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AD pathology, neuroinflammation, and rescues 
synaptic/cognitive functions by modulating 
DRD1 signaling or directly binding to Abeta
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Abstract 

Background  We recently reported that the dopamine (DA) analogue CA140 modulates neuroinflammatory 
responses in lipopolysaccharide-injected wild-type (WT) mice and in 3-month-old 5xFAD mice, a model of Alzhei-
mer’s disease (AD). However, the effects of CA140 on Aβ/tau pathology and synaptic/cognitive function and its 
molecular mechanisms of action are unknown.

Methods  To investigate the effects of CA140 on cognitive and synaptic function and AD pathology, 3-month-old WT 
mice or 8-month-old (aged) 5xFAD mice were injected with vehicle (10% DMSO) or CA140 (30 mg/kg, i.p.) daily for 10, 
14, or 17 days. Behavioral tests, ELISA, electrophysiology, RNA sequencing, real-time PCR, Golgi staining, immunofluo-
rescence staining, and western blotting were conducted.

Results  In aged 5xFAD mice, a model of AD pathology, CA140 treatment significantly reduced Aβ/tau fibrillation, Aβ 
plaque number, tau hyperphosphorylation, and neuroinflammation by inhibiting NLRP3 activation. In addition, CA140 
treatment downregulated the expression of cxcl10, a marker of AD-associated reactive astrocytes (RAs), and c1qa, 
a marker of the interaction of RAs with disease-associated microglia (DAMs) in 5xFAD mice. CA140 treatment also sup-
pressed the mRNA levels of s100β and cxcl10, markers of AD-associated RAs, in primary astrocytes from 5xFAD mice. 
In primary microglial cells from 5xFAD mice, CA140 treatment increased the mRNA levels of markers of homeostatic 
microglia (cx3cr1 and p2ry12) and decreased the mRNA levels of a marker of proliferative region-associated micro-
glia (gpnmb) and a marker of lipid-droplet-accumulating microglia (cln3). Importantly, CA140 treatment rescued 
scopolamine (SCO)-mediated deficits in long-term memory, dendritic spine number, and LTP impairment. In aged 
5xFAD mice, these effects of CA140 treatment on cognitive/synaptic function and AD pathology were regulated 
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by dopamine D1 receptor (DRD1)/Elk1 signaling. In primary hippocampal neurons and WT mice, CA140 treatment 
promoted long-term memory and dendritic spine formation via effects on DRD1/CaMKIIα and/or ERK signaling.

Conclusions  Our results indicate that CA140 improves neuronal/synaptic/cognitive function and ameliorates Aβ/tau 
pathology and neuroinflammation by modulating DRD1 signaling in primary hippocampal neurons, primary astro-
cytes/microglia, WT mice, and aged 5xFAD mice.

Keywords  CA140, Dopamine D1 receptor, Learning and memory, LTP, Aβ, Tau, Reactive gliosis

Background
Extracellular senile plaque (SP) deposition and intraneu-
ronal neurofibrillary tangle (NFT) accumulation are the 
predominant pathophysiological hallmarks of Alzhei-
mer’s disease (AD) [1]. SPs are aggregates of misfolded 
amyloid-β (Aβ), and NFTs are composed of abnormally 
hyperphosphorylated microtubule-associated tau pro-
teins [1]. The accumulation of SPs and NFTs begins in 
the entorhinal cortex and hippocampus, brain regions 
associated with memory processing, and the resulting 
axonal deterioration, decreased dendritic spine density, 
neuronal loss, and weakened synaptic strength lead to 
cognitive dysfunction [2]. Under pathological conditions, 
SPs accelerate the transition of homeostatic microglia to 
disease-associated microglia (DAMs), neurodegenerative 
phenotype microglia (MGnDs), and lipid-droplet-accu-
mulating microglia (LDAMs) and the transition of naïve 
astrocytes to AD-associated reactive astrocytes (RAs) 
[3–5]. The interaction of DAMs/MGnDs with RAs exac-
erbates neuroinflammatory dynamics, a key mechanism 
of the pathoprogression of neurodegenerative diseases, 
including AD. Therefore, small molecules that prevent 
harmful interactions of Aβ and tau with the cellular envi-
ronment and SP- or NFT-mediated neuroinflammation 
may have therapeutic value for AD [6].

Dopamine (DA) receptors (DRD1-5) are distributed 
throughout the hippocampus during hippocampal for-
mation, and DA signaling modulates learning, memory, 
and dendritic spine formation [7–9]. Brain levels of DA 
and its receptor DRD1/DRD2 are lower in AD patients 
than in healthy controls, and supplementation with DA 
precursors or agonists rescues synaptic and cognitive 
function [10, 11]. In medium spiny neuronal cultures, 
DA promotes dendritic spine formation via DRD1 and 
DRD2 and participates in dendritic spine enlargement 
and structural plasticity [12]. Pharmacological activa-
tion of DRD1 enhances recognition memory in rats [13], 
and DRD1/5 activation in the rat hippocampus promotes 
initial and novel memory consolidation [14]. DRDs 
expressed on glial cells function in anti-inflammation by 
downregulating microgliosis and astrocytic activation; 
accordingly, DA regulates neuroinflammation in neuro-
degenerative diseases [15]. For example, the DA precur-
sor levodopa attenuates LPS- or α-synuclein-mediated 

NLRP3 inflammasome activation in human microglial 
cultures [16]. Collectively, these observations suggest 
that DA and DRDs play important roles in synaptic and 
cognitive function and neuroinflammatory responses.

In a direct application of these findings, we recently 
designed and synthesized the DA analogue CA140 by 
introduction of a 2-(methylamino) benzoyl group  to the 
amine in DA [17]. CA140 penetrates the blood–brain bar-
rier (brain:plasma concentration ratio = 1.91 ± 0.22) and 
inhibits neuroinflammatory responses in LPS-injected 
wild-type (WT) mice and in 3-month-old 5xFAD mice 
[17]. However, the effects of CA140 on synaptic/cogni-
tive function and AD pathology under normal and patho-
logical conditions have not been examined. In the present 
study, we aimed to investigate these effects and their 
molecular mechanisms of action in vitro and in vivo. We 
found that CA140 directly bound Aβ aggregates in vitro. 
In aged 5xFAD mice, CA140 treatment decreased Aβ/tau 
fibrillation; Aβ plaque number; tau hyperphosphoryla-
tion; microgliosis/astrogliosis; and the expression of the 
neuroinflammation molecular target NLRP3, a marker 
of AD-associated reactive astrocytes (cxcl10), and a 
marker of the interaction of RAs with disease-associated 
microglia (DAMs; c1qa). In primary astrocytes (PACs) 
and primary microglial cells (PMCs) from 5xFAD mice, 
CA140 treatment suppressed the mRNA levels of mark-
ers of AD-associated RAs (s100β and cxcl10), prolif-
erative region-associated microglia (PAMs; gpnmb) and 
lipid-droplet-accumulating microglia (LDAMs; cln3) and 
increased the mRNA levels of markers of homeostatic 
microglia (cx3cr1 and p2ry12). More importantly, CA140 
treatment attenuated memory impairment, dendritic 
spine loss and LTP impairment in aged 5xFAD mice by 
modulating DRD1/Elk1 signaling. We then investigated 
the effects of CA140 on synaptic/cognitive function under 
normal conditions and found that CA140 treatment 
improved synaptic and cognitive function through DRD1/
CaMKIIα and/or ERK signaling in primary hippocampal 
neurons and WT mice. Taken together, our data indicate 
that the dopamine analogue CA140 modulates synaptic/
cognitive function, AD pathologies, reactive gliosis, and 
neuroinflammatory responses through DRD1 signaling in 
primary hippocampal neurons, PACs, PMCs, WT mice, 
and aged 5xFAD mice.
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Methods
Mouse studies
All in  vivo experiments were performed in accord-
ance with approved animal protocols and guidelines 
established by the Korea Brain Research Institute 
(IACUC-2016-0013, IACUC-2018-0018) and UNIST 
(UNISTIACUC-20-18). Male C57BL6/N mice were used 
as WT mice, and F1 generation 5xFAD transgenic (Tg) 
mice were used as the mouse model of AD.

Wild‑type mice
Male C57BL6/N mice (3 months old, 25–30 g) were pur-
chased from Orient-Bio Company (Gyeonggi-do, South 
Korea) and housed in a pathogen-free facility under a 
12-h light/dark cycle at an ambient temperature of 22 °C. 
To investigate whether CA140 modulates cognitive/syn-
aptic function and its molecular mechanisms of action 
under normal conditions, WT mice were injected with 
vehicle (10% DMSO) or CA140 (30 mg/kg, i.p.) daily for 
10, 14, or 17 days. CA140 was synthesized as described 
previously [17], and all mice were randomly assigned to 
treatment groups. An independent researcher blinded to 
the experiments quantified all in vivo results.

5xFAD mice (mouse model of AD)
To ensure the integrity of the genetic back-
ground [18], F1 generation 5xFAD transgenic (Tg) 
mice (stock #34848-JAX, B6Cg-Tg APPSwFlLon, 
PSEN1*M146L*L286V6799Vas/Mmjax) were purchased 
from Jackson Laboratory. Only male mice were used to 
minimize bias caused by hormonal fluctuations in female 
AD mice. To examine the effects of CA140 on cognitive 
and synaptic function and AD pathologies and its molec-
ular mechanisms of action under pathological condi-
tions, 8-month-old 5xFAD mice were injected daily with 
vehicle (10% DMSO) or CA140 (30 mg/kg, i.p.) for 14 or 
17 days. Behavioral experiments and tissue analysis were 
subsequently conducted.

Cell lines and cAMP assay
To determine whether CA140 acts as a DRD1 agonist 
or antagonist, we used HEK293 cells, which have high 
transfection efficiency for plasmid DNA [19]. HEK293 
cells were maintained in Opti-MEM® (Invitrogen) with 
10% fetal bovine serum (FBS, Life Technologies, Inc.) in 
a 5% CO2 incubator, seeded in 12-well plates (30 × 104 
cells/well), and transiently transfected with eGFP-tagged 
DRD1 constructs or control constructs using FuGENE® 
6 (Roche). Twenty-four hours after transfection, the 
HEK293 cells were washed with serum-free media and 
treated with a DRD1 antagonist (LE300, 10 μM) or vehi-
cle (DMSO) for 30  min. The HEK293 cells were then 
treated with a DRD1 agonist (A77636, 5  μM), DA (10 

or 100  μM), CA140 (10, 50, or 100  μM), or vehicle (1% 
DMSO) for 1  h, followed by resuspension in 200 μL of 
0.1 M HCl buffer and incubation for 10 min at room tem-
perature (RT). The cell lysates were centrifuged (600×g) 
for 10 min at 4 °C to remove cellular debris. The superna-
tant was used to measure cAMP levels using the cAMP 
complete ELISA kit according to the manufacturer’s rec-
ommendations (Enzo Life Sciences, Farmingdale, NY, 
USA).

Primary neuronal culture, transfection, 
and immunocytochemistry (ICC)
Primary cortical neurons (PCNs) from embryonic day 
(E) 16 Swiss–Webster mice were prepared as previ-
ously described [20]. In addition, primary hippocampal 
neurons (PHNs) from E19 Sprague–Dawley rats were 
cultured at 150 cells/mm2 as previously described with 
minor modifications [21]. Briefly, the hippocampus was 
dissected from the brain, washed in dissection dissocia-
tion medium (DDM), and dissociated with trypsin. The 
PHNs were plated on poly-d-lysine-coated coverslips in 
MEM containing 10% fetal bovine serum, 1  mM pyru-
vate, 2  mM l-alanyl-l-glutamine dipeptide, and 0.45% 
glucose. Two hours after plating, the DDM was replaced 
with neurobasal medium supplemented with B27, Ara-C 
(0.5  μM), and 2  mM l-alanyl-l-glutamine dipeptide. 
Twice weekly, one-half of the medium was replaced with 
fresh maintenance medium. At DIV 13 or 20, the PHNs 
were transfected with GFP using Lipofectamine 2000 
(Invitrogen, Carlsbad, CA, USA).

For GFP transfection, 1 μL of Lipofectamine 2000 was 
diluted in 25 μL of neurobasal medium and incubated at 
RT for 5 min. GFP plasmid DNA (2 μg) was also diluted 
in 25 μL of neurobasal medium and incubated at RT for 
5  min. The diluted Lipofectamine 2000 and GFP DNA 
were then mixed and incubated at RT for 30 min in the 
dark. Finally, the Lipofectamine 2000/GFP DNA mix-
ture (50  μL) was added to each well containing PHNs. 
Twenty-four hours after transfection, the PHNs were 
treated with vehicle (1% DMSO) or CA140 (1 or 5 μM) 
for 24  h to examine the effects of CA140 on synaptic 
function. The neurons were then fixed for 10 min in 4% 
paraformaldehyde (PFA) at RT or methanol at − 20  °C, 
followed by immunostaining with antibodies against 
spinogenesis-related molecules (i.e., DRD1, synapto-
physin, PSD-95, p-ERK, and p-CaMKIIα) in GDB buffer 
(0.1% gelatin, 0.3% Triton X-100, 16  mM sodium phos-
phate pH 7.4, 450  mM NaCl) overnight. The cells were 
then immunostained with Alexa Fluor 555- and 488-con-
jugated secondary antibodies for 2  h. Detailed informa-
tion on the primary and secondary antibodies is provided 
in Table 2. Images were acquired with an LSM 510 laser 
scanning confocal microscope (Zeiss). Confocal z-stack 
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image stacks encompassing entire dendrite segments 
were analyzed using MetaMorph software (Universal 
Imaging Corporation, Downingtown, PA, USA).

