulates their association.

Materials and Methods

Materials

Timed-pregnant C57BL/6 mice were purchased from Charles River Laboratories.
Biochemicals included MK-801, D-serine, glycine and lithium (Sigma), 7-chlorokynurenic
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acid (7-CK) (Tocris Bioscience). Antibodies included a-PSD-95 (BD Transduction
Laboratories, 1:1000 for WB; NeuroMab, 75-028, 1:150 for ICC)[20, 29], a-DISC1
(Millipore, ABN425, 1:250 for ICC; 1:1000 for WB), a.-serine racemase (Abcam, ab45434,
1:250 for ICC, 1:1000 for WB, 2.5ug for IP) [20], a-actin (Abcam, ab3280, 1:5000 for WB)
[20, 28, 29, 50]

Neuronal cultures and Drug treatment

Primary cortical cultures from E17-19 C57BL/6 were prepared as described [50] in
accordance with the protocol approved by The Children’s Hospital of Philadelphia
Institutional Animal Care and Use Committee (IACUC). Briefly, the cortex was dissected,
gently minced, trypsinized (0.027%, 37 °C; 7% CO, for 20 min), and then washed with 1x
HBSS. Neurons were seeded to a density of 3 x 10° viable cells in 35-mm culture dish with
five 12-mm glass coverslips (low-density culture, 3x104/cm?) or a density of 1.6 x 108
viable cells in 60-mm culture dishes (high-density culture, 8x10%/cm?). The culture dishes
were coated with poly-D-Lysine (100 pg/ml) prior to seeding neurons. Neurons were
maintained at 37°C with 5% CO, in Neurobasal medium with B27 supplement. Cortical
cultures contain 5-10% of glia cells and 90-95% cortical neurons. At 15-17 (high-density
cultures, 8x10%cm?) or 21-23 (low-density cultures, 3x10%cm?) days in vitro (DIV),
cultures were subject to drug treatment, western blotting analysis, co-immunoprecipitation
and immunocytochemistry. For drug treatment, the cortical cultures were treated with
vehicle, D-serine (50 pM), D-serine (50 pM) + MK-801 (10 pM), MK-801 (10 uM), or
glycine (100 uM) for 7 days, or with vehicle, D-serine (50 uM) D-serine (50 uM) + 7-CK
(50 uM), glycine (50 uM) + lithium (100 uM) for 24 hrs.

Cell lysate preparation and fraction isolation

For cell lysate preparation, cultures were lysed in lysis buffer (150 mM NaCl, 1 mM EDTA,
100 mM Tris-HCI, 1% Triton X-100, and 0.5% sodium deoxycholate, pH 7.4) supplemented
the day of use with 1:500 EDTA-free protease inhibitor cocktail 111 (Calbiochem) for 1 hr at
4°C. The whole cell lysates were harvested and centrifuged at 16,100 x g for 20 mins at 4°C.
After the centrifugation, the supernatants were collected as the triton-soluble fraction for co-
immunoprecipitation assays and western blot analysis, the pellets were collected as the
triton-insoluble fraction. The supernatant and pellets were stored at —80°C until use.

Co-immunoprecipitation and Western blotting analysis

Co-immunoprecipitation and Western blotting were performed as described previously [51].
Protein content of cortical lysates was determined using BCA Protein Assay (Thermo
Scientific). Equal amounts of total protein lysates (250 pg) were first added 2 pug primary
antibody (a-SR) or normal IgG and incubated at 4°C for 2hrs. Immunocomplexes were then
precipitated with protein G-agarose beads shaking overnight at 4°C, washed twice in lysis
buffer, eluted by boiling in SDS-PAGE sample buffer, and subjected to Western blot
analysis. Equal volumes of eluted buffers for co-immunoprecipitation assay or equal
amounts of total protein (15 pg cell lysate) for protein input analysis were subjected to 4—
12% NUPAGE Gel for electrophoresis and transferred to nitrocellulose membranes.
Membranes were blocked with 3% nonfat milk and incubated with primary antibody
overnight at 4 °C. Blots were then incubated with appropriate horseradish peroxidase, HRP-
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conjugated secondary antibodies (Cell Signaling) for 2 hrs at room temperature and then
washed; reaction bands were visualized using a luminol-enhanced chemiluminescence
(ECL) HPR substrate (Thermo Scientific). Each blot was then incubated with stripping
buffer (2% SDS, 50 mM Tris, pH 6.8, and 100 mM B-mercaptoethanol) for 1 hr at room
temperature to remove the signals and reprobed for other proteins. For quantification
analysis, reaction product levels were quantified by scanning densitometry and the ratio of
co-precipitated protein was normalized by input levels from 3 different cultures and
experiments using NIH Image J software.

