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cognitive functions at the behavioral level, through two-photon imaging, microdialysis, high-performance
liquid chromatography, transcriptome sequencing, and behavioral testing. We found that conditional
knockout of the Drdl in astrocytes (CKO*ST) increased glutamatergic synaptic transmission and long-
term potentiation (LTP) in the medial prefrontal cortex (mPFC), whereas Drdl deletion in pyramidal
neurons did not affect synaptic transmission. The elevated level of p-serine in the mPFC of CKO*ST mice
increased glutamatergic transmission and LTP through NMDA receptors. In addition, CKO*S™ mice ex-

hibited abnormal emotional and cognitive function. Notably, these behavioral changes in CK

0*ST mice

could be reversed through the administration of p-serine degrease to the mPFC. These results highlight
the critical role of the astrocytic DRD1 in modulating mPFC synaptic transmission and plasticity, as well
as higher brain functions through p-serine, and may shed light on the treatment of mental disorders.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The prefrontal cortex (PFC) is part of the neocortex. It has un-
dergone significant expansion relative to other regions of the ce-
rebral cortex throughout evolution, reaching its greatest extent in
the human brain'™“. The medial prefrontal cortex (mPFC), in
particular, is thought to underlie complex higher brain functions,
including cognition (i.e., memory®, executive functions’, decision
makings, attention’, ﬂexibilitylo, and goal-directed behavior! 1’12),
emotion regulationB’M, motivationls, and reward'®. Alterations in
synaptic transmission and synaptic plasticity within the mPFC are
associated with emotional abnormalities and impaired cognitive
function'”*2. Thus, precise regulation of synaptic transmission
and plasticity is required.

The mPFC has high catecholamine levels and synthesis rates*
and is sensitive to catecholamines, such as dopamine®®**%,
Dopamine plays a critical role in the regulation of higher brain
function®®?®. The perturbation of dopamine in the PFC mirrors the
cognitive deficits induced by PFC lesions in primates®. Dopamine
neurons projecting to the mPFC originate from the ventral
tegmental area®® and regulate synaptic transmission and plasticity
via the release of dopamine'®?*. The DRDI1 is the most abundant
dopamine receptor subtype expressed in the mPFC>"*. In previous
studies on the modulation of synaptic transmission in the PFC by
the DRDI, pharmacological methods have predominantly been
employed®*****, However, such pharmacological interventions are
characterized by limited specificity for the targeted receptors.
Consequently, in these studies, the roles of different receptor sub-
types could not be isolated, and dopamine receptor subtypes within
specific cell populations could not be manipulated. The differences
in synaptic transmission regulation by DRD1 on different types of
cells within the mPFC remain unexplored. Moreover, the under-
lying regulatory mechanisms are not yet understood.

Nearly 90% of neurons in the mPFC are excitatory pyramidal
neurons>>*, and the number of pyramidal neurons expressing
Drdl is significantly greater than that of interneurons®’. In addi-
tion to neurons, glial cells are receiving increasing attention.
Astrocytes are the most abundant type of glial cells in the central
nervous system and are one component of tripartite synapses-c *°.
Transmitter receptors expressed on astrocytes can sense extra-
cellular signals, which in turn are involved in regulating synaptic
transmission and plasticity*'“**. Astrocytes in the mPFC express
DRD1*; however, the functions of these receptors in astrocytes
remain to be explored.

Using mice which Cre recombinase is specifically expressed in
pyramidal neurons or astrocytes*, a conditional knockout (CKO)
mouse construction strategy, electrophysiological recording,
in vivo neurotransmitter detection, and behavioral tests, we found
that the mPFC DRDI in astrocytes rather than in pyramidal
neurons were involved in regulating excitatory synaptic trans-
mission, synaptic plasticity, emotion, and cognitive function, all of
which were mediated by p-serine. Our findings demonstrate for
the first time that the mPFC astrocytic DRD1 plays an essential
role in the regulation of glutamatergic transmission and synaptic
plasticity, as well as higher brain functions via p-serine.

2. Materials and methods
2.1. Mice

The experimental mice were provided with unrestricted access to
food and water and were housed under standard laboratory con-
ditions: 24 + 1 °C, 12-h light-dark cycle. All experiments were
conducted in strict accordance with the Regulations for the
Administration of Experimental Animals (China) and were
approved by the Animal Ethics Committee of Southern Medical
University (Approval No. D2022130). Astrocyte conditional
knockout Drdl mice (CKO™ST) were generated by crossing
Drd %~ and Aldhi11-CreERT2 mice. Pyramidal neurons con-
ditional knockout Drdl mice (CKOPY®) were generated by
crossing Drd /% and Camk2-CreERT? mice. The genotype of
the offspring was determined by performing PCR on DNA
extracted from mouse tails, and the primers are provided in the
Supporting Information (Supporting Information Table S1). To
induce Cre expression in Aldhlll -CreERT2; Drd ' and
Camk2-CreERT?; Drd "% mice, tamoxifen (Sigma-Aldrich,
Darmstadt, Germany, T5648, 75 mg/kg) was administered to mice
by intraperitoneal injection at postnatal Week 8.

2.2.  Stereotaxic injection

Anesthetized mice were fixed in a stereotaxic apparatus (RWD,
Shenzhen, China) to expose the skull, and small holes were dril-
led. For experiments involving drug injections into the mPFC, the
guide cannula was placed at the mPFC (AP: 1.85 mm,
ML: £0.3 mm, DV: —2.5 mm) and fixed with dental cement.
Mice received bilateral injections of 0.5 pL of drug at a rate of
0.1 pL/min. To ensure complete drug diffusion, the infusion
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cannula was left in place for an additional 5 min after the
microinfusion pump stopped. For the adeno-associated virus in-
jections, a 5-uL. Hamilton syringe (65460-02, Hamilton, USA)
connected to a microinjector pump (KDS, Stoelting, USA) was
used to bilaterally deliver viral vectors into the mPFC at a rate of
0.05 pL/min. Following injection, the needle was elevated by
0.1 mm and left in place for 10 min to facilitate viral diffusion
before being slowly withdrawn. Mice were then allowed to
recover for three weeks to ensure sufficient gene expression. The
following viral vectors were used in this study: rAAV-Camk2-
EGFP-WPRE-hGH polyA (PT-0290-250314, BrainVTA Co.,
China); rAAV- Camk2-EGFP-P2A-CRE-WPRE-hGH polyA (PT-
0137-250314, BrainVTA Co., China); AAV2/5-GfaABC1D-EGFP
(BC-0377, BrainCase Biotechnology Co., China); and AAVS5-
GfaABC1D-Cyto-GCaMP6f (BC-0378, BrainCase Biotechnology
Co., China). AAV2/5-GfaABC1D-cre-EGFP and rAAV-hSyn-
DIO-EGFP-WPRE-hGH polyA were generated by Shanghai
SunBio Biomedical Technology Co. (Shanghai, China).

2.3.  Immunofluorescence

After anesthesia, mice were perfused with PBS followed by 4%
PFA. Brains were extracted, post-fixed, rinsed, and dehydrated in
30% sucrose solution. Coronal sections containing the mPFC
(thickness: 40 um) were prepared using a Leica CM 1850 cryostat.
The sections were washed and blocked for 2 h in a solution
containing 10% normal goat serum and 0.3% Triton X-100, fol-
lowed by overnight incubation with the primary antibody at 4 °C.
After washing, the sections were incubated with the secondary
antibody for 2 h. Samples were mounted in Vectashield mounting
medium containing DAPI and observed using a laser confocal
microscope (Nikon C2, Japan).

2.4.  Slice preparation

Brain slices were prepared following previously established
methods*®. Promptly extract the brain and cool it in chilled
modified artificial cerebrospinal fluid (ACSF) after anesthetizing
the mice with pentobarbital at a dosage of 75 mg/kg via intra-
peritoneal injection. Using a VT-1000S vibratome (Leica), section
the mPFC into coronal slices of 300 um thickness in ice-cold
modified ACSF containing (in mmol/L): 220 sucrose, 2 KCl, 12
MgS0Oy, 0.2 CaCl,, 1.3 NaH,PO,, 26 NaHCO3, and 10 p-glucose.
After washing, the slices were placed on nylon mesh and stored in
a chamber with regular ACSF (in mmol/L: 126 NaCl, 3 KCI, 1
MgS0Oy, 2 CaCl,, 1.25 NaH,PO,, 26 NaHCO3, and 10 p-glucose)
at 34 °C for 30 min. Subsequently, the brain slices were further
incubated for additional 60 min before recording at 25 £+ 1 °C. All
solutions were saturated with a 95% 0,/5% CO, (v/v) gas mixture.
Unless otherwise specified, all chemicals used were purchased
from Sigma—Aldrich.