Preparation of cultures of primary astrocytes and primary 
microglia from 5xFAD mice
To investigate the effect of CA140 on the reactive state of 
glial cells in an in vitro model of AD, mixed glial cultures 
were prepared from 5xFAD pups at postnatal days 1–2 as 
previously described with modifications [22, 23]. Briefly, 
the pups were genotyped using genomic DNA extracted 
from tail snips. Then, whole brains from 5xFAD pups 
were filtered through 70-μm nylon mesh and cultured 
in low-glucose DMEM with 10% FBS, 100 U/mL peni-
cillin, and 100 μg/mL streptomycin. The mixed glial cul-
tures were maintained in a 5% CO2 incubator at 37 °C for 
3 weeks. To obtain PACs from 5xFAD mice, 75 T flasks 
containing mixed glial cells were shaken at 250 rpm on 
a rotary shaker at RT overnight. The conditioned culture 
medium was then discarded, and the cells were dissoci-
ated with 0.25% trypsin–EDTA and centrifuged at 2000 
rpm for 10 min. After centrifugation, the pellet (PACs) 
was collected and used for experiments. To isolate PMCs 
from 5xFAD mice, mixed glial cells were treated with 
mild trypsin digestion (0.5  M EDTA, 1  M CaCl2, and 
0.25% trypsin–EDTA in low-glucose DMEM with 1% 
penicillin and streptomycin) for 40 min in a 37 °C incu-
bator. After removing the astrocyte layer, the PMCs were 
dissociated with trypsin–EDTA (0.25%) and centrifuged 
twice at 2000 rpm for 10 min. Finally, the pellet (PMCs) 
was collected and used for experiments.

Aβ and tau inhibition assays
Expression and purification of 2N4R tau
Escherichia coli BL21-CodonPlus (DE3) cells were trans-
formed with a pET29b plasmid encoding human tau 
(2N4R isoform, 441 residues) and grown at 37 ℃ in LB 
medium containing kanamycin (50  mg/mL). Protein 
expression was induced by adding 0.5 mM isopropyl β-d-
thiogalactopyranoside (IPTG) at an OD600 of 0.5, and the 
cells were further grown at 37 ℃ for 4 h. The cells were 
harvested by centrifugation and disrupted by sonication 
in lysis buffer (20 mM Tris–HCl, 500 mM NaCl, 1 mM 
MgCl2, 5 mM DTT, 1 mM EDTA, pH 6.8). The lysate was 
boiled for 30 min and then centrifuged at 18,000 rpm for 
50  min. The supernatant was diluted and loaded onto 
a cation exchange column (HiTrap SP HP, GE Health-
care Life Sciences) equilibrated with 20  mM Tris–HCl 
(pH 6.8) containing 50  mM NaCl, 1  mM MgCl2, 2  mM 
DTT, 1  mM EDTA, and 0.2  mM PMSF. Tau proteins 
were eluted with a salt gradient (100 mM to 1 M NaCl). 
Further purification was performed on a HiLoad 16/600 
Superdex 200 prep-grade column (GE Healthcare Life 

Sciences) eluted with PBS buffer. The purified tau protein 
was concentrated by ultrafiltration (Amicon, 10 kDa cut-
off, Millipore).

Estimating the binding of CA140 to aggregated Aβ42
Aggregated Aβ was prepared from commercially avail-
able monomers (GenScript USA, Inc.) using a previ-
ously reported protocol [24]. The binding of CA140 to 
aggregated Aβ was measured according to a previously 
described assay [25]. Briefly, 300 µL of solution contain-
ing a specific concentration of CA140 in 1% DMSO in 
Milli-Q water was incubated with or without 30  µg of 
aggregated Aβ to give a final solution volume of 330 µL. 
The incubations were performed in duplicate and allowed 
to reach equilibrium overnight at RT. The next day, the 
solution was centrifuged for 20 min at 16,000×g and 4 °C. 
The supernatant was removed, and the pellet was resus-
pended in 330 µL of fresh 1% DMSO in Milli-Q water. 
Three 100-µL aliquots of each solution were pipetted into 
separate wells of a black 96-well microplate, and fluores-
cence was measured in a microplate reader (Molecular 
Devices SpectraMax i3x Multi-Mode Microplate Reader) 
with an excitation wavelength of 330  nm and emission 
of 450  nm. The observed fluorescence of CA140 in the 
presence of Aβ was reported as the fluorescence inten-
sity measured after subtracting the fluorescence intensity 
of samples containing the same amount of CA140 but no 
Aβ. The averages of each run were plotted with the error 
bars representing the standard deviation from the mean. 
The data were fit to the one-site specific binding algo-
rithm to determine Kd: Y = Bmax × X/(Kd + X), where X  is 
the concentration of CA140 (in µM),  Y  is the observed 
fluorescence intensity, and  Bmax  is the maximal observ-
able fluorescence upon binding of CA140  to aggregated 
Aβ.

Preparation of solutions of Aβ42 and tau
A stock solution of monomeric Aβ42 was prepared as 
previously described [26]. Briefly, lyophilized Aβ42 pur-
chased from Peptide Institute, Inc. (Osaka, Japan) was 
dissolved in chilled 10 mM NaOH at ~ 200 μM and soni-
cated in a cold-water bath for 15  s. The peptide solu-
tion was ultracentrifuged for 1  h at 40,000  rpm and 
4  °C to remove large precipitates. The concentration of 
Aβ42 monomers was determined by measuring the UV 
absorbance at 280  nm using a molar extinction coef-
ficient of 1490  M−1  cm−1. Buffer exchange of the stock 
solution of 2N4R tau against 20 mM sodium phosphate 
buffer (pH 7.5) was performed using PD-10 columns 
(GE Healthcare Life Sciences, Massachusetts, USA). The 
concentration of tau was determined by measuring the 
absorbance at 280 nm with a molar extinction coefficient 
of 7,575 M−1 cm−1.
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Thioflavin T (ThT) fluorescence assay
The ThT fluorescence assay was used to monitor amyloid 
fibrillation of Aβ42 and 2N4R tau at 37 °C. The following 
sample solutions were prepared: (1) 5 μM Aβ42, 20 mM 
sodium phosphate buffer (pH 7.5), and 5  μM ThT with 
and without 5, 25, 50, and 100 μM CA140; (2) 30 μM tau, 
20 mM sodium phosphate buffer (pH 7.5), 1 mM TCEP, 
30 μM heparin, and 5 μM ThT with and without 150 and 
600 μM CA140. Each sample solution (100 μL) was pipet-
ted in quadruplicate into wells of a low-binding 96-well 
plate (Corning, Kennebunk, ME, USA), and the plate was 
firmly sealed. The kinetic profiles of Aβ42 amyloid aggre-
gation were monitored under quiescent conditions, while 
tau amyloid formation was observed under continuous 
shaking. ThT fluorescence intensity was recorded in a 
SpectraMax iD3 microplate reader (Molecular Devices 
LLC., San Jose, CA, USA) using excitation and emission 
wavelengths of 445 and 490 nm, respectively.

Behavioral tests
To assess the effects of CA140 on cognitive function 
under normal and pathological conditions, WT mice, a 
mouse model of amnesia induced by scopolamine (SCO) 
injection, and 5xFAD mice were treated with vehicle (10% 
DMSO) or CA140 (30 mg/kg, i.p.), and Y-maze and novel 
object recognition tests were performed. The Y-maze 
test evaluates short-term spatial memory. The Y-maze 
consisted of three arms (35 cm × 7 cm × 15 cm) at angles 
of 120°. To conduct the test, a mouse was placed in one 
arm of the maze and allowed to explore freely for 5 min. 
Spontaneous alternations among the arms were recorded 
and analyzed using a video camera connected to tracking 
software (Ethovision XT, Noldus, Wageningen, Nether-
lands), and the percentage of alternations was calculated 
by dividing the number of alternations by the number of 
alternation triads. To analyze recognition and long-term 
memory, the novel object recognition (NOR) test was 
used. The apparatus for this test consisted of an open-
field box (40  cm × 40  cm × 25  cm). First, each mouse 
was placed in the apparatus with two identical objects 
for 5 min as the training phase. Twenty-four hours later, 
the retention testing phase was performed by placing the 
mouse in the same apparatus with one of the previously 
encountered objects and one novel object for 5 min. The 
locations of the two objects in the arena were counter-
balanced, and between trials, odor cues were eliminated 
by carefully cleaning the apparatus and objects with 70% 
ethanol. Each trial was recorded, and the exploration 
time was manually quantified. Exploratory behavior was 
defined as pointing of the mouse’s nose toward an object. 
The novel object preference (%) was calculated from 
the exploration times of the novel and familiar objects: 
Object preference [%] = (TNovel/[TFamiliar + TNovel]) × 100.

AAV‑DRD1 shRNA injection
To examine whether CA140 regulates cognitive function 
in a DRD1-dependent manner under normal conditions, 
adeno-associated viral (AAV) vectors expressing shDRD1 
under the control of the U6 promoter (AAV-eGFP-
U6-mDRD1a-shRNA, 1.0 × 1012 genome copies [GC]/
mL) and control AAV expressing GFP (AAV-eGFP-U6-
shRNA) were purchased from Vector Biolabs (Malvern, 
PA, USA). Male WT mice (3 months old, 25–30 g) were 
anesthetized with 2,2,2-tribromoethanol (Sigma Aldrich, 
St. Louis, MO, USA, 2.5% v/v, 150 mg/kg, i.p.) and placed 
in a stereotaxic apparatus (Stoelting, Wood Dale, Illinois, 
USA). Next, the AAVs were injected bilaterally into the 
hippocampal CA1 region in a volume of 0.5 μL at a flow 
rate of 0.1 μL/min using a 10-μL Hamilton syringe and 26 
G needle. The stereotaxic coordinates of the hippocam-
pal CA1 injection site were − 1.7 mm anterior/posterior 
(AP), ± 1.4  mm medial/lateral (ML), and − 1.5  mm dor-
sal/ventral (DV) from the bregma. The surgery was per-
formed 7 days before beginning the treatment regimen of 
daily administration of CA140 (30 mg/kg, i.p.) or vehicle 
(10% DMSO) for 14 days. The behavioral tests were con-
ducted on days 15 to 17 after beginning the treatment 
regimen.

To examine whether CA140 regulates cognitive func-
tion in a DRD1-dependent manner under pathological 
conditions, 8-month-old 5xFAD mice were injected with 
AAV-eGFP-U6-shRNA or AAV-eGFP-U6-mDRD1a-
shRNA in the bilateral hippocampal CA1 region in 
a volume of 1.0 μL at a flow rate of 0.3 μL/min. The 
coordinates were − 2.0  mm (AP), ± 1.5  mm (ML), and 
− 1.55 mm (DV) from the bregma. The surgery was per-
formed 21 days before beginning the treatment regimen 
of daily administration of CA140 (30 mg/kg, i.p.) or vehi-
cle (10% DMSO) for 14 days. Behavioral tests were per-
formed on days 15 to 17 after beginning the treatment 
regimen.

Golgi staining and morphological analysis of dendritic 
spines
To evaluate the effects of CA140 on dendritic spine for-
mation in vivo, we conducted Golgi staining using an FD 
Rapid GolgiStain Kit (FD Neurotechnologies, Ellicott 
City, MD, USA) as described previously [27–29]. Briefly, 
vehicle- or CA140-injected WT and 5xFAD mice were 
submerged in Solutions A and B for 2 weeks in the dark 
and then transferred to Solution C for 24 h. Solution C 
was replaced after the first 24 h. Individual mouse brains 
were sliced at a thickness of 150  µm using a VT1000S 
Vibratome (Leica, Bannockburn, IL, USA). Den-
dritic images were acquired with an Axioplan 2 (Zeiss, 
Oberkochen, Germany) under brightfield microscopy. 
Dendritic spine density was determined by measuring 
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pyramidal neurons in the cortex and/or hippocampal 
CA1 region from − 1.70 mm to − 2.30 mm relative to the 
bregma using ImageJ (version 1.53a, National Institutes 
of Health, Bethesda, MD, USA).

mRNA sequencing
To investigate the molecular mechanisms (including gene 
profiling) by which CA140 inhibits neuroinflammatory 
responses in an AD mouse model, 3-month-old 5xFAD 
mice were injected with vehicle (10% DMSO) or CA140 
(30  mg/kg, i.p.) daily for 14  days. Total RNA was then 
extracted from the mouse hippocampus. The integrity of 
the total RNA was analyzed using an Agilent Technolo-
gies 2100 Bioanalyzer. The RNA integrity number (RIN) 
values were > 8.8 for all samples. Poly(A) mRNA isolation 
from total RNA and subsequent fragmentation were per-
formed using the Illumina TruSeq Stranded mRNA LT 
Sample Prep Kit according to the manufacturer’s instruc-
tions. The adapter-ligated libraries were sequenced using 
an Illumina NovaSeq 6000 (Macrogen, Korea). mRNA-
sequencing was performed for two independent repli-
cates under each condition. Adapter sequences (TruSeq 
universal and indexed adapters) were removed from the 
resulting read sequences for each sample using cutadapt 
software (version 2.7; https://​cutad​apt.​readt​hedocs.​io/​
en/​stable/). The remaining reads were then aligned to 
the Mus musculus reference genome (GRCm38) using 
TopHat2 software (version 2.1.1) with default parameters 
[30]. After alignment, we counted the numbers of reads 
mapped to the gene features (GTF file of GRCm38.91) 
using HTSeq [31]. Read counts for the samples in each 
condition were then normalized using TMM (trimmed 
mean of M-values) normalization in the edgeR package 
[32].

Identification of differentially expressed genes (DEGs)
Differential expression analysis was performed using the 
Bioconductor package DESeq2 (version 1.38) with default 
parameters [33]. DEGs were identified by adjusted p val-
ues < 0.05 and absolute log2-fold changes > 0.58 (1.5-fold 
change). Gene set enrichment analysis of the DEGs was 
performed using DAVID software [34]. Gene Ontology 
biological processes (GOBPs) with p values < 0.05 were 
selected as the processes enriched in DEGs. Cytoscape 
software was used to reconstruct a network model in 
which the nodes were arranged based on the locations 
and associations of the corresponding genes in the KEGG 
pathway and WikiPathways databases [35, 36].