Immunocytochemistry and fluorescence imaging

Primary cultured cortical neurons were fixed for 20 min at 4°C with 4% paraformaldehyde
in phosphate-buffered saline (PBS) (pH 7.4), and then subjected to the immunostaining
procedure. For immunostaining procedure, after blocking with 5% normal goat serum and

1 % bovine serum albumin in combination with 0.3% (vol/vol) Triton X-100 in PBS at room
temperature for 1 hr, the coverslips or slides were incubated with primary antibodies at 4°C
overnight and then secondary antibodies conjugated to Alexa Fluor 488 or 568 (Invitrogen)
at room temperature for 60-90 mins. Following several washes with PBS, cells or slides
were mounted with Vectashield with DAPI (Vector Laboratories).

Fluorescence images were obtained with Leica laser scanning confocal microscope. For
cortical cultures, neurons were sequentially stained for SR, DISC1 and PSD-95. For
quantification analysis, the confocal images were acquired from three to four 4 neurons for
each treatment condition (Control, D-serine, D-serine + 7-CK, or Glycine + Lithium), we
quantified the number of large DISC1- and SR-positive agglomerates in the soma and
nucleus on one z-plane. The area of the soma (including the nucleus) in the image was
measured via NIH Image J software, so the number of agglomerates per neuron could be
normalized to the somatic area for the respective neuron. Additionally, the percentage of
DISC1 and SR colocalization with DISC1- and SR-positive agglomerates were also
quantified from three neurons in three different experiments. Statistical analysis was
performed on these normalizations within and across the four treatment conditions.

Statistical analysis

Data were shown as the mean + S.E.M. Experiments were analyzed using Student’s #test to
compare two conditions or ANOVA followed by planned comparisons of multiple
conditions. Significance was set at P < 0.05.

Results

DISC1 distributes as large agglomerates and small puncta in cortical neurons

To explore the possible association of DISC1 with SR in cortical neurons, we first examined
the expression and localization of DISC1 in primary cortical neuronal cultures at 15-23 days
in vitro (DIV) by immunocytochemistry. In GABA-containing cortical interneurons, PSD-95
localizes to the shaft-like synapses on the somatic and dendritic membrane, whereas in
cortical glutamatergic neurons, PSD-95 is distributed in the soma and in dendritic spine-like
synapses [20]. DISCL1 is abundant in both GABAergic (Figs. 1A, 1D, 1G and 1J) and
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glutamatergic neurons (Figs. 1A’, 1D’, 1G’ and 1J’), marked by PSD-95-positive non-spiny
(Figs. 1B, 1E, 1H and 1K) or spiny (Figs. 1B’,1E’, 1H" and 1K") morphology, respectively.
The intensity of DISC1 immunofluorescence is much higher in GABAergic (Figs.1A and
1D) than in glutamatergic neurons (Figs. 1A’ and 1D’), suggesting higher DISC1 levels in
GABAergic neurons. In both types of neurons, DISC1 is more abundant in the soma than in
dendrites, nucleus and axons. Interestingly, DISC1 appears as large agglomerates in the
soma and small puncta in the nucleus and dendrites. The large somatic DISC1 agglomerates
may be high molecular weight multimers of DISC1 as reported [52]. Notably, a few DISC1
puncta colocalize with PSD-95 puncta in the dendrites of cortical neurons (Figs. 1J-1L and
13-1L).

SR associates with DISC1 and its agglomerates in cortical neurons

We then examined the association of SR with DISC1 agglomerates by sequentially staining
primary cortical neuronal cultures with DISC1 and SR antibodies. While SR appears as
puncta in the soma, nucleus and dendrites [20], the large DISC1 agglomerates (Figs. 2A and
2D, 2A’ and 2’) colocalize with SR puncta (Figs. 2B and 2E, 2B’ and 2E’) in the soma of
GABAergic (Figs. 2A-2F) and glutamatergic neurons (Figs. 2A’-2F’). SR colocalizes with
or are adjacent to DISC1 small puncta in the dendrites and synapses of GABAergic and
glutamatergic cortical neurons (Figs. 2G-21 and 2G’-21"). We also observed colocalization
of SR with DISC1 small puncta in the nucleus, especially on the nuclear membrane as
distinguished by DAPI staining (Fig. 3A-3F). More intriguingly, almost all of DISC1 puncta
colocalize with SR in the soma and nucleus, whereas only 28+3% of SR puncta colocalizes
with DISC1 large agglomerates (Fig. 3G), suggesting that DISC1 agglomerates may be
modulated by SR. The results thus demonstrate that SR associates with DISC1 agglomerates
in cortical neurons.