2.5.  Cd®" imaging in brain slices

Transfer the brain slices to the recording chamber and perfuse
with oxygenated ACSF. Astrocytes expressing GCaMP6f were
selected for imaging. Two-photon calcium imaging was performed
using an Olympus FV1200MPE microscope (Olympus, Japan)
equipped with a 25 X water-immersion objective (1.05 NA).
GCaMPo6f was excited at 920 nm using a Mai Tai Ti: Sapphire
laser. Images were acquired at a resolution of 512 pixels x 512
pixels with a temporal resolution of 0.625 s per frame. A glass

pipette containing either ACSF or ACSF with SKF81297
(10 pmol/L) was positioned near a target astrocyte under white
light guidance. DRD1 antagonists, SCH23390 (10 pmol/L), were
applied in the bath. A pressure pulse (0.08 MPa, 2 s duration) was
applied to locally deliver the solution. Fluorescence was recorded
from 30 s before to 60 s after drug application. Time-lapse images
were analyzed using Fiji software. Regions of interest (ROIs) were
manually selected, and changes in fluorescence intensity were
quantified as AF/F, calculated using Eq. (1):

AF/F =100 x (F,—Fy) / Fo (1)

where F, represents the fluorescence intensity at time point ¢, and
Fy is the average baseline fluorescence intensity before drug
application.

2.6.  Electrophysiological recording

Following brain slice preparation, the slices were transferred to
the recording chamber and continuously perfused with oxygenated
ACSF. Image the slices using an infrared differential interference
contrast microscope (BX51WI; Olympus, Tokyo, Japan). Boro-
silicate glass pipettes with a resistance of 4—6 MQ using a
micropipette puller (P-97, Sutter Instruments, Novato, CA, USA).
Also, utilize a MultiClamp 700B amplifier and a 1440A digital
converter (Molecular Devices, San Jose, CA, USA) for the
recordings.

For sEPSC recording, cells were held at —70 mV in the
presence of 20 pumol/L. BMI. The mEPSC recordings were made
using the same pipette solution (in mmol/L: 130 K-gluconate, 20
KCl, 10 HEPES, 0.2 EGTA, 4 MgATP, 0.3 Na;GTP, and 10
NaCreatine, pH 7.30, 285 mOsm) as the sEPSC recordings, with
the addition of TTX to the recording solution. For sIPSC
recording, cells were held at 0 mV in the presence of 50 pmol/L
APV and 20 pmol/L CNQX, and the pipette solution contained (in
mmol/L): 110 Cs,SOy, 0.5 CaCl,, 2 MgCl,, 5 EGTA, 5 HEPES, 5
TEA, and 5 ATP-Mg, pH 7.30, 285 mOsm.

For PPRs recording, EPSCs were induced in layer 5/6 cells by
stimulation in layer 2/3 in the presence of 20 umol/L. BMI, and the
pipette solution contained (in mmol/L): 115 CsCH3S0s3, 20 CsCl,
10 HEPES, 2.5 MgCl,, 10 sodium phosphocreatine, 5 QX-314, 4
Na,ATP, 0.4 NazGTP, and 0.6 EGTA, pH 7.3, 285 mOsm. The
ratio was calculated as [(p2/p1) x 100].

To detect evoked AMPAR currents, we held mPFC layer 5/6
pyramidal cells at —70 mV while stimulating in layer 2/3 with
20 umol/L BMI. To detect evoked NMDAR-mediated EPSC, we
held pyramidal cells at +40 mV with 20 umol/L BMI and
10 pmol/L NBQX. The same pipette solution as that used for PPR
recording. We measured the peak of the averaged AMPAR-
mediated EPSC and NMDAR-mediated EPSC.

For NMDA puffs, the neurons were clamped at +40 mV. Use
the same pipette solution as for PPR recordings. The drug delivery
head, containing 50 pmol/L. NMDA, was connected to the puff
application system (ALA-VMS, Scientific Instrument, Schaum-
burg, IL, USA) and maintained at a fixed distance from the
recorded cell. The application duration was 2 s.

For the induction of plasticity recordings, we employed a
theta-burst stimulation (TBS) protocol in layer 2—3 of the mPFC,
consisting of three trains delivered over a period of 2 min, each
train comprising 13 bursts at 5 Hz, with each burst containing 4
pulses at 100 Hz. Before the delivery of TBS, electrical stimula-
tion was administered every 30 s, and the current responses of
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layer 5/6 pyramidal neurons were continuously recorded for
6—10 min to establish a baseline. Following the induction of TBS,
the recording continued for an additional 30 min. Pyramidal cells
were held at —70 mV with a pipette solution containing (in mmol/
L): CsCH;SO; 115, HEPES 10, ATP 4, CsCl 20, GTP 0.4, EGTA
10, pH 7.3, 285 mOsm.

2.7.  Microdialysis

After anesthesia, mice were placed on a stereotaxic apparatus to
expose the skull, and small holes were drilled. A guide cannula
(CMA/7, CMA, Stockholm, Sweden) was implanted near the
mPFC (AP: 1.85 mm, ML: 0.3 mm, DV: 1.5 mm) and fitted with
a dummy probe. Before dialysis, the dummy probe was removed,
and a microdialysis probe (CMA/7, membrane length: 1 mm,
CMA) was inserted through the guide cannula and connected to a
CMA microinjection pump (CMA 402). ACSF was continuously
infused through the microdialysis probe at a constant rate of
1 puL/min into the brain, and samples were automatically collected
using a microfraction collector (CMA 142).

2.8.  HPLC analysis

A chromatographic column (Agilent ZORBAX Eclipse AAA,
993400-902) is used. After derivatization with o-phthaldialdehyde
(Sigma—Aldrich, P0657), the sample was eluted at a flow rate of
0.8 mL/min using a gradient elution program and analyzed using a
fluorescence detector. Standard curves were made with standards
of different concentrations of various amino acids, and the amino
acid concentrations of the samples were determined by using these
standards.

For the detection of monoamines, the HPLC system (Sykam,
Eresing, Bavaria, Germany), glassy carbon working electrode
(VT-03, 3 mm in diameter), electrode spacer (25 um), pulse
damper, in situ silver/silver chloride reference electrode, ADF
filter (0.05 Hz), electrochemical detector (Antec Decade 11 SDC)
were used. The mobile phase was eluted isocratically at
0.2 mL/min, and the measurement time was 15 min with an
operating voltage of 4-0.56 V, and a volume of 20 pL was used for
the direct up-loading and analysis of the samples.

D-Serine was separated and monitored using a reverse-phase
HPLC based on a published article*’. Samples were derivatized
with o-phthaldialdehyde (Sigma—Aldrich, P0657) and Boc-Cys-
OH (Sigma—Aldrich, 15411). A Thermo Fisher Accucore C18
column (17126-152130) was used. A linear gradient elution was
performed from 100% Buffer A (6.5% acetonitrile, 0.1 mol/L
sodium acetate buffer, 3% tetrahydrofuran, pH 6.2) to 60% buffer
B (47% acetonitrile, 0.1 mol/LL sodium acetate buffer, 3% tetra-
hydrofuran, pH 6.2) at a flow rate of 0.2 mL/min. Subsequently,
the system was washed with 100% methanol and equilibrated for
10 min in 100% Buffer A. Fluorescence detection was carried out
at an excitation wavelength of 443 nm and an emission wave-
length of 344 nm.

2.9.  Fluorescence-activated cell sorting

The papain (P4762, Sigma—Aldrich) digestion solution was pre-
pared in advance and incubated at 37 °C for 30 min to activate the
enzyme. Brain extraction was performed following the procedure
for electrophysiological recordings, and the brain was placed in
ice-cold, oxygenated ACSF containing APV, CNQX, and TTX.
Coronal sections (300 um) were cut using a Leica VT210. The

PFC region was isolated using microdissecting forceps. Brain
tissue was then digested in the papain solution and dissociated
with a homemade pipette. Once dissociation was complete, cul-
ture medium with serum was added to halt the digestion. The cells
were enriched by centrifugation (900 x g, 4 °C, 15 min) and then
incubated with FcR blocking reagent and anti-ACSA-2-PE anti-
body on ice for 10 and 20 min, respectively. FACS sorting was
performed using the Beckman MoFlo XDP cell sorter to isolate
PE-positive cells. The sorted cells were further enriched by
centrifugation (1000 x g, 4 °C, 5 min).

2.10. RNA sequencing

After sorting, astrocytes were lysed and RNA was extracted using
the RNA extraction kit (Qiagen, Hilden, Germany, #74104). Li-
braries from different indices were multiplexed and loaded onto
the Illumina HiSeqg/Illumina NovaSeq/MGI2000 systems for
sequencing with a 2 x 150 paired-end (PE) configuration. Tran-
script sequences in FASTA format were initially generated based
on known GFF annotation files and then indexed. Using the
indexed file as a reference, gene and isoform expression levels
were quantified from the paired-end clean data with HTSeq
(v0.6.1). Differential expression analysis was performed using the
DESeq?2 Bioconductor package, which models the data based on a
negative binomial distribution. The analysis included data-driven
prior distributions for dispersion and fold-change estimation.
Genes with adjusted P-values (Padj) < 0.05 were considered
differentially expressed.