Real‑time quantitative PCR (qPCR)
To validate the results of mRNA sequencing, the same 
mRNA sample used for mRNA sequencing was reverse 
transcribed to cDNA using the Superscript cDNA 

Premix Kit II with oligo (dT) primers (GeNetBio, Chun-
gman, Korea). In addition, to investigate the effects of 
CA140 on the reactive state of glial cells in AD, mRNA 
from CA140-treated PACs and PMCs (from 5xFAD mice) 
was reverse transcribed to cDNA using the Superscript 
cDNA Premix Kit II with oligo (dT) primers (GeNetBio, 
Chungman, Korea). The synthesized cDNA was then 
used as the template in real-time qPCR with Fast SYBR 
Green Master Mix (Thermo Fisher Scientific, Waltham, 
MA, USA) in a QuantStudio 5 Real-Time PCR System 
(Applied Biosystems, Thermo Fisher Scientific, Waltham, 
MA, USA). The primer sequences for real-time qPCR are 
given in Table  1. Cycle threshold (Ct) values were nor-
malized to the value for gapdh, and the fold change was 
calculated relative to the control.

Electrophysiology
Long‑term potentiation (LTP)/basal synaptic transmission
To determine the effects of CA140 on SCO-mediated 
suppression of LTP and basal synaptic transmission, 
WT mice were injected (i.p.) daily with CA140 (30 mg/
kg, i.p.) or vehicle (10% DMSO) for 14 days and injected 
with SCO (1 mg/kg) or PBS daily on days 3 through 14. In 
addition, to examine the effects of CA140 on hippocam-
pal synaptic plasticity in an aged AD mouse model, 
8-month-old 5xFAD mice were injected daily with CA140 
(30 mg/kg, i.p.) or vehicle (10% DMSO, i.p.) for 14 days. 
Acute hippocampal slices (300 μm) were obtained using 
a vibratome (VT1200S, Leica). The brain slices were 
allowed to recover for 20  min at 34  °C and 40  min at 
RT in artificial cerebrospinal fluid (ACSF) containing 
125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM 
NaHCO3, 1 mM MgCl2, 2 mM CaCl2 and 15 mM glucose 
oxygenated with 95% O2 and 5% CO2. After recovery, the 
brain slices were transferred to a submerged recording 
chamber perfused with ACSF at a rate of 2–3 mL/min at 
30–31 °C.

To measure basal synaptic transmission, borosilicate 
glass pipettes (2.5–4.0 MΩ) were filled with Cs+-based 
low Cl− internal solution containing 135 mM CsMeSO3, 
10 mM HEPES, 1 mM EGTA, 3.3 mM QX-314 chloride, 
0.1  mM CaCl2, 4  mM  Mg-ATP, 0.3  mM Na3-GTP, and 
8  mM Na2-phosphocreatine (adjusted to pH 7.3 with 
CsOH). For theta-burst stimulation (TBS) LTP, the glass 
pipettes were filled with K+-based internal solution con-
taining 135  mM KMeSO3, 3  mM KCl, 10  mM HEPES, 
1 mM EGTA, 0.1 mM CaCl2, 8 mM Na2-phosphocreatine, 
4  mM  Mg-ATP, and 0.3  mM Na3-GTP (adjusted to pH 
7.3 with KOH). The access resistance was 10–20 MΩ, 
and only neurons with a change in access resistance < 20% 
were included in the analysis. Pyramidal neurons in CA1 
were voltage-clamped at − 70  mV, and the Schaffer col-
lateral (SC) pathway was stimulated every 20  s. Three 

https://cutadapt.readthedocs.io/en/stable/
https://cutadapt.readthedocs.io/en/stable/
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successive excitatory postsynaptic currents (EPSCs) were 
averaged and expressed relative to the normalized base-
line. TBS consisted of a burst of five pulses at 100  Hz 
repeated 10 times at 5  Hz. Four consecutive trains of 
TBS were delivered at 10-s inter-train intervals. TBS was 
delivered in current clamp mode. Recording signals were 
filtered at 2  kHz (Multiclamp 700B, Molecular Devices) 
and digitized at 10 kHz (NI PCIe-6259, National Instru-
ments). Recording data were acquired online using the 
WinWCP program (Strathclyde software, http://​spider.​
scien​ce.​strath.​ac.​uk/​sipbs/​softw​are_​ses.​htm) and ana-
lyzed offline using Clampfit 10.7 software (Molecular 
Devices) and OriginPro 2017 (OriginLab).

Miniature excitatory postsynaptic currents (mEPSCs)
To determine the effects of CA140 on mEPSCs in an 
AD mouse model, 6-month-old 5xFAD mice were 
injected with CA140 (30  mg/kg, i.p.) or vehicle (10% 
DMSO) daily for 14 days and sacrificed on the last day 

Table 1  Primers used in real-time qPCR

Gene Sequence

nlrp3 Forward 5′-TCC ACA ATT CTG ACC CAC AA-3′
Reverse 5′-ACC TCA CAG AGG GTC ACC AC-3′

il-1β Forward 5′-TTG ACG GAC CCC AAA AGA TG-3′
Reverse 5′-AGG ACA GCC CAG GTC AAA G -3′

iba-1 Forward 5′-GGA CAG ACT GCC AGC CTA AG-3′
Reverse 5′-GAC GGC AGA TCC TCA TCA TT-3′

gfap Forward 5′-GTT TCA TCT TGG AGC TTC TGC-3′
Reverse 5′-GGA GGT GGA GAG GGA CAA C-3′

s100β Forward 5′-TGG TTG CCC TCA TTG ATG TCT-3′
Reverse 5′-CTC GTT GTT GAT AAG CTC CTT CAG-3′

wwtr1 Forward 5′-GTG AAG GCT TCT CGG TTG AG-3′
Reverse 5′-ACG TCT TGC TTG CCT TGT CT-3′

neat1 Forward 5′-TGG AGA TTG AAG GCG CAA GT-3′
Reverse 5′-ACC ACA GAA GAG GAA GCA CG-3′

cxcl10 Forward 5′-GCC GTC ATT TTC TGC CTC A-3′
Reverse 5′-GCT TCC CTA TGG CCC TCA TT-3′

chi3l1 Forward 5′-CAA GGA ACT GAA TGC GGA AT-3′
Reverse 5′-CTG TGA TGG CCT GTG ATT TG-3′

serpina3n Forward 5′-CCC TGA GGA AGT GGA AGA AT-3′
Reverse 5′-CCT GAT GCC CAG CTT TGA AA-3′

nestin Forward 5′-AGG AGA AGC AGG GTC TAC AGA G-3′
Reverse 5′-AGT TCT CAG CCT CCA GCA GAG T-3′

synemin Forward 5′-GCC TTT GGA GGG TTA AGG AC-3′
Reverse 5′-CTT AGA TAC CCC TGC CAC CA-3′

dst Forward 5′-GCT CCC TGC TCA GAA AAC AC-3′
Reverse 5′-CTG TGA ACG TGT GGA TGG TC-3′

tspo Forward 5′-GCT GTG GAT CTT TCC AGA ACA-3′
Reverse 5′-ATG CCA AGA GGG TTT CTG C-3′

mao-b Forward 5′-GGC TGC TAC ACA ACC TAC TTC C-3′
Reverse 5′-CAG TGT GAG GCT GTT TCA GTG-3′

hspb1 Forward 5′-GCT CAC AGT GAA GAC CAA GG-3′
Reverse 5′-GAA GCA CCG AGA GAT GTA GC-3′

cryab Forward 5′-AGG TGT TGG GAG ATG TGA TTG A-3′
Reverse 5′-GGA TGA AGT AAT GGT GAG AGG GT-3′

fabp7 Forward 5′-CAA GAA CAC AGA GAT CAA TTT CCA-3′
Reverse 5′-CAT CCA ACC GAA CCA CAG A-3′

cr3 Forward 5′-GCA GGA GTC GTA TGT GAG G-3′
Reverse 5′-TTA CTG AGG TGG GGC GTC T-3′

c1qa Forward 5′-AAA GGC AAT CCA GGC AAT ATC A -3′
Reverse 5′-TGG​ TTC ​TGG ​TAT ​GGA ​CTC ​TCC-3′

cx3cr1 Forward 5′-ATT CTT CAT CAC CGT CAT CAG-3′
Reverse 5′-ACT AAT GGT GAC ACC GTG CT-3′

p2ry12 Forward 5′-GCT GCC TTG CTG AAG TCT CT-3′
Reverse 5′-AGG TGG TAT TGG CTG AGG TG-3′

cd164 Forward 5′-GGT TTC AGT TCC CAT GTG CT-3′
Reverse 5′-CAA ATG AAA GCC CCA CAA CT-3′

cln3 Forward 5′-AAA CCA GAG CCA TGT GGA AC-3′
Reverse 5′-GCT CCC AGC AGA ACA AAC TC-3′

npc2 Forward 5′-CCT GAA TAA GCT TCC GGT GA-3′

Table 1  (continued)

Gene Sequence

Reverse 5′-AGT TTC CAT TCC ACC ACC AG-3′
slc33a1 Forward 5′-GAA AAC GTG GGC TAT GCT TC-3′

Reverse 5′-CCT TCT TCC ACC AGC TTC AG-3′
snx17 Forward 5′-CTT CGA ACC TCA CTG GAA GC-3′

Reverse 5′-CAG GGG TCA AAG AGA ACA GC-3′
gpnmb Forward 5′-CCA ATT ACG TGG CTG GTC TT-3′

Reverse 5′-CCC AAA TCA TTC CTG CAG TT-3′
igf1 Forward 5′-CAC AAA CTC ACC ACC CTG TG-3′

Reverse 5′-CTC CTG GAA ACC CAG AAC AA-3′
itgax Forward 5′- CCA AGA CAT CGT GTT CCT GAT T-3′

Reverse 5′-ACA GCT TTA ACA AAG TCC AGC A-3′
clec7a Forward 5′-AGA CAC AGG GAG AAG GCA AA-3′

Reverse 5′-CAG AAA AGG TGG GCA GAC TC-3′
lpl Forward 5′-GGG AGT TTG GCT CCA GAG TTT-3′

Reverse 5′-TGT GTC TTC AGG GGT CCT TAG-3′
ctsd Forward 5′-GCT TCC GGT CTT TGA CAA CCT-3′

Reverse 5′-CAC CAA GCA TTA GTT CTC CTC C-3′
cd44 Forward 5′-ACT AGA TCC CTC CGT TTC ATC C-3′

Reverse 5′-GGT TAC ATT CAA ATC GAT CTG CTG-3′
apoE Forward 5′-GGT TCG AGC CAA TAG TGG AA-3′

Reverse 5′-TAT TAA GCA AGG GCC ACC AG-3′
spp1 Forward 5′-AGC AAG AAA CTC TTC CAA GCA A-3′

Reverse 5′-GTG AGA TTC GTC AGA TTC ATC CG-3′
trem2 Forward 5′-CAG TTT CTC CTG CTG CTG AT-3′

Reverse 5′-CAG TGC TTC AAG GCG TCA TA-3′
grn Forward 5′-CTG TAG TGC AGA TGG GAA ATC CTG CT -3′

Reverse 5′-GTG GCA GAG TCA GGA CAT TCA AAC T-3′
gapdh Forward 5′-TGT GTC CGT CGT GGA TCT GA-3′

Reverse 5′-CCT GCT​TCA​ CCA CCT TCT TGA -3′

http://spider.science.strath.ac.uk/sipbs/software_ses.htm
http://spider.science.strath.ac.uk/sipbs/software_ses.htm
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of injection. To measure mEPSCs, borosilicate glass 
pipettes (2.5–4.0 MΩ) were filled with Cs+-based low 
Cl

− internal solution containing 135  mM CsMeSO3, 
10  mM HEPES, 1  mM EGTA, 3.3  mM QX-314 chlo-
ride, 0.1 mM CaCl2, 4 mM Mg-ATP, 0.3 mM Na3-GTP, 
and 8  mM Na2-phosphocreatine (adjusted to pH 7.3 
with CsOH). Pyramidal neurons in CA1 were voltage-
clamped at − 70 mV to measure mEPSCs. ACSF con-
taining 500 nM tetrodotoxin and 25 μM D-AP5 was 
perfused during the recording. The amplitude and fre-
quency of the mEPSCs were analyzed with MiniAnaly-
sis (Synaptosoft).

Immunofluorescence staining (IF)
To evaluate the effects of CA140 on AD pathology, neu-
roinflammation, and synaptic function under pathologi-
cal conditions, 8-month-old 5xFAD mice were injected 
with CA140 (30  mg/kg, i.p.) or vehicle (10% DMSO) 
daily for 14 days. In addition, to examine whether CA140 
modulates AD pathology and neuroinflammation in a 
DRD1-dependent manner, 8-month-old 5xFAD mice 
were injected with AAV-DRD1 shRNA or AAV-control 
shRNA in the bilateral hippocampal CA1 region. Three 
weeks after AAV injection, the mice were injected with 
vehicle (10% DMSO) or CA140 (30 mg/kg, i.p.) daily for 
17 days. To assess the mechanism by which CA140 regu-
lates cognitive/synaptic function under normal condi-
tions, 3-month-old WT mice were injected with vehicle 
(10% DMSO) or CA140 (30 mg/kg, i.p.) daily for 14 days. 
The treated mice were perfused/fixed in 4% paraformal-
dehyde overnight and then in 30% sucrose solution for 
2  days. A cryostat (Leica CM1850, Wetzlar, Germany) 
was used to obtain coronal slices with a thickness of 
35 µm, which were then permeabilized at RT for 1 h in 
PBS containing 0.2% Triton X-100 (PBST) and 10% nor-
mal goat serum. The brain sections were immunostained 
for 24–72 h at 4 °C with anti-Aβ17-24 (4G8), anti-TauThr212/

Ser214 (AT100), anti-Iba-1, anti-GFAP, anti-NLRP3, anti-
IL-1β, anti-CXCL10, anti-C1QA, anti-GPB2, anti-CD68, 
anti-CD206, anti-synaptophysin, anti-PSD-95, or anti-
DRD1 antibodies diluted in PBST. After incubation with 
the primary antibody, the sections were washed with 
PBST three times and incubated with the secondary 
antibody at RT for 2 h. Finally, the sections were washed 
three times with PBS and mounted in antifade mounting 
medium with DAPI (Vector Laboratories, Burlingame, 
CA, USA). Images of the sections were acquired by fluo-
rescence microscopy (DMi8, Leica Microsystems, Wet-
zlar, Germany) and analyzed by the software ImageJ 
(version 1.53a, National Institutes of Health, Bethesda, 
MD, USA). Detailed information regarding the primary 
and secondary antibodies is provided in Table 2.