We further examined the /n vivo interactions between SR and DISC1 in primary cortical
neurons using coimmunoprecipitation assays. In cortical neuronal lysates, a-SR antibody
but not control IgG co-precipitates endogenous DISC1, identified at a molecular weight of
~94 kDa as predicted for full-length DISC1 (Fig. 4), demonstrating SR-DISC1 interaction in
cortical neurons. Our findings thus suggest the physiological presence of functional SR-
DISC1 complexes in neurons.

D-serine enhances SR-DISC1 interactions and increases the abundance of large DISC1-SR
agglomerates in cortical neurons through NMDA receptors

To explore if D-serine modulate neuronal SR-DISC1 interactions, we examined if D-serine
treatment for 24hrs modulates SR-DISC1 interactions using co-immunoprecipitation assays.
Exogenous application of D-serine leads to a slight but not significant increase of the DISC1
levels in the lysates compared with control (Figs. 5A and 5B). However, exogenous D-serine
application significantly increases the amount of DISC1 that co-precipitates with a-SR
(Figs. 5A and 5C), suggesting enhancement of SR-DISCL1 interactions. This increase is
blocked by co-application of 7-CK. In contrast, exogenous application of glycine along with
the glycine transporter inhibitor lithium significantly decreases the amount of DISC1 co-
precipitated with a-SR (Figs. 5A and 5C), Our findings suggest that D-serine enhances
neuronal SR-DISC1 interaction through NMDA receptors,

Neurosci Lett. Author manuscript; available in PMC 2020 January 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jacobi et al.

Page 6

We then examined if D-serine treatment modulates the DISC1-SR agglomerates by
immunocytochemistry and confocal microscopy. Exogenous application of D-serine (Figs.
6D-F) markedly increases the number of large DISC1-SR agglomerates in the soma of
GABAergic and glutamatergic cortical neurons compared to control (Figs. 6A-C). This
increase is blocked by 7-CK, a competitive antagonist at the D-serine/glycine binding site on
the NR1 subunit of NMDARs (Figs. 6G-1), but not by exogenous application of glycine with
the glycine transporter inhibitor lithium (Figs. 6J-L). Co-treatment of cortical neurons with
7-CK and D-serine blocks the D-serine-induced increase, suggesting increases of DISC1-SR
agglomerates through NMDARSs. Quantification of the number of large DISC1-SR
agglomerates in the soma area (including nucleus) show that exogenous D-serine application
significantly increases the number of large DISC1-SR agglomerates (P<0.01 vs. control),
whereas exogenous application of glycine and lithium fails to increase the number of large
DISC1-SR agglomerates (P<0.001 vs. D-serine-treated). Co-treatment of cortical neurons
with 7-CK and D-serine blocks the increase (P<0.01 vs. D-serine-treated). Our findings
suggest that D-serine increases the abundance of large DISC1-SR agglomerates through
activating NMDA receptors.

To further analyze the association of DISC1 and SR in large agglomerates, we fractionized
the triton-soluble supernatant and insoluble pellets from cortical neuronal lysates and
examined the levels of DISC1 and SR in both fractions. Western blot analyses show the
presence of SR and DISCL1 in the insoluble pellet fraction of neuronal lysates (Fig. 7A). In
addition, beside the normal form of DISC1, the agglomerated form of DISC1 (~180-200
kDa, most likely dimer) is indeed found in the insoluble pellet fraction, confirming the
physiological presence of DISC1-SR agglomerates in neurons (Fig. 7A). Intriguingly,
exogenous D-serine application significantly increases the agglomerated form of DISC1 in
the insoluble pellet fraction of cortical neuronal lysates (Figs. 7A and 7B, P<0.05 vs.
control), whereas exogenous application of glycine and lithium fails to increase the
agglomerated from of DISCL1 (Figs. 7A and 7B, # P<0.05 vs. D-serine-treated). Co-
treatment of cortical neurons with 7-CK and D-serine blocks the increase (Fig. 7A and 7B).
This further supports our findings that D-serine increases SR-DISC1 interaction and DISC1-
SR agglomerates through activating NMDA receptors.