2.11.  Behavioral assays

2.11.1. Open field test

The Versamax animal activity monitoring system (AccuScan
Instruments) is a  transparent glass box  measuring
40 cm x 40 cm x 30 cm. At the start of the 5 min test, mice were
gently placed in the central area of the box. The system automatically
recorded the time spent in different areas of the box and the total
distance traveled. Data were analyzed using VersaDat software.

2.11.2.  Elevated plus maze test

The maze consisted of two crossed arms: enclosed arms with walls
and open arms without walls, each measuring 5 cm x 30 cm in
width and length. The maze was elevated 40 cm above the ground.
Animal behavior tracking software (Ethovision XT, Noldus, USA)
was used. According to previously established experimental
methods*®, before the 5 min test, mice were gently placed face
down in the central area, and their movement trajectories were
tracked and analyzed using an infrared camera positioned above
the maze.

2.11.3. Forced swimming test

Two transparent glass tanks (45 cm high, 19 cm in diameter) were
used, each filled with water to a depth of 23 cm and maintained at
a temperature of 23.5 £ 1 °C. Place an opaque partition between
the two cylinders to prevent mice from interacting with each other
during the experiment. Position a camera in an appropriate loca-
tion directly in front of the two cylinders to ensure the clearest and
highest resolution image can be captured. Before the 6 min test,
gently lift the mouse by its tail and slowly place it into the cyl-
inder. When the mouse touches the surface of the water, release
the tail slowly. The immobility time accumulated by the mouse
during the final 4 min will be used as the statistical indicator.
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Figure 1  Astrocytic DRD1 regulates intracellular Ca>" signal in the mPFC. (A) Schematic of the injection of an astrocyte-specific Ca>*
indicator virus into the mPFC. (B) Representative images showing the specificity of Ca*" indicator expression in astrocytes. GCaMP6f, Ca*™
indicator; S1008, astrocyte marker. Scale bars, 20 um. (C) Statistical analysis of co-localization between cells expressing the Ca*" indicator and
$1008-positive cells. (D) Schematic of ex vivo two-photon (2P) imaging of astrocytic Ca®>" signal in the mPFC. (E) Example images of Ca**
signals in the mPFC astrocytes in response to puff-applied Dopamine D1 receptor (DRD1) agonists, both in the absence (“ACSF” refers to
Artificial Cerebrospinal Fluid) and presence of DRD1 antagonists. The DRD1 agonist SKF81297 (10 pmol/L) and DRD1 antagonist SCH23390
(10 pmol/L) were used. Scale bar, 10 pm. (F) Proportion of activated astrocytes relative to the total cell count following exposure to DRD1
agonists in the absence or presence of DRD1 antagonists. (G—I) Quantification of the fluorescence amplitude and area under the curve of the Ca**"
signals. There were 52 cells without DRD1 antagonist incubation and 76 cells with DRD1 antagonist incubation. (G) Two-way ANOVA, F (1,
33908) = 974.6, P < 0.0001. (H) Mann—Whitney test, Mann—Whitney U = 1057, P < 0.0001. (I) Mann—Whitney test, Mann—Whitney
U = 1332, P = 0.006. (J) Example images of Ca®" signals in the mPFC astrocytes in response to puff-applied DRDI agonists in control
and CKO*ST mice. DRD1 agonist SKF81297 (10 pmol/L). Scale bar, 10 pm. (K) Proportion of activated astrocytes relative to the total cell count
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2.11.4.  Sucrose preference test

The testing was then divided into two stages: baseline measure-
ment over the first four days, followed by a preference test for
sugar water over the next three days. During the baseline stage,
two bottles of purified water (W/W) were placed on the left and
right sides of the cage on the first and second day, followed by two
bottles of 1% sucrose solution (S/S) on the third and fourth day.
The position of the bottles was exchanged daily to eliminate any
position preference. On the fifth to seventh day, Bottle A was filled
with water, while Bottle B was filled with 1% sucrose solution (S/
W). The amount of liquid consumed was measured every 24 h,
and the water and sucrose solutions were replaced. The preference
ratio for sugar water was calculated as Eq. (2):

The preference ratio for sugar water (%) = (Volume of
consumed sucrose solution VB / (Total volume of (2)

consumed water and sucrose solution VA + VB)) x 100

2.11.5.  Y-maze test

The Y-maze consists of three identical arms (each measuring
38 cm X 7.6 cm) arranged at 120° angles. Spontaneous alterna-
tion behavior refers to the tendency of mice to sequentially
explore different arms of the maze without repeating previous
entries. Alternation is defined as consecutive entries into all three
arms on overlapping triplet sets. Prior to the test, each mouse was
individually placed at the center of the apparatus and allowed to
freely explore the maze for 8 min. Arm entries were recorded
manually.

2.12.  RNA in situ hybridization

Following anesthesia, mice were perfused sequentially with ice-cold
PBS and/or 4% paraformaldehyde (PFA). The brains were then
removed and post-fixed in 4% PFA overnight at 4 °C. The next day,
brains were dehydrated in 30% sucrose solution, followed by cry-
osectioning at a thickness of 10 um. Sections were immersed in PFA
fixative and incubated at 4 °C for 30 min. Dehydration was per-
formed at room temperature using a graded ethanol series (50%,
70%, and 100%), each for 5 min. Pretreatment solution A was added
to fully cover the sections and incubated at room temperature for
10 min. Sections were then treated with preheated 1 x Pretreatment
solution B plus for 3 min. Next, 1 x Digestion Enzyme II was
applied to the sections and incubated at 40 °C for 15 min. Probe
hybridization was carried out at 40 °C for 2 h using the hybridization
buffer. Reaction solution 1 was applied and incubated at 40 °C for
25 min, followed by Reaction solution 2 at 40 °C for 15 min. Type [
Reaction solution 3 was then applied and incubated at 40 °C for
15 min. Fluorescence reaction buffer was added and incubated at
room temperature in the dark for 30 min. If a Type II probe was used,
the same steps were repeated as for the Type I probe. Sections were
then blocked with 5% BSA and 0.1% Triton X-100 at 40 °C for 1 h,
followed by incubation with primary antibodies (S1006, CaMK2,
GFP) at 40 °C for 1 h. Secondary antibodies were also incubated at

40 °C for 1 h. Confocal imaging was performed, and statistical
analysis was conducted. Cells with more than two intracellular
fluorescent spots were defined as positive.

2.13.  Western blot analysis

The lysed samples were boiled at 37 °C, centrifuged, and the
supernatant was collected. Equal amounts of protein samples were
separated by SDS-PAGE, followed by membrane transfer and
blocking. The membranes were incubated overnight at 4 °C with a
primary antibody (monoclonal anti-DRD1 antibody, 1:250,
D2944, Sigma—Aldrich). Subsequently, an HRP-conjugated sec-
ondary antibody (1:2000; ab97057, Abcam) was incubated at
room temperature in TBS for 1 h. A monoclonal anti-3-actin
antibody (1:1000; A2228, Sigma—Aldrich) was applied on the
same gel to normalize loading.

2.14. gRT-PCR and digital PCR

The reagents for RNA extraction, reverse transcription, and
quantitative fluorescence detection were obtained from Takara.
The instrument used was the 7500 system. §-Actin served as the
endogenous control, and data were normalized using the AACt
method. The required primers are provided in the supporting
materials (Supporting Information Table S2). Digital PCR was
carried out with EvaGreen Supermix (Bio-Rad, Hercules, CA,
USA) on a QX200 system (Bio-Rad), and the data were analyzed
using QUANTA software (Bio-Rad).

2.15.  Protein analysis using wes (mini Western blot)

The sorted astrocytes were lysed in a buffer and crushed by
repeated pipetting, followed by centrifugation at 16,000 x g for
30 min at 4 °C. Next, samples were loaded onto a 12-230 kDa
Separation Module (ProteinSimple, San Jose, CA, USA) and
detection using primary antibodies for mouse anti-DRD1 (1:50;
D2944, Sigma—Aldrich) and mouse anti-actin (1:50; A2228,
Sigma—Aldrich), along with the Anti-Mouse Detection Module
(ProteinSimple). The relative abundance of DRD1 was calculated
using Compass for SW software (version 4.0.0, ProteinSimple),
with protein levels normalized to actin.