Enzyme‑linked immunosorbent assay (ELISA) for plasma 
IL‑1β and COX‑2
To determine whether long-term CA140 treatment 
induces peripheral inflammatory responses (adverse 
effects), plasma IL-1β and COX-2 levels were measured 
by ELISA. For this experiment, WT mice were injected 
with water (control for vehicle), 10% DMSO (vehicle), 
or CA140 (30 mg/kg, i.p.) daily for 17 days, and retro-
orbital blood was collected via a capillary tube. The 
blood was centrifuged at 2000 rpm for 10 min at 4  °C, 
and the plasma was collected and stored at − 80 °C until 
analysis. IL-1β and COX-2 levels (100  µL of plasma) 
were measured using IL-1β and COX-2 ELISA kits (IL-
1β ELISA kit: 88-7013-88, Invitrogen, Waltham, Mas-
sachusetts, USA; COX-2 ELISA kit: DYC4198, R&D 
Systems, Minneapolis, MN, USA) according to the 
manufacturer’s instructions and as previously described 
[28].

Western blot
To demonstrate the mechanism by which CA140 
modulates synaptic and cognitive function under nor-
mal and pathological conditions, WT and 5xFAD mice 
were injected with vehicle (10% DMSO, i.p.) or CA140 
(30 mg/kg, i.p.) daily for 17 days, and the hippocampus 
and/or cortex was dissected. In addition, to investigate 
the in  vivo toxicity of CA140, the livers and kidneys 
of CA140-treated WT mice were collected. The brain, 
liver, and kidney tissues were homogenized in RIPA 
lysis buffer (Merck Millipore, Billerica, MA, USA) con-
taining 1% protease and phosphatase inhibitor cocktail 
(Thermo Scientific, Waltham, MA, USA) for 1 h on ice. 
The lysates were then centrifuged twice for 15  min at 
20,000×g and 4  °C, and the supernatant was stored at 
− 80  °C until analysis. To separate brain proteins by 
electrophoresis, 20 μg of protein was heated for 10 
min at 100 °C and loaded onto an 8% SDS–polyacryla-
mide gel. To separate liver or kidney proteins by elec-
trophoresis, 50 μg of protein was heated for 10 min at 
100 °C and loaded onto a 10% SDS–polyacrylamide gel. 
The separated proteins were then electrotransferred 
to a PVDF membrane (Millipore, Bedford, MA, USA), 
which was blocked with 5% skim milk in TBST and 
incubated overnight with anti-pCaMKIIα, anti-pERK, 
anti-pELK-1, anti-caspase-3, anti-cleaved caspase-3, 
or β-actin antibodies at 4 °C. Next, the membrane was 
incubated with the horseradish peroxidase-conjugated 
secondary antibody for 1 h at RT. Finally, ECL solution 
(ATTO, Tokyo, Japan) was added for detection, and 
images were acquired and analyzed with the software 
Fusion Capt Advance (Vilber Lourmat, Eberhardzell, 
Germany).
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Statistical analysis
Comparisons between two groups were performed 
using unpaired two-tailed t-tests, whereas one-way 
ANOVA or two-way repeated-measures ANOVA was 
used for multiple comparisons. Tukey’s or Dunn’s 

multiple-comparison test was used for post hoc anal-
yses with significance at *p < 0.05, **p < 0.01, and 
***p < 0.001. All analyses were performed in Graph-
Pad Prism 7 software. Data are presented as the 
mean ± S.E.M. Details of the statistical analyses are pro-
vided in Table S1.

Table 2  Antibodies used in IF, ICC and WB

Primary antibodies

Immunogen Host species Dilution Manufacturer Catalog no Application

4G8 Mouse 1:500 BioLegend 800,704 IF

AT100 Mouse 1:200 Invitrogen MN1060 IF

Iba-1 Rabbit 1:500 Wako 019-19741 IF

GFAP Chicken 1:500 Millipore AB5541 IF

NLRP3 Goat 1:100 Abcam AB4207 IF

IL-1β Rabbit 1:100 Abcam AB9722 IF

CXCL10 Goat 1:50 R&D AF-466-NA IF

C1QA Rat 1:20 Abcam AB11861 IF

GBP2 Rabbit 1:100 Abcam AB203238 IF

CD68 Rat 1:100 Biorad MCA1957GA IF

CD206 Rat 1:100 Thermo 12-2061-82 IF

Synaptophysin Rabbit 1:200 Invitrogen MA5-14532 IF

Synaptophysin Mouse 1:200 Sigma-Aldrich S5768 ICC

PSD-95 Mouse 1:200 Neuromab 75028 IF, ICC

DRD1 Rat 1:200 Sigma Aldrich D2944 IF

DRD1 Rabbit 1:200 Invitrogen AB20066 ICC

pCaMKIIα Rabbit 1:200 Cell Signaling 12716 WB

pCaMKIIα Rabbit 1:200 Abcam AB5683 ICC

pERK Rabbit 1:2000 Cell Signaling 9101 WB

pERK Rabbit 1:200 Invitrogen 368800 ICC

p-ELK-1Ser383 Mouse 1:1000 Cell Signaling 9186 WB

GFP Mouse 1:200 Novus NB600-597 ICC

GFP Rabbit 1:200 Invitrogen A11122 ICC

Caspase-3 Rabbit 1:500 Abcam AB32351 WB

C. caspase-3 Rabbit 1:1000 Cell Signaling 9664 WB

β-actin Mouse 1:2000 Santa Cruz SC-47778 WB

Secondary antibodies

Antibody Dilution Manufacturer Catalog no Application

Goat anti-rabbit IgG, 555 1:200 Invitrogen A21428 IF, ICC

Goat anti-mouse IgG, 555 1:200 Invitrogen A21422 IF, ICC

Goat anti-mouse IgG, 488 1:200 Invitrogen A11001 IF, ICC

Donkey anti-goat, 555 1:200 Invitrogen A21432 IF

Goat anti-chicken IgG, 488 1:200 Abcam A150169 IF

Goat anti-rat IgG, 555 1:200 Invitrogen A21434 IF, ICC

Goat anti-rabbit, HRP 1:5000 Enzo ADI-SAB-300-J WB

Goat anti-mouse, HRP 1:5000 Enzo ADI-SAB-100-J WB
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Results
CA140 binds to aggregated Aβ and reduces Aβ/tau 
amyloid formation and Aβ/tau pathology
Several studies have demonstrated that DA interacts with 
aggregated Aβ and modulates Aβ metabolism [37]. Thus, 
we examined whether the DA analogue CA140 binds to 
aggregated Aβ and found that CA140 interacted with 
aggregated Aβ with a Kd of 7.8 ± 2.4 µM (Fig. 1A).

We investigated the influence of CA140 on Aβ42 amy-
loid formation by performing ThT fluorescence assays. 
In the absence of CA140, the fluorescence intensity 
increased after a lag time of ~ 0.8  h and plateaued at 
~ 2 h (Fig. 1B, C). In the presence of CA140, similar sig-
moidal ThT kinetics were observed, and the intensity 
of ThT intensity at the saturation phase decreased with 
increasing CA140 concentration (Fig. 1B, C). We quanti-
fied amyloid fibrils using the ThT fluorescence intensity 
at the endpoint of the experiments (i.e., the final ThT 
intensities at 3  h) and found that as the concentration 
of CA140 increased from 0 to 100 μM (5 molar equiva-
lents of CA140 with respect to the concentration of 
Aβ42), the final ThT intensity decreased from ~ 1.6 × 106 
(0 μM CA140) to ~ 1.3 × 106 (25 μM CA140) to ~ 1.0 × 106 
(100 μM CA140) (Fig. 1C). These results confirmed that 
CA140 inhibits nucleation-limited Aβ42 amyloid fibrilla-
tion in a dose-dependent manner.

To examine whether CA140 affects Aβ levels in  vitro, 
primary cortical neurons (PCNs) and APP-overexpress-
ing CHO cells were treated with vehicle (1% DMSO) or 
CA140 (1 or 5 μM) for 24 h, and Aβ levels were measured 
by ELISA. Compared with vehicle, 5 µM CA140 signifi-
cantly reduced mouse and human Aβ levels in PCNs and 
APP-overexpressing CHO cells, respectively (Fig. 1D, E).

Next, to determine the effects of CA140 on Aβ plaque 
levels in aged 5xFAD mice, 8-month-old 5xFAD mice 
(late-phase AD mouse model with severe Aβ accumula-
tion) were injected with CA140 (30 mg/kg, i.p.) or vehi-
cle (10% DMSO) daily for 14  days, and brain sections 
were immunostained with an anti-Aβ17-24 (4G8) anti-
body recognizing Aβ plaques. We found that CA140 
treatment significantly reduced the number of Aβ 
plaques in the cortex and hippocampal DG region (but 

not the hippocampal CA1 region) in 5xFAD mice com-
pared with vehicle treatment (Fig. 1F–I).

To further investigate the effects of CA140 on Aβ 
plaque number with or without formic acid, 8-month-
old 5xFAD mice were injected with CA140 (30 mg/kg, 
i.p.) or vehicle (10% DMSO) daily for 14 days, and brain 
sections were pretreated with 70% formic acid before 
immunostaining with an anti-Aβ17-24 (4G8) antibody. 
Consistent with the findings in Fig.  1, CA140 treat-
ment significantly reduced the number of Aβ plaques 
in the cortex, and immunostaining was not affected by 
pretreatment with formic acid (Supplementary Fig.  1). 
Taken together, these data imply that CA140 interacts 
with aggregated Aβ to reduce Aβ fibril formation, Aβ 
levels, and Aβ plaque number in  vitro and/or in aged 
5xFAD mice.

Since CA140 reduced Aβ fibrillation and Aβ plaque 
number, we further examined the effects of CA140 on 
tau fibril formation using the ThT fluorescence assay. 
In this study, we used 2N4R tau, a 441-amino-acid tau 
protein that is the largest human tau isoform. In the 
absence of CA140, the ThT fluorescence intensity of 
30  μM tau increased rapidly after a lag phase of ~ 2  h 
and reached a plateau at ~ 4  h (Fig.  1J, K), indicating 
nucleation-dependent tau fibril formation. Treatment 
with CA140 (5 or 20 molar equivalents) decreased ThT 
intensity (Fig.  1J, K), indicating that CA140 inhibits 
2N4R tau fibril formation.

We then investigated whether CA140 affects tau 
hyperphosphorylation in aged 5xFAD mice. Eight-
month-old 5xFAD mice were injected with vehicle (10% 
DMSO) or CA140 (30  mg/kg, i.p.) daily for 14  days, 
and immunostaining of brain slices was performed 
with an anti-AT100 antibody, which detects tau that 
is hyperphosphorylated at Thr212/Ser214. Compared 
with vehicle treatment, CA140 treatment significantly 
reduced tau hyperphosphorylation at Thr212/Ser214 
in the hippocampal CA1 and DG regions (Fig. 1L, M). 
These data indicate that CA140 inhibits tau fibril for-
mation and downregulates tau phosphorylation in an 
aged AD mouse model.

(See figure on next page.)
Fig. 1  CA140 reduces Aβ/tau aggregate formation, Aβ levels, and AD pathology in vitro and in vivo. A Graph of fluorescence intensity 
versus concentration of CA140 in the presence of aggregated Aβ42 (average fluorescence measurements from three independent experiments). 
B Real-time monitoring of the inhibitory effects of CA140 on amyloid formation. C Quantification of the ThT intensity of Aβ42 at the final time 
point. D, E Aβ levels in primary cortical neurons and APP-overexpressing CHO cells. F–I Eight-month-old 5xFAD mice were injected with vehicle 
(10% DMSO) or CA140 (30 mg/kg) daily for 14 days, and immunofluorescence (IF) staining of brain slices was conducted with an anti-Aβ17-24 
(4G8) antibody (n = 16 brain slices from 4 mice/group). J, K Quantification of the ThT intensity of 2N4R full-length tau at the final time point. L, 
M 8-month-old 5xFAD mice were injected with vehicle (10% DMSO) or CA140 (30 mg/kg, i.p.) daily for 14 days, and IF staining of brain slices 
was conducted with an anti-TauThr212/Ser214 (AT100) antibody (Veh, n = 18 brain slices from 4 mice; CA140, n = 20 brain slices from 4 mice). Scale 
bar = 200 μm. *p < 0.05, **p < 0.01
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Fig. 1  (See legend on previous page.)
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CA140 downregulates genes involved 
in neuroinflammation in a mouse model of AD
We previously reported that CA140 has anti-inflam-
matory effects on LPS-evoked neuroinflammation in 
WT mice and in 3-month-old 5xFAD mice (a model of 
the early phase of AD in which the neuroinflammatory 
response occurs) [17]. To extend these findings, we per-
formed RNA sequencing to investigate the molecular 
mechanism by which CA140 inhibits neuroinflammatory 
responses in 3-month-old 5xFAD mice. Three-month-old 
5xFAD mice were injected with vehicle (10% DMSO) or 
CA140 (30 mg/kg, i.p.) daily for 14 days. The hippocam-
pus was dissected, and RNA sequencing was performed. 
By comparing mRNA expression profiles, we identified 
822 differentially expressed genes (DEGs), including 183 
upregulated and 639 downregulated genes, in CA140-
injected 5xFAD mice compared with vehicle-injected 
5xFAD mice (Fig.  2A, B  and Table  S2). Notably, CA140 
treatment downregulated several glial cell-specific 
marker genes in 3-month-old 5xFAD mice (Fig. 2B): iba1 
for microglia, gfap for astrocytes, cxcl10 for AD-associ-
ated RAs, trem2 and grn for MGnDs, clec7a and itgax for 
DAMs, and c1qa and cr3 for interactions between RAs 
and DAMs (Fig. 2A, B, E and Table S2). In addition, we 
found that CA140 treatment significantly reduced the 
mRNA levels of cd68 (a marker of M1 microglia) and 
gbp2 (a marker of A1 astrocytes) in this mouse model of 
the early phase of AD (Fig. 2B, E).