Discussion

The present study uses /7 vitro cultured cortical neurons to show that neuronal SR interacts
and associates with DISC1 agglomerates, which can be modulated by NMDAR activity.
Endogenous SR interacts with DISC1 and colocalizes with DISC1 large agglomerates in the
soma of cortical neurons and small puncta in the nucleus and dendrites, suggesting the
physiological presence of functional SR-DISC1 complexes in cortical neurons. Exogenous
D-serine application enhances the interactions of SR with DISC1 and increases the number
of large DISC1-SR agglomerates in cortical neurons. Biochemical fractionation assays
further confirm the presence of agglomerated form of DISC1 along with SR in the triton-
insoluble pellet fraction, which is increased by exogenous D-serine application. Exogenous
application of glycine with a glycine transporter inhibitor fails to increase their interactions,
large DISC1-SR agglomerates and DISC1 agglomerated form in cortical neurons. This
increase by D-serine application is blocked by 7-CK, a competitive inhibitor of NMDARs at
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the glycine binding site, suggesting mediation by NMDAR activation. Our findings thus
demonstrate that D-serine enhances neuronal SR association with DISC1 and its
agglomerates, which can be modulated by NMDAR activation, validating a novel neuronal
SR-DISC1 complex responsive to NMDAR activation and providing a molecular mechanism
at which pathways implicated in schizophrenia converge.

Both SR and DISCL1 play important roles in synaptic and dendritic development in neurons.
For example, SR/D-serine modulates glutamatergic synapse stability through interactions
with PSD-95 in postsynaptic neurons [20] and are important for dendritic spine formation in
neurons. DISC1 regulates glutamatergic synapse formation on GABAergic interneurons
through NRG1-ErbB4 signaling in the mature cortex [53] and regulates spine formation
through its interactions with Kal7 in glutamatergic neurons [54]. In addition, DISC1 controls
dendrite morphology by regulating mitochondria dynamics in a complex with Miro, TRAK
and mitofusin proteins in neurons [55]. Our findings show that neuronal SR interacts and
colocalizes with DISC1 large agglomerates in the soma and small puncta in the nucleus and
dendrites, suggesting distinctive physiological functions of SR-DISC1 complex in neurons.
One hypothesis about how DISC1 modulates its ability to interact with different proteins and
carry out many functions points to DISC1’s potential for self multimerization. For example,
DISC1 can form large species and octameric states of DISC1 constructs are necessary for
functional interactions with NDEL1. However, the presence of functional DISC1 multimers
has yet to be verified /n vivo [56]. Our results indeed show the presence of agglomerated
form of DISC1 (likely dimer) along with SR in the triton-insoluble pellet fraction of cortical
lysates. More intriguingly, we observed that almost all of DISC1 puncta colocalize with SR
in the soma and nucleus, whereas only about one-third of SR puncta colocalizes with DISC1
agglomerates, suggesting that DISC1 agglomerates may be modulated by SR. Our findings
thus suggest that SR-DISC1 interactions may modulate DISC1 and SR signaling and
physiological functions in synaptic and dendritic development. In addition, we also observe
co-localization of small SR-DISC1 puncta on the nuclear membrane and within the nucleus
of neurons. Putative nuclear export signal (NES) sequences have been identified within SR,
but a nuclear localization signal (NLS) sequence has not been found [57]. Thus, how SR
translocates to the nucleus from the postsynaptic density remains a mystery. DISC1,
however, contains possible NLS sequences within its N-terminal domain. Therefore, SR may
translocate to and from the nucleus through a SR-DISC protein complex.