2.16.  Statistical analysis

GraphPad Prism software was used. Firstly, the D’Agostino &
Pearson omnibus normality test and F test were used to test the
normality and homogeneity of variances of data samples from
different groups, respectively. When the data met the criteria of
normal distribution and homogeneity of variances, #-tests and one-
way ANOVA were used. Two-way ANOVA was also used when
appropriate. Data are presented as mean = SEM. A P-value less
than 0.05 was considered statistically significant. *P < 0.05,
**P < 0.01, ¥***P < 0.001, ****P < 0.0001.

following exposure to DRD1 agonists in control and CKO*T mice. (L—N) Quantification of the fluorescence amplitude of Ca®" signals. There
were 136 cells in control mice and 84 cells in CKO*ST mice. (L) Two-way ANOVA, F (1, 74627) = 1942, P < 0.0001. (M) control mice:
Wilcoxon matched-pairs signed rank test, W = 4796, P < 0.0001. (N) Mann—Whitney test, Mann—Whitney U = 3537, P < 0.0001. Statistical
details are in the supporting table. Data represent mean & SEM, **P < 0.01, ****P < 0.0001. mPFC, medial prefrontal cortex; DRD1, dopamine

D1 receptor; CKO?ST, astrocyte-specific Drdl knockout mice.
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Figure 2  Astrocytic Drdl-deficient mice exhibit enhanced glutamatergic transmission and synaptic plasticity in the mPFC. (A) Schematic of
whole-cell recordings. (B) Representative traces of spontaneous excitatory postsynaptic current (SEPSC) recorded from layer 5/6 pyramidal
neurons in the mPFC of control and CKO*ST mice. (C, D) Cumulative probability distributions of the frequency (C) and amplitude (D) of sSEPSC
in mPFC layer 5/6 pyramidal neurons. n = 12 neurons from 4 control mice and n = 9 neurons from 3 CKO*ST mice, (C) Unpaired ¢ test,
t = 2225,df = 19, P = 0.0384. “IEI” stands for “Inter-event interval”. (E) Representative traces of evoked EPSCs recorded from layer 5/6
pyramidal neurons in the mPFC of control and CKO*S" mice in response to increasing stimulus intensities, clamped at —70mV. (F) Input—output
graphs showing increased evoked EPSC amplitude in CKO*ST mice compared with control mice. n = 13 neurons from 4 control mice and n = 12
neurons from 4 CKO*ST mice; two-way ANOVA, F (1, 142) = 30.94, P < 0.0001, Bonferroni post hoc test, 200%: P = 0.0079, 220%:
P = 0.0015. (G) Representative traces of miniature excitatory postsynaptic current (mnEPSC) in mPFC layer 5/6 pyramidal neurons from control
and CKO*ST mice. (H, I) Cumulative probability distributions of the frequency (H) and amplitude (I) of mEPSC in mPFC layer 5/6 pyramidal
neurons. n = 16 neurons of 4 control mice and n = 17 neurons of 4 CKO*ST mice, (H) Unpaired ¢ test, r = 2.809, df = 31, P = 0.0085. (J)
Representative superimposed sweeps with three different inter-stimulus intervals of pair-pulse stimulations from control and CKO*S™ mice. P’
refers to the first evoked current, and P? refers to the second evoked current. (K) Paired—pulse ratio plotted against inter-stimulus intervals. n = 9
neurons of 3 control mice and n = 10 neurons of 3 CKO*ST mice, Two-way ANOVA, F (1,51) = 37.5, P < 0.0001, Bonferroni post hoc test,
25 ms: P < 0.0001, 50 ms: P = 0.024. II: Interpulse interval. (L, M) Representative traces (L) and diagram (M) showing the change over time in
the amplitude of EPSCs measured before and after TBS (theta-burst stimulation) protocol from control and CKO™ST mice. n = 10 neurons from 6
mice of both groups, Two-way ANOVA, F (1, 328) = 33.26, P < 0.0001. ‘1’ represents the averaged EPSC traces during the baseline phase, while
‘2’ represents the averaged EPSC traces after TBS. Scale bars represent 50 ms, 40 pA. (N) Schematic diagram of virus injection into the mPFC
and experimental workflow. Con virus: AAV2/5-GfaABC1D-EGFP; Cre virus: AAV2/5-GfaABC1D-Cre-EGFP. (O) Representative superimposed
sweeps with three different inter-stimulus intervals of pair-pulse stimulations from two groups of mice. (P) Paired-pulse ratio plotted against inter-
stimulus intervals. n = 12 neurons of 4 Con mice and n = 13 neurons of 4 Cre mice, Two-way ANOVA, F (1,69) = 11.89, P = 0.001,
Bonferroni post hoc test, 25 ms: P = 0.0029. II: Interpulse interval. (Q, R) Representative traces (Q) and diagram (R) showing the change over
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3. Results

3.1.  Conditional knockout of Drdl in astrocytes, but not in
pyramidal neurons, increased glutamatergic transmission and
long-term potentiation (LTP) in the mPFC

To investigate whether the DRDI1 on pyramidal neurons is
involved in regulating synaptic transmission, we first generated
tamoxifen-inducible pyramidal neuron DrdI-deficient mice by
crossing Camk2-CreERT? mice with Drd "% mice. The spec-
ificity of Camk2-CreERT? mice has been previously established*.
We injected rAAV-hSyn-DIO-EGFP-WPRE-hGH polyA into the
mPEC of Camk2-CreERT? mice, resulting in Cre-expressing cells
carrying EGFP. Co-labeling with Slc17a7 (a marker for pyramidal
neurons) revealed that 97.33% of EGFP-positive cells were py-
ramidal neurons, suggesting high specificity in Camk2-CreERT?
mice (Supporting Information Fig. S1). After several generations
of breeding Camk2-CreERT® mice and Drd***"** mice, CKOF™®
(Camk2-CreERT’; Drd1"**/"**) mice are obtained, with Drd /">
mice as controls (Supporting Information Fig. S2A and S2B).
Three weeks after tamoxifen treatment, Western blot analysis
revealed that DRD1 levels were lower in the mPFC of CKO™®
mice than in those of control mice (Supporting Information Figs.
S2C—S2E, and S3). We then performed patch clamp, in a whole-
cell configuration, to record spontaneous excitatory or inhibitory
postsynaptic current (SEPSC or sIPSC, respectively) in the layer 5/6
pyramidal neurons in mPFC slices. Analysis of electrophysiological
recordings revealed that there was no difference in the frequency or
amplitude of SEPSC or sIPSC between the groups (Supporting
Information Fig. S4). These results indicate that a deficiency of
Drdl in pyramidal neurons may not affect the spontaneous synaptic
transmission of pyramidal neurons in the mPFC.

To further confirm the role of DRD1 in pyramidal neurons in the
mPFC in synaptic transmission. We used rAAV-CaMKIla-EGFP-
P2A-Cre®®! to selectively knock out Drdl in pyramidal neurons of
the mPFC in Drd /"% mice. Both the cell-type specificity of the
Cre expression and the effective knockout of Drdl in pyramidal
neurons but not in astrocytes within the mPFC were validated
(Supporting Information Figs. S5 and S6). Electrophysiological
results showed no changes in the frequency or amplitude of SEPSC
or sIPSC (Supporting Information Fig. S7), which is consistent
with our findings in the mPFC of CKO®*® mice.

Astrocytes are the most abundant type of glial cell, and as-
trocytes in the PFC express Drd1* (Supporting Information
Fig. S8). To further functionally validate the expression of
DRD1 in astrocytes, we used AAV5-GfaABCID-Cyto-
GCaMP6f°? viruses to express a Ca>" indicator and detected the
effects of DRD1 activation on Ca*" signal in mPFC astrocytes
(Fig. 1A). Immunofluorescence experiments revealed that 92.5%
of the GCaMP6f-positive cells colocalized with the astrocytic
marker S1008 (Fig. 1B and C), confirming the specific expression
of the Ca®" indicator GCaMP6f in astrocytes. We inhibited action
potentials with tetrodotoxin (TTX) to exclude potential involve-
ment from neighboring neurons. Puffing the DRDI1 agonist
SKF81297 (10 pmol/L) onto mPFC slices induced an astrocytic

Ca®" signal, and this signal was blocked by the DRD1 antagonist
SCH23390 (10 pmol/L) (Fig. 1D—I, Supporting Information
Fig. SOA—S9C). These results suggest that DRD1 in astrocytes
may play a role in regulating astrocytic Ca>™ signaling.

To further confirm the regulation of Ca®>" signaling by the
astrocytic DRDI1, we generated tamoxifen-inducible astrocytic
DrdI-deficient mice by crossing AldhllI-CreERT® mice with
Drd """~ mice (Supporting Information Fig. SI0A—S10C). The
specific expression of Cre recombinase in astrocytes was veri-
fied* (Supporting Information Fig. S11). Compared with those in
control mice, the DRDI levels in flow-sorted astrocytes from the
PEC of CKO*ST mice were lower according to gPCR and mini-
Western blotting (Fig. S10D—SG). To further confirm the
knockout specificity, we performed RNAscope, and the results
revealed that the expression of Drdl was reduced in astrocytes but
not in neurons of the mPFC in CKO*ST mice (Supporting Infor-
mation Fig. S12).