To further examine the cellular processes affected by 
CA140, we performed enrichment analysis of the up- or 
downregulated DEGs using DAVID software [34]. The 
DEGs that were downregulated by CA140 treatment 
in 5xFAD mice were strongly associated with pathways 
related to the inflammatory response (cytokine produc-
tion, TLR, RIG-like/NOD, NF-κB, and Nlrp3 inflam-
masome signaling pathways) and glial cell activation/
proliferation (Fig.  2C, E  and Table  S3A). By contrast, 
the DEGs that were upregulated by CA140 treatment 
in 5xFAD mice were mainly associated with pathways 

related to synaptic function in the hippocampus (learn-
ing or memory, cognition, synaptic signaling, and cAMP/
calcium signaling pathways) (Fig. 2D and Table S3B).

To validate the RNA sequencing results, we performed 
real-time PCR and confirmed that representative inflam-
matory response-related molecules (nlrp3 and il1β) and 
glial cell markers (iba-1 and gfap) were downregulated in 
CA140-injected 5xFAD mice (Fig. 2F).

To visualize the collective actions of CA140 in this 
mouse model of AD, we constructed a network model 
describing the interactions among the downregulated 
inflammatory response-related genes based on interac-
tion information in the KEGG pathway database and 
WikiPathways [35, 36]. The network model suggested 
that CA140 downregulates TLR1/4-dependent signal-
ing, which is followed by inhibition of the downstream 
NF-κB and IRF5/7 signaling pathways that produce pro-
inflammatory cytokines/chemokines and Nlrp3 inflam-
masome-mediated cytokine production (Fig. 2G). These 
data suggest that CA140 reduces neuroinflammatory 
responses through NLRP3 in 3-month-old 5xFAD mice.

CA140 downregulates microglial/astrocyte activation 
in 8‑month‑old 5xFAD mice
Neuroinflammation is closely associated with Aβ/tau 
pathology in AD mouse models and patients with AD and 
is predominantly regulated by glial cells [38, 39]. Since 
CA140 downregulated neuroinflammatory responses in 
a mouse model of the early phase of AD (3-month-old 
5xFAD mice), we examined whether CA140 regulates 
neuroinflammatory-associated glial activation in an aged 
AD mouse model. Eight-month-old 5xFAD mice were 
injected with CA140 (30  mg/kg, i.p.) or vehicle (10% 
DMSO) daily for 14 days, and IF staining was conducted 
with anti-Iba-1 (a microglial marker) and anti-GFAP 
(an astrocyte marker) antibodies. We found that CA140 
treatment significantly diminished Iba-1 fluorescence 
intensity and the number of Iba-1-positive cells in the 
hippocampal CA1 region but not in the hippocampal 

Fig. 2  Identification of genes affected by CA140 in 3-month-old 5xFAD mice. A Heatmap of 183 upregulated and 639 downregulated genes 
in CA140-injected 5xFAD mice compared with vehicle-injected 5xFAD mice. B Volcano plot showing differentially expressed genes (DEGs) 
in CA140-treated 5xFAD mice. The X- and Y-axes present the log2-fold-change and –log10 (p value), respectively. Red and green dots represent 
upregulated and downregulated genes, respectively. Gray dots represent genes without significant differences in expression. C, D Gene ontology 
biological processes (GOBPs) represented by the downregulated (C) and upregulated (D) genes. The dotted line indicates the p value cutoff 
used. The number of genes in each biological process is indicated in parentheses. E DEGs involved in the inflammatory response, glial cell 
activation/proliferation, and Nlrp3 inflammasome signaling. The color bar shows the z-score gradient. F Relative mRNA levels of the indicated 
genes in CA140- or vehicle-treated 5xFAD mice were analyzed by real-time PCR (n = 2 mice/group). G Network model describing the interactions 
among inflammatory response-related signaling pathways. The node colors represent downregulation (green) and no change (yellow) 
of the corresponding genes in CA140-injected 5xFAD mice. Nodes are arranged and connected according to the activation (arrows) information 
in the KEGG pathway and WikiPathways databases. Solid and dotted lines denote direct and indirect interactions, respectively. “+p”, phosphorylation. 
“+u”, ubiquitination. *p < 0.05, **p < 0.01

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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Fig. 3  CA140 injection regulates microglial activation and astrocytic morphology in 8-month-old 5xFAD mice. A–H Eight-month-old 5xFAD mice 
were injected with vehicle (10% DMSO) or CA140 (30 mg/kg, i.p.) daily for 14 days, and immunofluorescence staining of brain slices was conducted 
with anti-Iba-1 and anti-GFAP antibodies (Iba-1: Veh, n = 23–24 brain slices from 4 mice; CA140, n = 17 brain slices from 4 mice; GFAP: Veh, n = 24 
brain slices from 4 mice; CA140, n = 17 brain slices from 4 mice). Scale bar = 200 μm. *p < 0.05, **p < 0.01
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DG region (Fig.  3A–D). In addition, CA140 treatment 
only significantly decreased the number of GFAP-
positive cells in the hippocampus and had no effect on 
GFAP fluorescence intensity or the GFAP-positive area 
(Fig. 3E–H). These results demonstrate that CA140 also 
suppresses neuroinflammatory responses in an aged AD 
mouse model and that this suppression occurs via the 
downregulation of microglial and astrocyte activation.

CA140 downregulates neuroinflammatory responses 
and AD‑associated reactive gliosis in 8‑month‑old 5xFAD 
mice
A recent study found that the induction of neuroinflam-
mation by proinflammatory cytokines, including IL-1β, 
is activated by NLRP3 inflammasome formation in the 
brain in 5xFAD mice [40]. Our real-time PCR analy-
sis demonstrated that CA140 treatment significantly 
reduced nlrp3 and il-1β mRNA levels in the brain in 
3-month-old 5xFAD mice (Fig.  2). We therefore exam-
ined whether CA140 modulates NLRP3 expression to 
downregulate neuroinflammatory responses in an aged 
AD mouse model. Eight-month-old 5xFAD mice were 
injected with CA140 (30  mg/kg, i.p.) or vehicle (10% 
DMSO) daily for 14 days, and IF staining was conducted 
with anti-NLRP3 and anti-IL-1β antibodies. Compared 
with vehicle, CA140 significantly reduced NLRP3 lev-
els in the hippocampus in 8-month-old 5xFAD mice 
(Fig.  4A, C). In addition, CA140 treatment significantly 
reduced the levels of the proinflammatory cytokine IL-1β 
in the hippocampus in 5xFAD mice (Fig. 4B, D).

Since we observed that CA140 treatment diminished 
microglial/astrocyte activation and proinflammatory 
cytokine IL-1β and NLRP3 levels in a mouse model of 
AD, we assessed the effects of CA140 on neuroinflam-
matory dynamics and the functional states of neuro-
inflammatory responses in  vivo. For this experiment, 
8-month-old 5xFAD mice were injected with CA140 
(30 mg/kg, i.p.) or vehicle (10% DMSO) daily for 14 days, 
and IF staining was conducted with anti-CXCL10 and 
anti-C1QA antibodies. We found that CA140 treat-
ment significantly reduced the expression of CXCL10 
(a marker of RAs) and C1QA (a marker of interactions 
between RAs and DAMs) in the hippocampus in 5xFAD 
mice (Fig. 4E–H). We also examined the effects of CA140 
on M1/M2 and A1/A2 polarization states in this aged 
AD mouse model and found that CA140 treatment did 
not alter the mRNA expression of GBP2 (a marker of 
A1 astrocytes), CD68 (a marker of M1 microglia), and 
CD206 (a marker of M2 microglia) in 5xFAD mice (Sup-
plementary Fig. 2).

Taken together, these results reveal that CA140 inhib-
its neuroinflammatory responses by suppressing NLRP3 

activation and reactive gliosis in an aged AD mouse 
model.

CA140 decreases reactive gliosis in primary astrocytes 
and primary microglia from 5xFAD mice
PACs and PMCs were used to investigate the effect of 
CA140 on a broad spectrum of astroglial/microglial reac-
tive states, including AD-associated RAs [41, 42], home-
ostatic microglia, MGnDs, DAMs, PAMs, and LDAMs 
[43, 44]. For this experiment, mixed glial cells prepared 
from whole brains of postnatal day 1–2 5xFAD pups 
were cultured for 3 weeks. Then, PACs and PMCs were 
isolated and treated with vehicle (1% DMSO) or CA140 
(5 μM) for 24 h, and real-time PCR was conducted. We 
found that CA140 treatment significantly decreased the 
mRNA levels of s100β (a cell signaling marker of AD-
associated RAs) and cxcl10 (a secreted protein marker of 
AD-associated RAs) in PACs from 5xFAD mice (Fig. 5A, 
B). However, CA140 treatment did not alter the mRNA 
levels of metabolism, cytoskeleton, or chaperone mark-
ers of AD-associated RAs in PACs from 5xFAD mice 
(Fig. 5C–E). In addition, CA140 significantly reduced the 
mRNA levels of cr3 and c1qa (markers of the interactions 
of RAs and DAMs) in PACs from 5xFAD mice (Fig. 5F). 
These data suggest that CA140 alters neuroinflammatory 
responses by modulating the expression of cell signaling 
and secreted protein markers of AD-associated RAs and 
markers of the interactions of RAs and DAMs in PACs 
from 5xFAD mice (Fig. 5G).

In PMCs from 5xFAD mice, CA140 treatment signifi-
cantly increased the mRNA levels of cx3cr1 and p2ry12 
(markers of homeostatic microglia) (Fig.  5H). Interest-
ingly, in PMCs from 5xFAD mice, CA140 treatment sig-
nificantly downregulated the mRNA levels of a marker 
of PAMs, gpnmb whose level was also increased in the 
MGnDs (Fig. 5I) [45]. However, CA140 treatment did not 
modulate the mRNA levels of markers of DAMs (itgax, 
clec7a, lpl, cstd, and cd44) and MGnDs (apoE, spp1, 
trem2, and grn) in PMCs from 5xFAD mice (Fig. 5J, K). 
In addition, CA140 decreased the mRNA levels of cln3 (a 
marker of LDAMs) and cr3 and c1qa (markers of inter-
actions of RAs and DAMs) in PMCs from 5xFAD mice 
(Fig.  5L–N). Collectively, these experiments show that 
CA140 downregulates reactive gliosis during the neu-
roinflammatory dynamics of AD pathophysiology and 
upregulates homeostatic microglial function in PACs 
and/or PMCs.

CA140 prevents scopolamine (SCO)‑induced impairments 
in long‑term memory, dendritic spine number, and LTP 
in WT mice
To determine whether CA140 regulates cognitive and 
synaptic function under pathological conditions, we 
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Fig. 4  CA140 administration reduces NLRP3, IL-1β levels and reactive gliosis in 8-month-old 5xFAD mice. A–H Eight-month-old 5xFAD mice were 
injected with vehicle (10% DMSO) or CA140 (30 mg/kg, i.p.) daily for 14 days, and immunofluorescence staining of brain slices was performed 
with anti-NLRP3 (A, B), anti-IL-1β (C, D), anti-CXCL10 (E, F) and anti-C1QA (G, H) antibodies (n = 16–23 brain slices from 4 mice). Scale bar = 200 μm. 
*p < 0.05, **p < 0.01, ***p < 0.001
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used a model of amnesia induced by scopolamine (SCO), 
a muscarinic acetylcholine receptor antagonist that is 
involved in hippocampal LTP reduction and memory 
impairment [46, 47]. WT mice were injected with CA140 
(30 mg/kg, i.p.) or vehicle (10% DMSO) daily for 14 days. 
On days 3 to 14, the mice were also injected with SCO 
(1  mg/kg, i.p.) or PBS daily. Behavior experiments were 
performed on days 12 to 14. Interestingly, compared with 
vehicle treatment, SCO treatment significantly impaired 
long-term memory but had no effect on short-term 
spatial memory in WT mice (Fig.  6A, B). Importantly, 
CA140 treatment rescued SCO-induced long-term mem-
ory deficits in WT mice but did not affect short-term 
memory (Fig. 6A, B).

To demonstrate the molecular mechanisms by which 
CA140 improves cognitive function, the effects of CA140 
on dendritic spine formation, basal transmission, and 
LPT in SCO-injected WT mice were analyzed. First, to 
determine whether CA140 modulates dendritic spine 
formation in SCO-treated WT mice, Golgi staining was 
performed. Dendritic spine density in the hippocampal 
basal shaft (BS), cortical apical oblique (AO) and cortical 
BS region was significantly reduced in SCO-treated WT 
mice compared with vehicle-treated WT mice (Fig. 6C–
E). CA140 treatment restored hippocampal and corti-
cal dendritic spine numbers in SCO-treated WT mice 
(Fig.  6C–E), indicating that CA140 rescues SCO-medi-
ated dendritic spine loss in WT mice.

Second, to examine the potential recovery effect of 
CA140 treatment on hippocampal LTP, WT mice were 
injected with vehicle (10% DMSO) or CA140 (30 mg/kg, 
i.p.) daily for 14 days and PBS or SCO (1 mg/kg, i.p.) daily 
on days 3 to 14. Subsequent measurement of basal syn-
aptic transmission in the hippocampus (Fig.  6F–H) and 
input–output curve analysis showed that basal synap-
tic transmission at the SC-CA1 pathway was unchanged 
in SCO-treated WT mice compared to vehicle-treated 
WT mice. Administration of CA140 to SCO-treated 
WT mice also had no effect on basal synaptic transmis-
sion (Fig.  6F–H). However, consistent with previous 
findings [32, 33], SCO treatment suppressed LTP induc-
tion at SC-CA1 synapses in WT mice (Fig. 6I–M). More 
importantly, CA140 treatment fully reversed LTP attenu-
ation in SCO-treated WT mice (Fig. 6I–M). These results 

demonstrate that CA140 significantly reduces the inhibi-
tion of LTP by SCO in vivo.