SR/D-serine deficiency and mutant DISC1 have been implicated in the pathogenesis of
schizophrenia [27-37]. Our findings show that exogenous application of D-serine enhances
the interaction of SR with DISC1 and association with DISC1 agglomerates in cortical
neurons. This identifies a novel neuronal SR-DISC1 complex responsive to NMDAR
activation and provides a molecular mechanism at which pathways implicated in
schizophrenia converge. Indeed, D-serine treatment or increasing D-serine production can
rescue the schizophrenic symptoms in patients and animal models [33, 35, 58]. SR null
mutant mice, which have less than 10% of normal brain D-serine, have schizophrenia-like
symptoms and display reduced dendritic spine density that can be partially rescued by
chronic D-serine treatment [32, 36, 43]. Mice with genetic mutations of the glycine binding
site on NR1 subunit show negative and cognitive symptoms resembling schizophrenia that
can be normalized by D-serine treatment [4]. Genetic loss of DAAO activity increases D-
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serine production and reverses schizophrenia-like phenotypes in mice [27, 59]. Clinical trials
show that oral administration of D-serine improves positive, negative, and cognitive
symptoms of schizophrenia correlated with elevated plasma D-serine levels as add-on
therapy to typical and atypical antipsychotics [60, 61]. D-serine treatment improves the
negative symptoms in individualsat clinically high risk of schizophrenia, supporting D-
serine treatment for the prodromal symptoms of schizophrenia [58]. Both SR and DISC1
play an important physiological role in dendritic spine density, which is impaired in
schizophrenia patients and animal models [20, 32, 33, 54, 62—71]. Our results indicate that
D-serine enhancement of SR-DISC1 interactions may improve the schizophrenic symptoms
in patients and animal models partially through modulating dendritic spine formation,
providing a rationale and molecular mechanism for D-serine treatment in schizophrenia.

Synaptic and extrasynaptic NMDARSs are associated with differential gene expression and
have different roles in synaptic plasticity and cell death [5, 72-77]. Some studies have
shown that D-serine preferentially gates synaptic NMDARS, whereas glycine preferentially
gates extrasynaptic NMDARs at the hippocampal Schaffer Collateral-CAL region [5, 9].
However, other studies have shown that D-serine and glycine activate synaptic NMDA
receptors in a synapse-specific and developmental-regulated manner in the hippocampus [7,
8, 23]. D-serine is the preferred coagonist at hippocampal Schaffer Collateral-CA1 (SC-
CAL) mature synapses, whereas glycine is mainly involved at medial perforant path-dentate
gyrus (mPP-DG) synapses [23]. Our studies show that D-serine, rather than glycine,
enhances the interaction of neuronal SR with DISC1 in cortical neurons, supporting a
preferential regulatory role of D-serine in controlling neuronal SR-DISC1 signaling as well
as synaptic and dendritic development in cortical neurons. This is likely mediated by
synaptic, rather than extrasynaptic, NMDARs. Synaptic NMDARs play crucial roles in
many forms of synaptic plasticity, such as LTP and LTD. Therefore, control of synaptic
NMDARs may provide a mechanism by which D-serine regulates neuronal DISC1 and SR
function.
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Highlights
. Serine racemase (SR) interacts with Disrupted-In-Schizophrenia-1 (DISC1) in

cortical neurons.

. SR colocalizes DISC1 in the soma, dendrites and nucleus of cortical neurons
as large agglomerates and small puncta.

. D-serine enhances SR interaction with DISC1 through NMDAR activation in
cortical neurons.

. D-serine increases the abundance of DISC1-SR large agglomerates in the
soma of cortical neurons through NMDAR activation.

. D-serine increases the levels of DISC1 agglomerated form in the triton-
insoluble pellet fraction of cortical neurons through NMDAR activation.

. These findings validate a novel neuronal SR-DISC1 complex responsive to
NMDAR activation and may provide a molecular mechanism by which
pathways implicated in schizophrenia converge.
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Figure 1. DISC1 distributes as large agglomerates and small puncta in cortical neurons.
Confocal images of DISC1 (red immunofluorescence), PSD-95 (green

immunoflurorescence) and merged images with DAPI-stained nucleus showing that DISC1
appears as large agglomerates in the soma and small puncta in the nucleus and dendrites of
cortical glutamatergic (A-L) and GABAergic neurons (A’-L’). Scale bars as indicated.
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Figure 2. SR associates with DISCL1 large agglomerates and small puncta in cortical neurons.
Confocal images of DISC1 (red immunofluorescence), SR (green immuoflurorescence) and

merged images with DAPI-stained nucleus showing colocalization of SR with DISC1 large
agglomerates n the soma and small puncta in the nucleus and dendrites of cortical
glutamatergic (A-L) and GABAergic neurons (A’-L”). Scale bars as indicated.
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Figure 3. A small portion of SR puncta colocalizes with DISC1 agglomrates whereas all DISC1
aggolmerates contain SR in the soma of cortical neurons.