Puffing the DRD1 agonist SKF81297 (10 pmol/L) onto mPFC
slices from control mice, but not in those from CKO”ST mice,
increased astrocyte Ca”" levels (Fig. 1J—N, Fig. S9D—S9F).
These findings indicate that DRD1 in astrocytes are involved in
the regulation of astrocytic Ca®" signaling.

To elucidate the role of the astrocytic DRD1 in modulating
synaptic transmission within the mPFC, we conducted electro-
physiological recordings in both control and CKO**T mice.
Interestingly, compared with control mice, CKO*ST mice pre-
sented an increase in sEPSC frequency, but not amplitude, in
mPFC pyramidal neurons (Fig. 2A—D). In addition, there was no
difference in the frequency or amplitude of sIPSC between the
groups of mice (Supporting Information Fig. S13). We also
recorded the input (stimulus intensity)—output (amplitude) curve
(I—O0 curve) of EPSCs at a holding potential of —70 mV. We
found that the slope of the I—O curve was steeper in CKO*ST mice
than in control mice (Fig. 2E and F), further indicating increased
excitatory synaptic transmission.

To determine whether changes in excitatory synaptic trans-
mission occur presynaptically or postsynaptically, we first
compared miniature excitatory postsynaptic current (mEPSC) in
mPFC pyramidal neurons between control and CKO**" mice, and
found that the frequency of mEPSC was increased in CKO*ST
mice (Fig. 2G and H), whereas the amplitude of mEPSC did not
change (Fig. 2I). Next, we performed paired-pulse recordings of
EPSC evoked in mPFC pyramidal neurons. The recorded neurons
responded to two consecutive stimulations at different intervals
(25, 50, and 100 ms). Consistently, the paired-pulse ratios in
CKO?ST slices were decreased compared with those in control
slices (Fig. 2J and K). These observations indicate that the dele-
tion of astrocytic DRDI1 leads to increased presynaptic glutamate
release.

Extensive research has demonstrated that the dopamine system
is involved in the regulation of synaptic plasticity®*>*">. How-
ever, the role of dopamine receptors on astrocytes, particularly
astrocytic DRD1, in modulating synaptic plasticity remains un-
clear. To investigate this issue, we recorded theta-burst stimulation
(TBS)-induced LTP in mPFC slices from both control and

time in the amplitude of EPSCs measured before and after the TBS protocol from Con and Cre mice. For both groups, recordings were performed
on 7 neurons derived from 4 individual mice. Two-way ANOVA, F (1, 193) = 32.47, P < 0.0001. ‘1’ represents the averaged EPSC traces during
the baseline phase, while ‘2’ represents the averaged EPSC traces after TBS. Scale bars represent 50 ms, 40 pA. Statistical details are in the
supplementary table. Data represent mean £+ SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. mPFC, medial prefrontal cortex;

CKO?ST, astrocyte-specific Drdl knockout mice.
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Figure 3  Astrocytic DRD1 modulates glutamatergic transmission through p-serine. (A) Schematic diagram of microdialysis and transmitters
detection. (B) The amino acids and monoamine neurotransmitter levels in the mPFC from control and CKO*ST mice. Asp (aspartate), Glu
(glutamate), Ser (serine), Gln (glutamine), GABA, Gly (glycine), DA (dopamine), DOPAC (3,4-dihydroxyphenylacetic acid), 5-HT (5-
hydroxytryptamine), 5-HIAA (5-hydroxyindoleacetic acid), NE (norepinephrine), EP (epinephrine), HVA (homovanillicacid). n = 6—10 mice,
Ser: Mann—Whitney test, Mann—Whitney U = 6, P = 0.02. (C) HPLC chromatogram showing L-serine and p-serine peaks. (D) HPLC detection
showing D-serine and L-serine levels in the mPFC from two groups. 7 mice for each group. p-serine: Unpaired ¢ test with Welch’s correction,
Welch-corrected, ¢t = 2.717, df = 7.431, P = 0.0283. (E) Representative traces of miniature excitatory postsynaptic current (mEPSC) from both
groups before and after treatment with p-serine. (F) The effects of p-serine on the mEPSC frequency of mPFC layer 5/6 pyramidal neurons in
control and CKO**T mice. n = 10 neurons of 3 control mice and n = 9 neurons of 3 CKO”ST mice, control versus CKO*ST groups: Unpaired
test, t = 2.705, df = 17, P = 0.015; control versus control + p-serine groups: Wilcoxon matched-pairs signed rank test, W = 55, P = 0.002. p-
serine: 50 pmol/L. (G) Representative traces of mEPSC from both groups before and after treatment with the NMDAR antagonist APV. (H) The
effects of APV (NMDAR antagonist, 100 umol/L) on the mEPSC frequency of mPFC layer 5/6 pyramidal neurons in control and CKO"ST mice.
n = 12 neurons of both groups from 4 pairs mice, control versus CKOAST groups: Unpaired t test with Welch’s correction, t = 2.285, df = 14.82,
P = 0.0375; control versus control + APV groups: Wilcoxon matched-pairs signed rank test, W = —78, P = 0.0005; CKO*ST versus
CKO*ST 4+ APV groups: Paired f test, 7 = 5.013, df = 11, P = 0.0004. (I) Representative traces of mEPSC from both groups without or with the
D-serine degrading enzyme, p-amino acid oxidase (DAAO). (J) The effects of DAAO (p-amino acid oxidase, 0.2 unit/mL) on the mEPSC
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CKO™ST mice. Compared with that in the control group, LTP in
CKO*ST mice was significantly greater (Fig. 2L and M), indi-
cating that DRD1 on astrocytes are involved in the modulation of
synaptic plasticity.

To further demonstrate the role of astrocytic DRDI1 in the
mPFC in synaptic transmission and plasticity at the cellular level,
we used an adeno-associated virus (AAV-GfaABC1D-Cre’%) to
selectively knock out astrocytic Drdl in the mPFC of Drd 1"
foxmice. Both the cell-type specificity of the Cre expression and
the effective knockout of Drdl in astrocytes but not in neurons
within the mPFC were validated (Supporting Information Figs.
S14 and S15). We then conducted paired-pulse ratio experi-
ments as well as synaptic plasticity assessments. In the Cre group,
paired-pulse ratios were reduced (Fig. 2N—P), and LTP was
increased (Fig. 2Q and R). These results indicate that astrocytic
DRD1 in the mPFC contribute to the regulation of presynaptic
glutamate release and synaptic plasticity.

3.2.  Astrocytic DRD1 modulates presynaptic glutamate release
and synaptic plasticity via p-serine

Gliotransmitters play a role in controlling synaptic transmission and
plasticity®®*“°. To investigate how DRDI in astrocytes regulates
glutamatergic transmission, we utilized in vivo microdialysis to
collect gliotransmitters that are known to be secreted by astrocytes
in the mPEC of control and CKO*ST mice. The levels of amino acid
neurotransmitters and monoamine neurotransmitters in the dialy-
sate were subsequently analyzed using high-performance liquid
chromatography (HPLC) (Fig. 3A). Compared with those in control
mice, serine level was higher in CKO®ST mice, and no changes in
other molecules were detected (Fig. 3B). Next, we further distin-
guished two configurations of serine, L-serine and D-serine
(Fig. 3C). The p-serine level was higher in CKO®ST mice than in
control mice, whereas the L-serine levels in the CKO™ST mice and
control mice were similar (Fig. 3D). These results demonstrate that
the astrocytic DRD1 modulates the extracellular p-serine level.
p-Serine is an endogenous coagonist of NMDA receptors
(NMDARs)®*" and can promote the presynaptic release of
glutamate by binding to presynaptic NMDARs (preNMDARs)%>%3.
To clarify whether the astrocytic DRDI1 regulates presynaptic
glutamate release through p-serine, we first compared the effects of
p-serine treatment on mEPSC recorded in mPFC slices from both
groups of mice. Adding p-serine increased the mEPSC frequency
in mPFC slices from control mice to a level similar to that in slices
from CKO™ST mice but did not affect the already elevated fre-
quency of mEPSC in CKO*ST mice (Fig. 3E and F). Next,
blocking the NMDAR with its antagonist APV decreased the
mEPSC frequency in mPFC slices from both groups to a similar
level (Fig. 3G and H). To further explore the impact of reducing p-
serine levels on mEPSC frequency in mPFC slices from the two
groups, we treated the slices with p-amino acid oxidase
(DAAO)**®*, which lowers D-serine levels. DAAO (0.2 unit/mL®’)

abolished the increased mEPSC frequency in CKO*ST slices and
reduced the frequency in mPFC slices from both groups to a
similar level (Fig. 31 and J). Notably, p-serine, APV, and DAAO
did not affect the mEPSC amplitude (Supporting Information
Fig. S16). These results indicate that the astrocytic DRD1 modu-
lates presynaptic excitatory synaptic transmission through p-serine.