CA140 restores long‑term memory, dendritic spine 
number, LTP, and synaptic function in aged 5xFAD mice
Given the positive effects of CA140 on cognitive func-
tion, dendritic spine number, and LTP in the SCO-
mediated amnesia mouse model, we further investigated 
the effects of CA140 on synaptic/cognitive function 
in an aged AD mouse model. Eight-month-old 5xFAD 
mice were injected with vehicle (10% DMSO) or CA140 
(30 mg/kg, i.p.) daily for 17 days, and Y-maze and NOR 
tests were conducted on days 15 to 17. Strikingly, CA140 
treatment increased the object preference (%) in the 
NOR test but not alternation triplets (%) in the Y-maze 
test compared with vehicle treatment (Fig. 7A, B). These 
results indicate that CA140 improves long-term memory 
deficits in aged 5xFAD mice.

To further explore the memory-improving effects of 
CA140 in 8-month-old 5xFAD mice, we assessed whether 
CA140 modulates dendritic spine formation, which is 
associated with cognitive function [48]. In 8-month-old 
5xFAD mice, CA140 treatment significantly increased 
dendritic spine number in the hippocampal AO and BS 
region (Fig. 7C, D) and cortical AO region but not in the 
cortical BS (Supplementary Fig.  3). These data indicate 
that CA140 improves long-term memory and dendritic 
spine formation in aged 5xFAD mice.

Cognitive function is closely associated with hip-
pocampal synaptic strength, and 5xFAD mice that are 
older than 6 months exhibit memory dysfunction and 
attenuated LTP compared with WT mice [49, 50]. We 
therefore examined the effect of CA140 on LTP induc-
tion in 8-month-old 5xFAD mice and found that CA140 
tended to increase LTP, although not significantly 
(Fig.  7E–G). Taken together, these results demonstrate 
that CA140 ameliorates impairments in cognitive dys-
function, dendritic spine density, and LTP in an aged AD 
mouse model.

To further investigate the effects of CA140 on synap-
tic function in 5xFAD mice, 6-month-old 5xFAD mice 
were injected with vehicle (10% DMSO) or CA140 (30 
mg/kg, i.p. for consecutive 14 days); then, mEPSCs 
were monitored. We found that CA140 treatment 

(See figure on next page.)
Fig. 5  CA140 treatment regulates reactive gliosis in primary astrocytes (PACs) and primary microglia (PMC) from 5xFAD mice. A–F PACs from 5xFAD 
mice were treated with vehicle (1% DMSO) or CA140 (5 μM) for 24 h, and the relative mRNA levels of the indicated genes were analyzed by real-time 
PCR (n = 12–15/group). G Summary illustration of the regulatory effect of CA140 on reactive astrogliosis in PACs from 5xFAD mice. H–M PMCs 
from 5xFAD mice were treated with vehicle (1% DMSO) or CA140 (5 μM) for 24 h, and the relative mRNA levels of the indicated genes were analyzed 
by real-time PCR (n = 5–6/group). N Summary illustration of the regulatory effect of CA140 on microglial reactive state in PMCs from 5xFAD mice. 
*p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 5  (See legend on previous page.)
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markedly increased the frequency but not the amplitude 
of mEPSCs in 6-month-old 5xFAD mice (Fig.  7H–J). 
These data indicate that CA140 treatment may facilitate 
presynaptic function or increase the number of synapses 
to alter synaptic and cognitive function in aged 5xFAD 
mice (Fig. 7H–J).

We then examined whether CA140 modulates presyn-
aptic and postsynaptic protein expression to rescue cog-
nitive and synaptic function in aged 5xFAD mice. For this 
experiment, eight-month-old 5xFAD mice were injected 
with vehicle (10% DMSO) or CA140 (30 mg/kg, i.p.) daily 
for 14 days, and IF staining was conducted with anti-syn-
aptophysin and anti-PSD-95 antibodies. We found that 
CA140 treatment significantly increased synaptophysin 
expression in the hippocampal CA1 region in 8-month-
old 5xFAD mice (Fig. 7K–L). However, CA140 treatment 
did not alter PSD-95 expression in the hippocampal CA1 
region in 8-month-old 5xFAD mice (Fig. 7M, N). These 
data indicate that CA140 improves presynaptic perfor-
mance in aged 5xFAD mice to restore cognitive and syn-
aptic function.

CA140 improves cognitive function through DRD1 
signaling in 8‑month‑old 5xFAD mice
We previously demonstrated that the DA analogue 
CA140 suppresses the LPS-evoked inflammatory 
response via modulating DRD1 in BV2 microglial cells 
[17]. Here, we followed up on this finding by testing 
whether CA140 acts as an agonist or antagonist of DRD1. 
HEK293 cells were transfected with DRD1 plasmid 
DNA for 48  h, pretreated with a LE300 (10  μM, DRD1 
antagonist) or vehicle (1% DMSO) for 30 min, and finally 
treated with A77636 (5  μM, DRD1 agonist), DA (10 or 
100 μM), or CA140 (10, 50, or 100 μM) for 1 h. Subse-
quent cAMP ELISA analysis showed that treatment with 
A77636, DA, or CA140 significantly increased cAMP lev-
els compared with vehicle treatment (Fig. 8A). However, 
pretreatment with LE300 followed by CA140 treatment 

(100 μM) did not enhance cAMP levels, suggesting that 
CA140 increases cAMP levels by acting as a DRD1 ago-
nist (Fig. 8A).

Next, we investigated whether CA140 regulates cog-
nitive function in a DRD1-dependent manner under 
pathological conditions. Eight-month-old 5xFAD mice 
were injected with AAV-DRD1 shRNA or AAV-control 
shRNA in the bilateral hippocampal CA1 regions. Three 
weeks after AAV injection, the mice were injected with 
vehicle (10% DMSO) or CA140 (30  mg/kg, i.p.) daily 
for 14  days, followed by IF staining of brain slices with 
an anti-DRD1 antibody. We found that treatment with 
DRD1 shRNA and vehicle significantly reduced DRD1 
levels compared with treatment with control shRNA 
and vehicle, confirming successful DRD1 shRNA infec-
tion in the hippocampal CA1 region in aged 5xFAD 
mice (Fig. 8B, C). Cognitive behavioral tests (Y-maze and 
NOR) were then performed. Consistent with the find-
ings presented in Fig. 7A, neither treatment with control 
shRNA and CA140 nor treatment with DRD1 shRNA 
and CA140 affected short-term memory compared with 
treatment with control shRNA and vehicle (Fig.  8D). 
However, treatment with control shRNA and CA140 
improved long-term memory compared with treatment 
with control shRNA and vehicle (Fig.  8E). More impor-
tantly, treatment with DRD1 shRNA and CA140 did not 
improve long-term memory compared with treatment 
with DRD1 shRNA and vehicle (Fig. 8E). These data indi-
cate that CA140 enhances cognitive function through 
DRD1 in an aged AD mouse model.

We further investigated the molecular mechanisms 
by which CA140 improves cognitive function under 
pathological conditions. Because CaMKIIα/ERK/ELK-1 
signaling is closely associated with dendritic spine for-
mation and synaptic plasticity [51–53], we examined 
whether CA140 modulates downstream CaMKIIα/ERK/
ELK-1 signaling in a DRD1-dependent manner in aged 
5xFAD mice. For this experiment, 8-month-old 5xFAD 

Fig. 6  CA140 treatment reverses scopolamine (SCO)-induced impairments in long-term memory, dendritic spine number, and LTP in wild-type 
(WT) mice. A, B WT mice were injected daily with vehicle (10% DMSO) or CA140 (30 mg/kg, i.p.) for 14 days. On days 3–14, the mice were 
also injected daily with PBS or SCO (1 mg/kg, i.p.). Y-maze and NOR tests were performed on days 12 and 14, respectively (n = 8 mice/group). 
C–E Representative AO and BS dendrites from the hippocampal CA1 region and cortical layer V region of mice treated with CA140 and/or SCO 
(hippocampus AO: Veh, n = 77 neurons from 8 mice; SCO, n = 76 neurons from 8 mice; SCO + CA140, n = 76 neurons from 8 mice; hippocampus 
BS: Veh, n = 76 neurons from 8 mice; SCO, n = 77 neurons from 8 mice; SCO + CA140, n = 76 neurons from 8 mice; cortex AO and BS: n = 24 neurons 
from 4 mice/group). Scale bar = 10 μm. F WT mice were injected daily with CA140 (30 mg/kg, i.p.) or vehicle (10% DMSO) for 14 days and were 
also injected with SCO (1 mg/kg, i.p.) or PBS on days 3–14. G Representative excitatory postsynaptic current (EPSC) traces from the vehicle, SCO, 
and SCO + CA140 treatment groups. H Input–output curves from the vehicle, SCO, and SCO + CA140 treatment groups (Veh, n = 18 cells from 5 
mice; SCO, n = 17 cells from 5 mice; SCO + CA140, n = 14 cells from 5 mice). I Representative EPSC traces before and after LTP induction in the vehicle, 
SCO, and SCO + CA140 treatment groups (1: before LTP; 2: after LTP). J, K Effects of SCO on LTP induction in the presence/absence of CA140. L 
Overlay of the two graphs in J, K. M Summary statistics for LTP induction (last 5 min: Veh, n = 20 cells from 8 mice; SCO, n = 22 cells from 8 mice; 
SCO + CA140, n = 22 cells from 7 mice). *p < 0.05, **p < 0.01, ***p < 0.001

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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mice were injected with control shRNA or DRD1 shRNA 
virus into the hippocampal CA1 region. Three weeks 
after virus injection, the mice were injected with vehicle 
(10% DMSO) or CA140 (30 mg/kg, i.p.) daily for 17 days. 
Subsequent western blotting of hippocampal slices 
showed that treatment with control shRNA and CA140 
did not alter p-CaMKIIα and p-ERK levels compared 
with treatment with control shRNA and vehicle-treated 
5xFAD mice (Fig.  8F, G). In addition, treatment with 
DRD1 shRNA and CA140 did not change p-CaMKIIα 
and p-ERK levels compared with treatment with DRD1 
shRNA and vehicle-treated 5xFAD mice (Fig. 8F, G). By 
contrast, treatment with control shRNA and CA140 sup-
pressed p-ELK1 levels compared with treatment with 
control shRNA and vehicle (Fig. 8H), but treatment with 
DRD1 shRNA and CA140 did not significantly decreased 
p-ELK1 levels compared with treatment with DRD1 
shRNA and vehicle-treated 5xFAD mice (Fig. 8H). These 
data indicate that the regulatory effect of CA140 on cog-
nitive function is partially regulated by DRD1/Elk-1 sign-
aling in aged 5xFAD mice.

CA140 downregulates Aβ pathology via DRD1 signaling 
in 8‑month‑old 5xFAD mice
Since CA140 improved long-term recognition mem-
ory through DRD1 signaling under pathological con-
ditions, we next examined whether CA140 attenuates 
Aβ pathology in a DRD1-dependent manner in an 
aged AD mouse model. Eight-month-old 5xFAD mice 
were injected with AAV-DRD1 shRNA or AAV-control 
shRNA in the bilateral hippocampal CA1 region. Three 
weeks after AAV injection, the mice were administered 
vehicle (10% DMSO) or CA140 (30 mg/kg, i.p.) daily for 
14  days. IF staining of brain slices was then performed 
with anti-Aβ17-24 (4G8) antibody. Treatment with con-
trol shRNA and CA140 significantly reduced Aβ plaque 
number in 5xFAD mice compared with treatment with 
control shRNA and vehicle (Fig. 8I, J). More importantly, 
treatment with DRD1 shRNA and CA140 did not affect 

Aβ plaque number in 5xFAD mice compared with treat-
ment with DRD1 shRNA and vehicle (Fig.  8I, J). These 
data indicate that CA140 reduces Aβ pathology by mod-
ulating DRD1 signaling under pathological conditions.

CA140 enhances long‑term memory and dendritic spine 
number in WT mice
To examine whether CA140 modulates cognitive and 
synaptic function under normal conditions, WT mice 
were injected with vehicle (10% DMSO) or CA140 
(30 mg/kg) daily for 7 days and then subjected to Y-maze 
and novel object recognition (NOR) tests on days 8 to 10. 
CA140 treatment significantly enhanced the long-term 
memory but not short-term memory of WT mice com-
pared with vehicle treatment (Fig. 9A, B), indicating that 
CA140 affects cognitive function in WT mice.

We then investigated whether vehicle (10% DMSO) 
treatment has specific or non-specific effects on memory 
function in WT mice. WT mice were injected with water 
(control for vehicle), 10% DMSO (vehicle), or CA140 
(30 mg/kg in 10% DMSO, i.p.) daily for 17 days, and cog-
nitive function was analyzed on days 15 to 17. We found 
that vehicle treatment did not alter memory function in 
WT mice compared to water treatment (Supplemen-
tary Fig. 4A, B). However, CA140 treatment significantly 
increased long-term memory in WT mice compared to 
vehicle treatment (Supplementary Fig. 4A, B). These data 
suggest that the apparent effects of CA140 treatment on 
cognitive function in WT mice are not due to effects of 
vehicle (10% DMSO).

After the behavioral tests, the systemic toxicity of 
CA140 treatment in WT mice was assessed by western 
blotting analysis of cleaved caspase-3 expression. CA140 
administration did not induce cleaved caspase-3 expres-
sion in the liver and kidney, indicating that CA140 does 
not have in vivo toxicity (Supplementary Fig. 4C, D).