Confocal images of DISC1 (red immunofluorescence), SR (green immuoflurorescence) and
merged images with DAPI-stained nucleus showing alomost all DISC1 agglomerates
colocalize with SR puncta, whereas only a small portion of SR puncta colocalize with DISC
agglomerates in the soma and nucleus of cortical GABAergic (A-C) and glutamatergic
neurons (D-F). DISC1-SR puncta are also observed on the nuclear membranes of cortical
neurons (C, F). G. Quantification analysis of percentage of DISC1 and SR colocalization
with DISC1-SR agglomerates in the soma and nucleus of cortical neurons (n=9 neurons
from 3 different experiments). Scale bars as indicated.
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Figure 4. SR associates with DISCL1 in cortical neuronal lysates.
In normal cortical neurons, co-immunoprecipitation (IP) of endogenous DISC1 with SR

antibody in cortical neuronal lysates was observed, but co-precipitation with normal 1gG was
not.
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Figure 5. D-serine enhances SR-DISC1 interaction in cortical neurons through NMDA receptors.
(A) Coimmunoprecipitation of endogenous DISC1 with SR antibody in cortical neuronal

lysates from cultures treated with vehicle, D-serine (50uM), D-serine (50uM) + 7-CK
(50uM), glycine (50uM) + lithium (100uM) for 24 hrs. Upper panel: Co-
immunoprecipitation assays of cortical lysates (250 g each lane); Lower panel: Western

blot analysis of input levels in cortical lysates (15g each lane). Graphs show quantification
analysis of the inputs (B) and co-precipitated DISC1 with a-SR antibody (C) in the cortical
lysates. (* p<0.05 vs. control, # p<0.05 vs. D-serine-treated; #test, n=4 different

experiments).
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Figure 6. D-serine increases the abundance of DISC1-SR large agglomerates in cortical neurons
through NMDA receptors.

Confocal images of DISC1 (red immunofluorescence), SR (green immunofluorescence) and
merged mages with DAPI-stained nucleus in cortical neurons from control (A-C), D-serine-
treated (D-F), D-serine+7-CK-treated (G-1) and glycine+lithium-treated (J-L) cortical
cultures. Scale bars as indicated. M, Quantification of the number of large somatic DISC1-
SR agglomerates in cortical neurons from control, D-serine-treated, D-serine+7-CK-treated
and glycine+lithium-treated cortical cultures (**P<0.01 vs. control, ## P<0.01 ### P<0.001
vs. D-serine-treated; #test, n=10-12 neurons from 3 different experiments).

Neurosci Lett. Author manuscript; available in PMC 2020 January 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Jacobi et al.

37—

37—

Page 20
& & R B
o R K N
e & ¥ £s8& 9 S
S 2 2 & 5§ 2 2 S g o @
O Q Q ¢ U Q9 Q o (¢ Q
DISC1 200 _DISC1(2ggIomerated)
i - (agglomerated)§ 1501 ke d
W — —— w— = = DISC1 é 100}
5T 50
Z0
=5 0
PRSP - — — O gp £ © 120 SR
€ o 100}
o8 T
Q 80'
GO WP G WP w» we = WP GAPDH ‘5 gg:
X !
Triton-soluble Pellet 23

Figure 7. D-serine increases the levels of DISC1 agglomerated form in the insoluble pellet
fraction of cortical neuronal lysates.

(A) Western blot analysis of DISC1 and SR levels in the fractions of triton-soluble
supernatant and insoluble pellet from cortical neuronal cultures treated with vehicle, D-
serine (50uM), D-serine (50uM) + AP5 (50uM), D-serine (50uM) + 7-CK (50uM), glycine
(50uM) + lithium (100uM) for 24 hrs. Upper panel: DISC1 levels in the fractions of triton-
soluble supernatant and insoluble pellet (15 pg each lane); Lower panel: SR levels in the
fractions of triton-soluble supernatant and insoluble pellet (15ug each lane). (B) Graphs
show quantification analysis of the agglomerated form of DISC1 (upper panel) and SR
(lower panel) in the triton-insoluble pellet fraction of cortical neuronal lysates (* P<0.05 vs.
control, # P<0.05 vs. D-serine-treated, #test, n=3 different experiments).
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