To determine whether astrocytic DRD1 regulates LTP through
D-serine, we subsequently administered D-serine to the slices. This
treatment elevated LTP in control mice to a degree comparable to
that in CKO*ST mice but did not affect the already elevated LTP in
CKO™ST mice (Fig. 4A and B). Next, we treated the slices with
DAAO and found that this treatment blocked LTP induction in
both the control and CKO*ST slices (Fig. 4C and D). These results
demonstrate that the astrocytic DRD1 modulates synaptic plas-
ticity via p-serine.

The increased synaptic plasticity in the mPFC of astrocytic
DrdI-deficient mice (Figs. 2M and 4B) may be due to increased
presynaptic glutamate release or heightened postsynaptic
NMDAR activity resulting from elevated p-serine. There was no
significant difference in EPSC amplitude between control and
CKO™ST mice during the pre-TBS phase of LTP (Fig. 4E). This
finding aligns with the previously recorded results of evoked
EPSC currents at smaller stimulus intensities (Fig. 2F), suggesting
that there was no obvious increase in presynaptic release in the
astrocytic Drdl-deficient mice under the test stimulus. To test
whether postsynaptic NMDAR activity was increased in astrocytic
Drd]-deficient mice, we puffed NMDA (50 umol/L) into mPFC
brain slices from both groups of mice and recorded the induced
currents at a holding potential of 440 mV, mimicking the depo-
larization induced by TBS for LTP induction. The data revealed
that the current amplitudes recorded from CKO*ST mice were
significantly greater than those recorded from control mice
(Fig. 4F and G). Furthermore, we recorded the NMDAR currents
at + 40 mV induced by an electrical stimulus and found that with
increasing stimulus intensity, the CKO®ST mice exhibited greater
NMDAR-EPSC (Fig. 4H and I). These results demonstrate that
astrocytic DRD1 is involved in regulating postsynaptic NMDAR
activity when postsynaptic neurons are depolarized.

Next, lowering D-serine levels with DAAO abolished the in-
crease in NMDAR-EPSC in CKO”ST mice (Fig. 4J and K), sug-
gesting that astrocytic DRD1 regulates postsynaptic NMDAR
function by modulating p-serine levels, which may contribute to
LTP induction.

3.3.  RNA-sequencing of astrocytes provides potential molecular
candidates for DRD1 regulation of p-serine levels

To investigate how DRD1 in astrocytes regulates D-serine levels, we
performed transcriptome sequencing (RNA-Seq) on astrocytes iso-
lated from the frontal cortex of control and CKO™ST mice by using
fluorescence-activated cell sorting (FACS) (Fig. SA—C). Serine
racemase (SR) and DAAO are known to synthesize and degrade p-

frequency of mPFC layer 5/6 pyramidal neurons in control and CK

OAST

mice. n = 12 neurons of 4 control mice and n = 14 neurons of 4

CKOAST mice, control versus CKOAST groups: Unpaired 7 test, t = 2.785, df = 24, P = 0.0103; n = 12 neurons of 4 control + DAAO mice and
n = 14 neurons of 4 CKO*ST 4+ DAAO mice; control versus control + DAAO groups: Unpaired ¢ test, t = 2.533, df = 22, P = 0.019; CKOAST
versus CKO*T 4+ DAAO groups: Mann Whitney test, Mann—Whitney U = 37, P = 0.0042. Statistical details are in the supporting table. Data
represent mean = SEM, *P < 0.05, **P < 0.01, ***P < 0.001. mPFC, medial prefrontal cortex; CKOAST, astrocyte-specific Drd] knockout mice;
HPLC, high-performance lipid chromatography; NMDAR, NMDA receptor.
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Figure 4  Astrocytic DRD1 modulates LTP and NMDA receptor activity through p-serine. (A, B) Representative traces (A) and diagram
(B) showing the change over time in the amplitude of EPSCs measured before and after TBS protocol from control and CKO*ST mice, with or
without p-serine (50 pumol/L) treatment. n = 8 neurons of 5 control mice and n = 8 neurons of 4 CKOAST mice, control versus CKOAST groups:
Two-way ANOVA, F (1, 261) = 75.16, P < 0.0001; n = 7 neurons of 4 control + p-serine mice and n = 6 neurons of 4 CKO*ST + p-serine
mice. control versus control + D-serine groups: Two-way ANOVA, F (1, 241) = 63.47, P < 0.0001. ‘1’ represents the averaged EPSC traces
during the baseline phase, while ‘2’ represents the averaged EPSC traces after TBS. Scale bars represent 50 ms, 40 pA. (C, D) Representative
traces (C) and a diagram (D) showing the effect of DAAO (p-amino acid oxidase, 0.2 unit/mL) on the amplitude of EPSCs measured before and
after TBS from control and CKO”S™ mice. n = 9 neurons from 4 mice of both genotypes. ‘1’ represents the averaged EPSC traces during the
baseline phase, while ‘2’ represents the averaged EPSC traces after TBS. Scale bars represent 50 ms, 40 pA. (E) Statistical analysis of the average
EPSC values during the 10-min baseline recording of LTP in control and CKO*T mice. n = 18 neurons of 11 control mice and n = 18 neurons
of 10 CKO*ST mice. (F) Example of currents evoked by a 2-s puff of NMDA at +40 mV, which are sensitive to APV. (NMDA: 50 umol/L, APV:
100 pmol/L). (G) Statistical analysis of the NMDA-evoked currents in control and CKO*ST mice. n = 20 neurons of 4 control mice and n = 19
neurons of 4 CKO*ST mice; Unpaired ¢ test, t = 2.512, df = 37, P = 0.0165. (H) Representative traces of NMDAR-mediated EPSCs evoked with
increasing stimulus intensities in mPFC layer 5/6 pyramidal neurons from control and CKO*T mice, clamped at +40 mV. (I) Input—output
graphs showing increased amplitude of stimulus-evoked NMDAR EPSCs from CKO"ST compared to control mice (n = 10 neurons of 4 con-
trol mice and n = 12 neurons of 4 CKO*ST mice; Two-way ANOVA, F (1, 98) = 14.25, P = 0.0003, Bonferroni post hoc test, 160%:
P = 0.0380, 180%: P = 0.0043). (J) Representative traces of NMDAR-mediated EPSCs evoked with increasing stimulus intensities in mPFC
layer 5/6 pyramidal neurons treated with DAAO (0.2 unit/mL) from control and CKO*ST mice, clamped at +40 mV. (K) Input—output graphs
showing similar amplitude of stimulus-evoked NMDAR EPSCs from the two groups treated with DAAO (n = 13 neurons of 4 mice for both
genotypes). Statistical details are in the supporting table. Data represent mean £ SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
CKO”ST, astrocyte-specific Drdl knockout mice; LTP, long-term potentiation; NMDAR, NMDA receptor; EPSCs, excitatory postsynaptic
currents.
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Figure 5  Altered genes potentially regulating serine racemase activity and gliotransmitter release in the astrocytes of CKO*ST mice. (A) The
experimental procedure for transcriptome sequencing of astrocytes from control and CKO™S™ mice. FACS stands for fluorescence-activated cell
sorting. (B) Heatmap showing the transcriptome profiles of control and CKO*ST mice. (C) Volcano plots of differentially expressed genes (DEGs)
between control and CKO*ST mice. Blue and red dots indicate significantly down- and up-regulated genes, respectively. (D) The expression levels
of the Sr and Daao genes remained unchanged. (E) Upregulated threonine phosphorylation-associated genes among the DEGs. Cdk6 (cyclin
dependent kinase 6), Plk3 (polo like kinase 3), Irakl (interleukin-1 receptor-associated kinase 1), Prkaca (protein kinase, cAMP dependent,
catalytic, alpha), Rps6kl] (ribosomal protein S6 kinase-like 1), Bmp2k (BMP2 inducible kinase), Dclk! (doublecortin-like kinase 1), Mknk2 (MAP
kinase-interacting serine/threonine kinase 2), Brsk2 (BR serine/threonine kinase 2), Pak7 (p21 (RAC1) activated kinase 7). (F) The Nos2 (nitric
oxide synthase 2, inducible) gene is downregulated among the DEGs. (G—I). Upregulated genes associated with gliotransmitter release among the
DEGs. (G). Sft2d3 (SFT2 domain containing 3), (H) Usel (unconventional SNARE in the ER 1 homolog), Ykt6 (YKT6 v-SNARE homolog), (I)
Lrrc8a (leucine rich repeat containing 8A VRAC subunit A). Count (Raw Counts), TPM (Transcripts Per Million), FPKM (Fragments Per
Kilobase of transcript per Million mapped reads). Statistical details are in the supporting table. *P < 0.05, **P < 0.01. CKO"5, astrocyte-specific
DrdI knockout mice.

at threonine sites can stimulate the production of p-serine®’. RNA-
Seq analysis revealed an increase in the expression levels of ki-

serine, respectively®. RNA-Seq analysis revealed no changes in the
expression levels of Sr or Daao after the deletion of Drdl in as-

trocytes (Fig. 5D), which is consistent with our findings in mPFC
brain tissue (Supporting Information Fig. S17). These findings
suggest that Drdl in astrocytes may not directly influence the
expression of genes involved in p-serine synthesis or degradation.