Peripheral inflammation is directly or indirectly associ-
ated with adverse effects [54]; thus, we examined whether 
CA140 treatment influences peripheral proinflammatory 

(See figure on next page.)
Fig. 7  CA140 improves long-term memory and dendritic spine number in 5xFAD mice. A, B Y-maze and NOR tests of 8-month-old 5xFAD mice 
injected with vehicle (10% DMSO) or CA140 (30 mg/kg, i.p.) daily for 17 days (n = 10 mice/group). C, D Representative hippocampal AO and BS 
dendrites of 8-month-old 5xFAD mice injected with vehicle (10% DMSO) or 30 mg/kg CA140 daily for 14 days (AO: Veh, n = 39 neurons from 5 mice; 
CA140, n = 35 neurons from 5 mice; BS: Veh, n = 35 neurons from 5 mice; CA140, n = 37 neurons from 5 mice). Scale bar = 10 μm. E Measurement 
of LTP in ex vivo hippocampal slices from 8-month-old 5xFAD mice injected with vehicle (10% DMSO) or CA140 (30 mg/kg, i.p.) daily for 14 days. 
Representative excitatory postsynaptic current (EPSC) traces before and after long-term potentiation (LTP) induction are shown (1: before LTP; 2: 
after LTP). F Effects of CA140 on LTP induction in 8-month-old 5xFAD mice. G Summary statistics for LTP induction (last 5 min: Veh, n = 26 cells from 7 
mice; CA140, n = 23 cells from 7 mice). H Representative traces of mEPSCs of 6-month-old 5xFAD mice injected with vehicle (10% DMSO) or CA140 
(30 mg/kg, i.p.) daily for 14 days. I, J Summary graphs of mEPSC amplitude and frequency in the vehicle and CA140-treated groups (Veh, n = 19 cells 
from 4 mice; CA140, n = 24 cells from 5 mice). K–N Eight-month-old 5xFAD mice were injected with vehicle (10% DMSO) or CA140 (30 mg/kg, i.p.) 
daily for 14 days, and immunofluorescence staining was conducted with anti-synaptophysin (K, L) or anti-PSD-95 antibodies (M, N) (n = 16 brain 
slices from 4 mice/group). Scale bar = 200 μm. *p < 0.05, **p < 0.01, ***p < 0.001
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responses under normal conditions. WT mice were 
injected with water (for comparison with the effects of 
vehicle on proinflammatory cytokine levels), vehicle 
(10% DMSO), or CA140 (30 mg/kg in 10% DMSO, i.p.) 
daily for 17 days, and plasma levels of the proinflamma-
tory cytokines IL-1β and COX-2 were measured. CA140 
treatment did not alter plasma IL-1β and COX-2 levels in 
WT mice compared with water or vehicle (10% DMSO) 
treatment (Supplementary Fig. 4E, F). These data indicate 
that chronic administration of CA140 does not induce 
adverse effects in WT mice.

Finally, to determine whether CA140 improves long-
term memory under normal conditions by enhancing 
dendritic spine density, WT mice were injected with 
vehicle (10% DMSO) or CA140 (30  mg/kg, i.p.) daily 
for 10 days, and Golgi staining was performed to meas-
ure dendritic spine number in the hippocampus and 
cortex. Compared with vehicle treatment, CA140 treat-
ment increased dendritic spine number in the hippocam-
pus but not in the cortex in WT mice (Supplementary 
Fig. 5A-C). These observations suggest that CA140 selec-
tively promotes dendritic spine formation in the hip-
pocampus in WT mice.

DRD1 is essential for the effects of CA140 on cognitive 
function and dendritic spine density in WT mice
For comparison with the effects of CA140 on cognitive/
synaptic function via DRD1 under pathological condi-
tions (Fig. 8), we investigated whether CA140 works with 
DRD1 to improve long-term memory under normal con-
ditions. WT mice were injected with AAV-DRD1 shRNA 
or AAV-control shRNA in the bilateral hippocampal CA1 
region. One week after AAV injection, the mice were 
injected with vehicle (10% DMSO) or CA140 (30 mg/kg, 
i.p.) daily for 17  days. IF staining and behavior experi-
ments (Y-maze and NOR) were conducted on days 15 
to 17. We found that DRD1 shRNA treatment reduced 
DRD1 immunoreactivity in the hippocampal CA1 region 

in WT mice, confirming successful transduction of AAV-
DRD1 shRNA (Fig. 9C).

Consistent with our findings in Fig.  8, treatment with 
control shRNA and CA140 improved long-term memory 
but not short-term memory in WT mice compared with 
treatment with control shRNA and vehicle (Fig.  9D, E). 
Treatment with DRD1 shRNA and vehicle did not alter 
short- and long-term memory in WT mice compared 
with treatment with control shRNA and vehicle (Fig. 9D, 
E). Importantly, the rescue of long-term memory by 
CA140 was lost when WT mice were treated with DRD1 
shRNA and CA140 (Fig.  9D, E). These findings indicate 
that CA140 enhances cognitive function through DRD1 
under normal conditions.

To demonstrate the molecular mechanisms by which 
CA140 promotes cognitive function under normal condi-
tions, WT mice were injected with vehicle (10% DMSO) 
or CA140 (30 mg/kg, i.p.) daily for 17 days. The hip-
pocampus and cortex were dissected, and western blot-
ting was conducted with p-ELK-1, anti-p-CaMKIIα, or 
anti-p-ERK antibodies. Compared with vehicle treat-
ment, CA140 treatment did not alter pELK-1 levels 
in the hippocampus and cortex in WT mice (Fig.  9F, 
G). In addition, a trend of increased p-CaMKIIα levels 
was observed in the hippocampus but not the cortex 
in CA140-treated WT mice (Fig.  9H and Supplemen-
tary Fig.  6A). Unexpectedly, CA140 treatment did not 
modulate p-ERK levels in the hippocampus and cortex 
in WT mice (Fig. 9I and Supplementary Fig. 6B). These 
data indicate that CA140 treatment upregulates DRD1/
CaMKIIα signaling in WT mice.

CA140 increases dendritic spine formation in primary 
hippocampal neurons
To determine whether CA140 affects dendritic spine for-
mation in  vitro, primary hippocampal neurons (PHNs) 
were transfected with GFP plasmid DNA for 24  h (to 
visualize dendritic spines) and subsequently treated 
with CA140 (1 or 5 μM) or vehicle (1% DMSO) for 24 h. 

Fig. 8  CA140 alleviates cognitive function/Aβ pathology through DRD1 signaling in an aged AD mouse model. A HEK293 cells were transfected 
with DRD1 plasmid DNA, pretreated with a DRD1 antagonist (LE300, 10 μM) or vehicle (1% DMSO) for 30 min, and treated with A77636 (5 μM), 
dopamine (10 or 100 μM), or CA140 (10, 50, or 100 μM) for 1 h. cAMP levels were then measured by ELISA (n = 3/group). B–E Eight-month-old 
5xFAD mice were injected with AAV-DRD1 shRNA or AAV-control shRNA in the bilateral hippocampal CA1 region. Three weeks after AAV injection, 
the mice were administered vehicle (10% DMSO) or CA140 (30 mg/kg, i.p.) daily for 14 days, and immunofluorescence staining of brain slices 
was performed with an anti-DRD1 antibody (n = 16 brain slices from 4 mice/group). Y-maze and NOR tests were performed on days 15–17 (n = 8–9 
mice/group) F–H 8-month-old 5xFAD mice were injected with AAV-DRD1 shRNA or AAV-control shRNA in the bilateral hippocampal CA1 region. 
Three weeks after AAV injection, the mice were administered vehicle (10% DMSO) or CA140 (30 mg/kg, i.p.) daily for 17 days, and western blotting 
of brain lysates was performed with anti-p-Elk1, anti-p-ERK, anti-p-CaMKIIα, or β-actin antibodies (n = 6–8 mice/group). I, J Eight-month-old 5xFAD 
mice were injected with AAV-DRD1shRNA or AAV-control shRNA in the bilateral hippocampal CA1 region. Three weeks after AAV injection, the mice 
were administered vehicle (10% DMSO) or CA140 (30 mg/kg, i.p.) daily for 14 days, and immunofluorescence staining of brain slices was performed 
with anti-Aβ17-24 (4G8) antibody (n = 16 brain slices from 4 mice/group). Scale bar = 200 μm. *p < 0.05, **p < 0.01, ***p < 0.001

(See figure on next page.)
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Dendritic spine number was then measured. At 14 days 
in vitro (DIV14), which corresponds to the peak of syn-
aptogenesis, dendritic spine number was significantly 

higher in PHNs treated with 1 or 5  μM CA140 than in 
PHNs treated with vehicle (Fig.  10A, B). In mature 
neurons (DIV21), treatment with 1 or 5  μM CA140 

Fig. 9  CA140 modulates DRD1 signaling to alter cognitive and synaptic function in wild-type (WT) mice. A, B WT mice were injected with vehicle 
(10% DMSO) or CA140 (30 mg/kg, i.p.) daily for 10 days, and Y-maze and novel object recognition (NOR) tests were conducted (n = 10 mice/group). 
C–E Y-maze and NOR tests of WT mice injected with AAV-Control shRNA or AAV-DRD1 shRNA, followed by daily injections of CA140 (30 mg/kg, i.p.) 
or vehicle (1% DMSO) for 17 days (n = 4 mice/group). F–I WT mice were injected with vehicle (10% DMSO) or CA140 (30 mg/kg, i.p.) daily for 17 days, 
and western blotting of brain lysates was conducted with anti-p-ELK-1, anti-p-CaMKIIα, or anti-p-ERK antibodies (n = 8 mice/group). *p < 0.05, 
**p < 0.01, ***p < 0.001
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significantly increased dendritic spine number compared 
with vehicle treatment (Fig. 10C, D). These data indicate 
that CA140 enhances dendritic spine formation in both 
developing and mature PHNs.

We then evaluated whether the enhancement in den-
dritic spine number was correlated with increased excita-
tory functional synapses in  vitro. For this experiment, 
PHNs were transfected with GFP plasmid DNA for 24 h, 
treated with vehicle (1% DMSO) or CA140 (5  µM) for 
24  h, and immunostained with anti-synaptophysin or 
anti-PSD-95 antibodies. We found that CA140 treatment 
significantly enhanced synaptophysin and PSD-95 puncta 
numbers in PHNs without altering the total levels of 

synaptophysin and PSD-95 (Fig. 10E–H), suggesting that 
CA140 increases functional synapses during the mature 
stages to alter dendritic spine density in PHNs.

CA140 promotes dendritic spine formation through DRD1/
CaMKIIα/ERK signaling in primary hippocampal neurons
To examine the effects of the DA analogue CA140 on 
DRD1 levels in  vitro, PHNs were transfected with GFP 
for 24  h and then treated with vehicle (1% DMSO) or 
CA140 (5  μM) for 24  h. Immunocytochemistry with an 
anti-DRD1 antibody showed that CA140 treatment sig-
nificantly increased DRD1 levels in PHNs compared with 
vehicle treatment (Fig. 11A, B).

Fig. 10  CA140 enhances dendritic spine formation by regulating functional synapses in primary hippocampal neurons (PHNs). A, C Dendritic 
spine density was measured in GFP-transfected PHNs treated with vehicle (1% DMSO) or CA140 (1 or 5 μM) for 24 h on DIV14 and DIV21. B, D 
Quantification of data from A and C (DIV14: Veh, n = 30; 1 μM CA140, n = 47; 5 μM CA140, n = 48; DIV21: Veh, n = 161; 1 μM CA140, n = 60; 5 μM 
CA140, n = 50). E–H PHNs were transfected with GFP for 24 h, treated with vehicle (1% DMSO) or CA140 (5 μM) for 24 h, and immunostained 
with anti-synaptophysin (E) or anti-PSD-95 (G) antibodies (synaptophysin intensity: Veh, n = 11; CA140, n = 12; synaptophysin puncta number: Veh, 
n = 55; CA140, n = 42; PSD-95 intensity: Veh, n = 16; CA140, n = 16; PSD-95 puncta number: Veh, n = 15; CA140, n = 14). Scale bar = 20 μm. **p < 0.01, 
***p < 0.001
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Next, to determine whether DRD1 is required for the 
positive effects of CA140 on dendritic spine formation 
in  vitro, PHNs were transfected with GFP for 24  h, 
pretreated with the DRD1 antagonist LE300 (10  μM) 
or vehicle (1% DMSO) for 1 h, and treated with vehicle 
(1% DMSO) or CA140 (5 μM) for 23 h. Measurement 
of dendritic spine number revealed that treatment 
with LE300 and CA140 eliminated the positive effects 
of CA140 on dendritic spine formation in PHNs, indi-
cating that CA140 improves dendritic spinogenesis in 
a DRD1-dependent manner in vitro (Fig. 11C, D).

We then investigated the molecular mechanisms by 
which CA140 promotes synaptic/cognitive function 
under normal conditions by assessing the levels of pro-
teins associated with CaMKIIα/ERK signaling, which 
influences synaptic plasticity and cognitive function 
by promoting dendritic spine density [55–57]. For 
this experiment, GFP plasmid-transfected PHNs were 
treated with vehicle (1% DMSO) or CA140 (5 μM) for 
24 h, and immunostaining was conducted with anti-p-
CaMKIIα or p-ERK antibodies. We found that CA140 
treatment significantly increased the phosphoryla-
tion of CaMKIIα and ERK in PHNs (Fig.  11E–H). By 
contrast, treatment with the DRD1 antagonist LE300 
(10  μM) significantly reduced CaMKIIα and ERK 
phosphorylation in PHNs (Fig. 11I–L).

To determine whether CA140 alters dendritic spine 
number via CaMKIIα and/or ERK signaling in  vitro, 
PHNs were transfected with GFP for 24  h and pre-
treated with the CaMKIIα inhibitor KN93 (10  μM), 
the ERK inhibitor PD98059 (10  μM), or vehicle (1% 
DMSO) for 1  h. Then, the PHNs were treated with 
CA140 (5  μM) or vehicle (1% DMSO) for 23  h, and 
dendritic spine number was measured. Strikingly, pre-
treatment with KN93 or PD98059 abolished the posi-
tive effects of CA140 on dendritic spine number in 
PHNs (Fig.  11M–P). These data indicate that CA140 
modulates DRD1/CaMKIIα/ERK signaling to promote 
synaptic function in PHNs.