Furthermore, most known regulations of p-serine levels focus
on the modulation of SR activity®>®®. The phosphorylation of SR

nases capable of phosphorylating threonine residues (Fig. 5E).
Another mechanism for regulating SR activity is S-nitrosylation.
nitric oxide (NO) is an unconventional signaling molecule that
reacts with cysteine residues through a process known as
S-nitrosylation®®. SR has been identified as an in vivo target of
NO, which inhibits SR activity through nitrosylation®. This
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nitrosylation is believed to be dependent on nitric oxide synthase
(NOS)"°. Additionally, RNA-Seq analysis revealed that the Nos2
gene expression was reduced in CKO*ST mice (Fig. 5F), sug-
gesting that S-nitrosylation may be decreased, thereby leading to a
disinhibition of SR activity.

In addition, we analyzed genes associated with gliotransmitter
release and found that the expression levels of the vesicle release-
related gene Sfr2d3 were elevated in CKO*ST mice (Fig. 5G). The
expression of genes associated with SNARE, Usel, and Ykt6 was
also upregulated (Fig. 5SH). In addition, p-serine can be released
through alternative non-exocytotic pathways, such as volume-
regulated anion channels (VRACs)’!. The expression of the
Lrrc8a gene, one of the subtypes of VRAC, was significantly
upregulated (Fig. 5I). Previous research has indicated that the
activation of VRAC promotes nonvesicular p-serine release’.

These results suggest that astrocytic DRD1 may regulate
p-serine levels either by mediating the modulation of SR activity
or by regulating the release of D-serine through vesicular or
nonvesicular pathways.

3.4.  Astrocytic DRDI in the mPFC modulates anxiolytic-like
behaviors, passive coping responses, and cognitive function via
D-serine

The mPFC is closely associated with emotion and cognition (i.e.,
memory) regulation'®>7*7° To further investigate the in vivo
function of the astrocytic DRD1, we first tested the anxiety-like
behavior of CKO™ST in the open field test (OFT) and the
elevated plus maze (EPM) test. Compared with control mice,
CKO*ST mice displayed an unchanged total distance traveled
(Fig. 6A and B), but an increased travel duration in the center zone
of the box (Fig. 6C), indicating that the astrocytic DRD1 modu-
lates anxiety-like behavior in these mice. Moreover, CKO*ST mice
spent increased amounts of time in the open arms (Fig. 6D and E)
and made more crosses of the open arms (Fig. 6F) in the EPM test,
further confirming the anxiolytic-like phenotype of CKO*ST mice.

Compared with control mice, CKO®T mice displayed a
significantly decreased immobile time in the forced swimming test
(FST) compared to control mice (Fig. 6G and H) but no change in
consumption of sucrose water in the sucrose preference test
(Supporting Information Fig. S18). Next, we also observed
working memory impairment in CKO*ST mice, as evidenced by a
decrease in spontaneous alternation performance in the Y-maze
test (Fig. 61 and J). In summary, CKO*ST mice displayed
anxiolytic-like behavior, reduced passive coping response, and
impaired cognitive functions.

To determine the necessity of the mPFC in the behavioral
abnormalities observed in CKO™ST mice, we used AAV-
GfaABCID-Cre to locally knock out astrocytic Drdl in the
mPFC of Drd "% mice, and we conducted a series of behav-
ioral tests (Fig. 6K—M). In the OFT, Cre mice spent more time in
the center area without changes in total distance traveled
(Fig. 6N—P). In the EPM test, Cre mice spent more time in the
open arms (Fig. 6Q and R). In the FST, Cre mice exhibited a
significant reduction in immobile time (Fig. 6S). In the Y-maze
test, Cre mice presented a marked decrease in spontaneous alter-
nation performance (Fig. 6T). These results indicate that astrocytic
DRDI1 in the mPFC are necessary for the regulation of anxiety-
like behavior, passive coping responses, and cognitive function.

To investigate whether the increased D-serine levels in the
mPFC may contribute to those behavioral changes in CKO*ST

mice, control and CKO™T mice received local injections of

DAAO (0.1 unit/uL’®) in the mPFC daily for two days before the
experiment (Fig. 7A and B). The results showed that DAAO-
treatment rescued anxiolytic-like behaviors and reduced passive
coping response (Fig. 7C—G, Supporting Information Fig. S19).
Additionally, treatment with DAAO eliminated the differences in
Y-maze performance between CKO mice and control mice
(Fig. 7H). These data suggest that p-serine contributes to behav-
ioral modulation by the astrocytic DRD1.

In summary, our findings demonstrate that DRD1 on astrocytes
in the PFC regulates excitatory synaptic transmission and synaptic
plasticity by modulating extracellular levels of p-serine, which in
turn affects emotional and cognitive functions (Fig. 7).

4. Discussion

Dopamine is a key neuromodulator that regulates synaptic trans-
mission and plasticity in the mPFC. In this study, we found that
knockout of Drdl on astrocytes increased glutamatergic trans-
mission and synaptic plasticity at the cellular level in the mPFC,
and led to anxiolytic behavior, reduced passive coping responses,
and impaired cognitive function at the behavioral level. In vivo
microdialysis revealed elevated p-serine levels in the mPFC of
astrocytic DRD1 knockout mice. Importantly, these cellular and
behavioral changes were reversed by D-serine degrease treatment.
Our findings demonstrate that astrocytic DRD1 in the PFC is
crucial for regulating synaptic transmission and plasticity, as well
as higher brain functions through p-serine.

Although DRDI is also expressed on pyramidal neurons, we
did not observe significant changes in spontaneous excitatory
synaptic transmission in CKOP'® mice. This finding may be
explained by two factors. First, because electrophysiological re-
cordings of coronal brain slices were performed, some neuronal
terminals might have been severed during preparation. If DRD1-
expressing pyramidal neurons are located presynaptically, this
technical limitation may mask changes. Second, less than half of
the pyramidal neurons in the mPFC express Drd1>”"". If DRDI1-
expressing pyramidal neurons are located postsynaptically, the
limited proportion of these neurons may reduce the detectability
of functional changes. Thus, we cannot rule out a regulatory role
for DRD1 on pyramidal neurons in synaptic transmission.

The role of astrocytic DRDI in regulating Ca®" signaling has
been debated. In juvenile mice, dopamine influences astrocytic
Ca®" signaling mainly through nondopaminergic receptors®*.
However, in adult mice, dopamine D1 and D2 receptors mediate
this regulation’®. Notably, DRD1 antagonists block dopamine-
induced Ca>" level elevations in astrocytes’®, which is consistent
with our pharmacological experiment results and observations in
adult transgenic mice (Fig. 1). Therefore, astrocytic DRDI1 con-
tributes to the regulation of astrocytic Ca>" signaling in adult mice.

D-Serine, a key gliotransmitter, regulates synaptic transmission
and plasticity®®®>7, as well as systemic functions such as
cognition®®, wakefulness®', and the breathing response®’. How-
ever, the upstream mechanisms controlling p-serine release remain
unclear. Our study shows that astrocytic DRD1 regulates pD-serine
levels, likely by modulating serine racemase activity and vesicular
release mechanisms.

PreNMDARs facilitate glutamate release at excitatory synap-
ses®83 with p-serine serving as an essential coagonist®. We
found that astrocytic DRD1 regulates extracellular p-serine,
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Figure 6  Astrocytic DRD1 in the mPFC modulates emotional and cognitive behaviors. (A—C) CKO*ST mice exhibited an anxiolytic phenotype
compared to control mice in the open field test (OFT). (A) The representative heatmaps of two groups of mice in the OFT. Total distance (B) and
time in center (C) from control and CKO*ST mice in the OFT. n = 11 mice from each group. C, Unpaired # test, ¢t = 3.47, df = 20, P = 0.0024.
(D—F) CKO*ST mice exhibited an anxiolytic phenotype in the elevated plus maze (EPM) test. (D) The representative heatmaps of two groups of
mice in the EPM test. Time in open arms (E) and entries in open arms (F) from control and CKO™ST mice in the EPM test. n = 9 mice from each
group, E, Unpaired ¢ test, t = 2.545, df = 16, P = 0.0216, F, Unpaired ¢ test, t = 2.164, df = 16, P = 0.0459. (G) Schematic of the forced
swimming test (FST). (H) CKO*ST mice exhibited a reduced passive coping response in the FST. n = 14 control mice and n = 16 CKO*ST mice,
Unpaired ¢ test, t = 4.177, df = 28, P = 0.0003. (I) Schematic of the Y-maze test. (J) CKOAST mice demonstrated a diminished capacity for
alternation in the Y-maze test. n = 17 control mice and n = 18 CKO*ST mice, Unpaired ¢ test, + = 2.706, df = 33, P = 0.0107. (K—-L)
Schematic diagram of virus injection into the mPFC and experimental workflow. Con virus: AAV2/5-GfaABC1D-EGFP; Cre virus: AAV2/5-
GfaABC1D-Cre-EGFP. (M) A representative image showing viral infection in the mPFC. (N) The representative heatmaps of two groups of
mice in the OFT. (O, P) Cre mice exhibited anxiolytic-like behavior compared to con mice in the OFT. Total distance (O) and time in center
(P) from Con and Cre mice in the OFT. n = 12 mice from each group. P, Unpaired ¢ test with Welch’s correction, t = 2.556, df = 16.67,
P = 0.0207. (Q) The representative heatmaps of two groups of mice in the EPM test. (R) Comparison of open arms time in the EPM test from
Con and Cre mice. Unpaired ¢ test, t = 2.375, df = 22, P = 0.0267. (S) Immobile time in the FST from Con and Cre mice. Unpaired ¢ test,
t = 4.266, df = 22, P = 0.0003. (T) Alternation in the Y-maze test from Con and Cre mice. Unpaired ¢ test, r = 2.473, df = 22, P = 0.0216.
Statistical details are in the supplementary table. Data represent mean & SEM, *P < 0.05, **P < 0.01, ***P < 0.001. CKO"S™, astrocyte-specific
Drdl knockout mice.



4706 Yanan Yin et al.

Figure 7  Astrocytic DRDI in the mPFC modulates emotional and cognitive behaviors through p-serine. (A, B) Experimental workflow and
schematic diagram of DAAO (p-amino acid oxidase, 0.1 unit/uL, 0.5 pL/side) injection into the mPFC. (C) The representative heatmaps of two
groups of mice in the open field test (OFT). (D) Time in center from control and CKO?ST mice in the OFT after ACSF or DAAO injection into the
mPFC. Control + ACSF: n = 12 mice, CKO*ST + ACSF: n = 10 mice, Control + DAAO: n = 11 mice, CKO”ST + DAAO: n = 11 mice.
Control + ACSF vs CKO*ST + ACSF: Mann-Whitney test, U = 27.5, P = 0.0309; CKO*ST 4+ ACSF vs CKO*ST + DAAO: Mann-Whitney test,
U = 18, P = 0.0079. (E) The representative heatmaps of two groups of mice in the elevated plus maze (EPM) test . (F) Comparison of open arms
time in the elevated plus maze after ACSF or DAAO injection into the mPFC in control and CKO*S" mice. Control + ACSF: n = 14 mice,
CKO*T + ACSF: n = 12 mice, Control + DAAO: n = 14 mice, CKO**" + DAAO: n = 11 mice. Control + ACSF vs CKO*ST + ACSF:
Unpaired # test, 7 = 3.5, df = 24, P = 0.0018; CKO*ST + ACSF vs CKO*®T ++ DAAO: Unpaired ¢ test, t = 3.207, df = 21, P = 0.0042. (G)
Immobile time in the forced swimming test (FST) after ACSF or DAAO injection into the mPFC from control and CKO*ST mice.
Control + ACSF: n = 11 mice, CKO**™ + ACSF: n = 13 mice, Control + DAAO: n = 16 mice, CKO*T + DAAO: n = 15 mice.
Control + ACSF vs CKO”ST 4~ ACSF: Unpaired ¢ test, 7 = 3.217, df = 22, P = 0.004; CKO*ST -+ ACSF vs CKO*5T 4 DAAO: Mann Whitney
test, U = 26, P = 0.0006. (H) Alternation in the Y-maze test after ACSF or DAAO injection into the mPFC from control and CKOAST mice.
Control + ACSF: n = 19 mice, CKO*S" + ACSF: n = 21 mice, Control + DAAO: n = 19 mice, CKO*S" + DAAO: n = 15 mice.
Control + ACSF vs CKO"T + ACSF: Unpaired ¢ test, t = 2.982, df = 38, P = 0.005; Control + ACSF vs Control + DAAO: Unpaired ¢ test,
t = 2.847, df = 36, P = 0.0072. (I) We hypothesize that the downregulation of DRD1 on astrocytes in the prefrontal cortex leads to an increase
in extracellular levels of p-serine, which in turn enhances excitatory synaptic transmission and synaptic plasticity, ultimately resulting in
behavioral changes such as anxiolytic-like behavior, reduced passive coping response, and impaired cognitive function. Statistical details are in
the supplementary table. Data represent mean + SEM, *P < 0.05, **P < 0.01, ***P < 0.001. DRD1, dopamine D1 receptor, CKO*S?, astrocyte-
specific Drdl knockout mice.
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thereby modulating excitatory transmission through preNMDARs.
Although recordings were conducted at physiological Mg*"
levels, which typically block NMDARs at resting membrane po-
tential, preNMDARSs might be Mg-insensitive due to their unique
subunit composition (e.g., NR2C, NR2D, or NR3 subunits)®>%6.
Prior studies have functionally validated the presence of presyn-
aptic NMDARSs in cortical neurons®’, and the cortex expresses
NR2C, NR2D, and NR3 receptor subunits®*®°, suggesting that
presynaptic NMDARs may be insensitive to Mg>" blockade®".
Under the high-frequency stimulation used to induce LTP, Mg>*
can be expelled from postsynaptic NMDARs by depolarization,
allowing p-serine to act on these activated receptors and contribute
to the regulation of synaptic plasticity.

At the cellular level, reducing p-serine diminished excitatory
synaptic transmission in control mice (Fig. 31 and J), but did not
significantly alter emotional behavior (Fig. 7C—G). In contrast,
CKO™ST mice exhibited both increased synaptic transmission and
emotional abnormalities mediated by elevated p-serine levels.
These findings suggest that emotional behavior may be more
sensitive to elevated p-serine levels than to reduced p-serine levels
in the mPFC. Interestingly, while increased LTP is typically
associated with improved memory, knockout of astrocytic Drdl
increased LTP but impaired cognitive performance. Consistently,
prior studies have reported that excessive LTP in the mPFC®?,
amygdala®, and hippocampus®*®° is associated with cognitive
impairment. How changes at the cellular level affect outcomes at
the behavioral level is currently unclear, but several possibilities
may account for this phenomenon. First, the bidirectional regu-
lation of synaptic strength-comprising both potentiation and sup-
pression within a limited range-serves to maintain homeostasis,
enhance storage capacity, reduce errors, and constrain the number
and strength of potentiated synapses within an optimal window for
memory storage”®“®. Accordingly, moderate and physiologically
enhanced synaptic plasticity is commonly associated with
improved performance in cognitive tasks. However, when synaptic
plasticity is excessively potentiated beyond the capacity of ho-
meostatic regulation, this may impair the encoding and retrieval of
information, manifesting behaviorally as learning deficits®>*°.
Second, while LTP is known to be NMDAR-dependent, some
researchers propose that sustained activation of NMDAR-distinct
from the transient activation observed during learning-may in-
crease synaptic “noise” and thereby disrupt cognitive function®”.
Therefore, it is possible that aberrantly enhanced LTP and
increased NMDAR activity in the CKO*ST mice may impair the
acquisition and storage of new information. Notably, reducing p-
serine levels abolished LTP induction (Fig. 3K) and impaired
cognition (Fig. 7H), suggesting that both excessively high and low
D-serine levels can cause cognitive dysfunction.

Given the widespread distribution and multiple roles of dopa-
mine receptors, dysfunctions of the dopamine system have been
implicated in various psychiatric disorders, including depression,
schizophrenia, autism, attention deficit disorders, anxiety
disorders'%1%2 and cognitive disorders'®. DRDI is the most
abundant dopamine receptor subtype, and their availability is
reduced in patients with anxiety and major depressive disorders'®'.
Although previous studies have shown that DRD1 in the PFC
regulates emotional and cognitive functions'®'%, few studies
have examined specific cell types, investigated the role of glial
cells, or elucidated the underlying molecular mechanisms
involved. Our study is the first to demonstrate that DRD1 on
cortical glial cells regulates higher-order brain functions via

D-serine, and therefore, these findings may provide new potential
targets for the treatment of mental disorders.

5. Conclusions

We found that DRD1 on astrocytes in the PFC regulates excitatory
synaptic transmission, synaptic plasticity, and emotional and
cognitive functions by modulating p-serine levels. Our findings
not only increase our understanding of the function of catechol-
amine receptors on astrocytes but also offer new potential avenues
for the treatment of emotional and cognitive disorders.
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