Discussion
Dopamine (DA) release from the predominant DA path-
ways, namely, the mesocorticolimbic and nigrostriatal 
pathways, and even from the minor locus coeruleus to 
dorsal hippocampus pathway is associated with cognitive 
function and synaptic plasticity [58–62]. Thus, under-
standing the effects of DA on learning and memory, syn-
aptic strength, and dendritic spinogenesis is critical for 
developing therapeutic options for the prevention and/
or treatment of memory-related diseases, including AD 
and Parkinson’s disease (PD). We previously reported 
that the DA analogue CA140 reduces neuroinflammatory 
responses in WT and 3-month-old 5xFAD mice [17]. In 
the present study, we investigated the effects of CA140 
on AD pathology and synaptic and cognitive function 
and its molecular mechanisms of action under nor-
mal and pathological conditions. We found that CA140 
directly interacted with aggregated Aβ and decreased Aβ 
pathology and tau hyperphosphorylation in aged 5xFAD 
mice. CA140 also mitigated reactive gliosis during the 
neuroinflammatory dynamics of AD pathophysiology in 
5xFAD mice and in PACs and PMCs from 5xFAD mice. 
In addition, CA140 rescued impairments in long-term 
memory, mEPSCs, LTP and dendritic spinogenesis in 
a SCO-mediated model of amnesia in WT mice and in 
8-month-old 5xFAD mice. Moreover, CA140 ameliorated 
AD pathology (including Aβ deposition, tau hyperphos-
phorylation, and microgliosis) and rescued long-term 
memory in partial regulated by DRD1/Elk1 signaling in 
aged 5xFAD mice. Under normal conditions, CA140 pro-
moted synaptic and cognitive function through effects on 
DRD1/CaMKIIα and/or ERK signaling in WT mice and 
PHNs. Collectively, our results suggest that CA140 regu-
lates AD pathology, neuroinflammatory responses, and 
synaptic and cognitive function via DRD1 signaling in 
WT mice and aged 5xFAD mice.

DA and its derivatives suppress Aβ aggregation and 
inhibit fibrillation of Aβ40 monomers [63, 64]. In addi-
tion, DA and its metabolites stabilize neurotoxic Aβ oli-
gomers and reduce Aβ-induced toxicity in vitro [37, 63]. 
There is also evidence that DA receptors are involved 

(See figure on next page.)
Fig. 11  CA140 promotes dendritic spine formation through DRD1/CaMKII/ERK signaling in primary hippocampal neurons (PHNs). A, B DRD1 levels 
in GFP-transfected PHNs treated with vehicle (1% DMSO) or CA140 (5 μM) for 24 h were measured by immunostaining with anti-DRD1 antibodies 
(Veh, n = 152; CA140, n = 155). C, D Dendritic spine number in GFP-transfected PHNs pretreated with DRD1 inhibitor (LE300, 10 μM) or vehicle (1% 
DMSO) for 1 h and treated with CA140 (5 μM) or vehicle (1% DMSO) for 23 h (Veh, n = 79; CA140, n = 54; LE300, n = 72; LE300 + CA140, n = 62). E–H 
Immunostaining of p-CaMKIIα or p-ERK in GFP-transfected PHNs treated with CA140 (5 μM) or vehicle (1% DMSO) for 24 h (p-CaMKIIα: Veh, n = 93; 
CA140, n = 98; p-ERK: Veh, n = 29; CA140, n = 28). I–L Immunostaining of p-CaMKIIα or p-ERK in GFP-transfected PHNs treated with LE300 (10 μM) 
or vehicle (1% DMSO) for 24 h (p-CaMKIIα: Veh, n = 99; LE300, n = 85; p-ERK: Veh, n = 78; LE300, n = 93). Scale bar = 10 μm. M–P GFP-transfected PHNs 
were pretreated with vehicle (1% DMSO), CaMKIIα inhibitor (10 μM), or ERK inhibitor (PD98059) for 1 h and treated with CA140 (5 μM) or vehicle (1% 
DMSO) for 23 h. Then, dendritic spine number was measured (KN93: Veh, n = 37; CA140, n = 41; KN93 + Veh, n = 36; KN93 + CA140, n = 33; PD98059: 
Veh, n = 49; CA140, n = 45; PD98059 + Veh, n = 24; PD98059 + CA140, n = 34). Scale bar = 20 μm. *p < 0.05, **p < 0.01, ***p < 0.001
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in Aβ aggregation and tauopathy. For example, a DRD1 
agonist, A68930 alleviates Aβ-mediated neuropathol-
ogy, including memory deficits and neuroinflammatory 
responses, in Aβ-treated WT mice [65]. Moreover, a 
DRD1 agonist blocks the interaction of Aβ with growth 
hormone secretagogue receptor 1α (GHSR1α), which is 
involved in hippocampal plasticity [66]. Overall, these 
observations indicate that DA and its receptor DRD1 
might suppress Aβ pathogenic processes. In the present 
study, we found that the DA analogue CA140 directly 
bound aggregated Aβ and inhibited Aβ/Tau fibrillation 
(Fig. 1). Moreover, we discovered that CA140 reduced Aβ 
levels in vitro and attenuated Aβ plaque deposition and 
tau hyperphosphorylation in aged 5xFAD mice (Fig.  1). 
Based on these results, we hypothesized that the DA ana-
logue CA140 modulates AD pathologies through effects 
on its receptor DRD1. To test this hypothesis, we exam-
ined the effects of CA140 on AD pathologies in an aged 
AD mouse model. We found that CA140 did not reduce 
Aβ plaque deposition in 5xFAD mice in which DRD1 
was knocked down (Fig. 8). Our results and the literature 
indicate that CA140 binds directly/indirectly to DRD1 
and downregulates AD pathologies under pathological 
conditions. It is also possible that CA140 directly inter-
acts with Aβ to alter AD pathologies via bidirectional 
pathways, which we will address in a future study.

Our mRNA-seq analysis identified molecular signa-
tures associated with the actions of CA140 in early-
phase AD mice. CA140 treatment altered the mRNA 
expression of 822 genes involved in various cellular 
processes, including 40 genes involved in inflammatory 
response-related cellular processes (Fig. 2, Tables S2 and 
S3). Among these 40 genes, we focused on the effects of 
CA140 on neuroinflammation, including NLRP3 inflam-
masome activation, a key regulator of innate immunity, 
and IL-1β secretion from microglia [67]. Recent stud-
ies have shown that DA administration inhibits NLRP3 
inflammasome activation and IL-1β secretion in pri-
mary human microglia [16, 68]. In the present study, we 
investigated the effect of CA140 on reactive gliosis in 
various stages and models of AD (early/late-phase AD 
mouse models and PACs and PMCs from 5xFAD mice) 
at both the mRNA and protein levels. We found that in 
3-month-old 5xFAD mice, CA140 treatment significantly 
downregulated the mRNA levels of reactive gliosis mark-
ers, including trem2/grn (MGnDs), clec7a/itgax (DAMs), 
cxcl10 (AD-associated RAs), and cr3/c1qa (interactions 
of RAs and DAMs), and the proinflammatory mediator 
nlrp3/il-1β (Fig.  2). In addition, in 8-month-old 5xFAD 
mice, CA140 treatment significantly reduced neuroin-
flammatory dynamics, including the protein expression 
of markers of AD-associated reactive gliosis (CXCL10), 
NLRP3/IL-1β, and a marker of interactions of RAs and 

DAMs (C1QA) (Figs.  3, 4). Furthermore, in PACs or 
PMCs from 5xFAD mice, CA140 downregulated cell 
signaling and secreted protein (s100β, cxcl10) markers of 
RAs and markers of PAMs (gpnmb), LDAMs (cln3), and 
interactions of RAs and DAMs (cr3, c1qa) and upregu-
lated homeostatic microglial markers (cx3cr1, p2ry12) 
(Fig. 5).

Our findings raise the following question: why did 
CA140 downregulate MGnD and DAM markers in 
aged 5xFAD mice but not in PMCs from 5xFAD mice? 
In 5xFAD mice, AD pathology begins to develop at 2–3 
months of age, but the primary glial cells were isolated 
from P1–P2 5xFAD pups, which may not have been 
old enough to reflect the disease-associated state. PAM 
populations have been identified in developing microglia 
(P7 AD mouse pups), and the expression of the C1 clus-
ter of PAM markers (gpnmb, igf1, spp1, clec7a) was also 
upregulated in MGnDs [45]. The present study found 
that in PMCs from P1–2 5xFAD pups, CA140 treat-
ment downregulated a PAM marker gpnmb whose level 
was increased in MGnD implying that CA140 can miti-
gate AD-like pathologies even in the developing state. A 
future study will address whether CA140 modulates the 
populations of AD-mediated reactive microglia (MGnDs, 
DAMs, LDAMs) in PMCs from early- and late-phase AD 
mice.

CA140 treatment also affected the expression of genes 
in the Toll-like receptor signaling pathway. TLR2/4 
expression is increased on glial cells surrounding Aβ pro-
teins [69–71]. Moreover, TLR4 polymorphisms are pro-
tective against AD, and cytokine secretion is reduced in a 
mouse model of AD in which TLR4 is knocked out, lead-
ing to increased glial cell activation in the brain [72–74]. 
Additional analyses of the genes that are differentially 
expressed following CA140 treatment will help elucidate 
their roles in neuroinflammation under normal and path-
ological conditions.

Scopolamine (SCO) induces cognitive decline by 
antagonizing muscarinic cholinergic receptors (mAChR) 
and is widely used in models of cognitive decline (e.g., 
dementia and amnesia) [75–78]. Interestingly, in the pre-
sent study, we observed that SCO treatment decreased 
the number of cortical dendritic spines but not the num-
ber of hippocampal AO dendritic spines (Fig. 6). What is 
the basis of this region-specific antagonistic effect of SCO 
on dendritic spine formation in the brains of WT mice? 
Because SCO is a mAChR antagonist, differences in the 
distribution of mAChR between hippocampal AO/BS 
and cortical AO/BS may explain this discrepancy in the 
decrease in dendritic spine number. Specifically, mAChR 
immunoreactivity is observed in apical dendrites, basal 
dendrites, and soma of cortical layer V pyramidal cells 
[79], whereas in the hippocampal CA1 region, mAChR 
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immunoreactivity is predominantly distributed in basal 
dendrites and soma of pyramidal cells and is largely 
absent from naïve apical dendrites [79]. On the basis of 
previous reports and our findings, we speculate that the 
antagonistic effect of SCO on dendritic spine formation 
is enhanced in strongly mAChR-immunoreactive regions 
(cortical AO/BS and hippocampal BS) compared with 
weakly mAChR-immunoreactive regions (hippocam-
pal AO). The influence of the differential distribution of 
mAChR on the effect of SCO on the activation of cholin-
ergic signaling to regulate dendritic spine formation will 
be investigated in a subsequent study.

SCO reduces DA turnover in the hippocampus and 
frontal cortex, and stimulation of DA receptors rescues 
SCO-induced amnesia [80]. Interestingly, a DRD1 agonist 
improves SCO-induced cognitive decline by increasing 
the secretion of acetylcholine, an essential neurotrans-
mitter for synaptic plasticity [81]. In line with previous 
reports, we found that CA140 treatment rescued SCO-
mediated memory deficits and dendritic spine loss in 
WT mice (Fig.  6). These results suggest that CA140 
affects DA metabolism and/or acetylcholine secretion to 
alleviate SCO-induced memory impairment. Strikingly, 
we found that CA140 treatment completely recovered 
SCO-induced LTP impairments at hippocampal SC-CA1 
synapses (Fig. 6). Given that LTP impairments in the hip-
pocampus can be rescued by activation of cholinergic 
signaling [82, 83] or DA receptor agonists [84], our find-
ings imply that CA140 might modulate hippocampal 
LTP by interacting with dopaminergic and/or choliner-
gic signaling. In a future study, we will examine whether 
CA140 modulates the cholinergic system to regulate cog-
nitive/synaptic function in SCO-treated WT mice.

DA receptors (DRD1-5) are distributed throughout the 
hippocampus [9], implicating the DA system in regulat-
ing learning and memory and dendritic spine formation 
[8, 85]. Specifically, DA promotes dendritic spine for-
mation via DRD1 and DRD2 and participates in den-
dritic spine enlargement and structural plasticity [12]. 
In addition, experiments in mouse models have shown 
that manipulating the activities of DRD1 and/or DRD5 
affects recognition memory enhancement and hip-
pocampal memory consolidation [13]. Furthermore, dor-
sal hippocampal DA originating from the locus coeruleus 
enhances spatial memory via DRD1/5 [58]. Here, we 
investigated the effects of CA140 on synaptic/cognitive 
function and its molecular mechanisms of action under 
pathological conditions and found that CA140 acted as 
a DRD1 agonist to rescue long-term memory/dendritic 
spine loss and improve synaptophysin expression in aged 
5xFAD mice (Figs.  7,8). We next determined whether 
CA140 regulates synaptic and cognitive function in aged 
AD mice via Ras-CaMKIIa-ELK1 signaling, which is 

involved in Aβ-mediated synaptic dysfunction [53, 86]. 
Phosphorylation of ELK1 initiates neuronal death by 
enabling the translocation of ELK1 from dendrites to the 
nucleus and thus is involved in the progression of neuro-
degenerative diseases (e.g., AD and PD) [87, 88]. Impor-
tantly, we demonstrated that treatment with control 
shRNA and treatment downregulated pELK-1 expres-
sion in aged 5xFAD mice, whereas treatment with DRD1 
shRNA and CA140 did not significantly decrease pELK-1 
expression compared with treatment with DRD1 shRNA 
and vehicle (Fig.  9). These data indicate that DRD1/
ELK-1 might be involved in the positive effects of CA140 
on cognitive function in 8-month-old 5xFAD mice. Of 
course, it is possible that CA140 also directly interacts 
with Aβ (e.g., via bidirectional pathways involving DRD1 
and Aβ) or DRD2 (which is involved in cortical synap-
tic pruning [89]) to alter synaptic/cognitive function in 
aged AD mice. Further study will address whether CA140 
cooperate with Aβ or DRD2 to regulate AD pathologies 
and will investigate other possibilities and underlying 
mechanisms in AD mice model. Interestingly, mRNA-
seq analysis revealed that CA140 treatment upregulated 
the expression of ngf, tac1, and egr1, which are involved 
in synaptic function and learning and memory [90–92], 
in 3-month-old 5xFAD mice (Fig.  2). In animal models 
and patients with AD, Tac1 expression is downregulated 
in the hippocampus, making tac1 a potential target gene 
for the treatment of cognitive memory impairments [92]. 
In animal models of memory deficits, NGF is involved 
in improving hippocampal/cortical synaptic formation, 
cholinergic transmission, and spatial memory [91, 93]. 
egr1 mRNA and EGR1 protein levels are reduced in the 
cortex and hippocampus in late-phase AD animal mod-
els [90, 94]. It is possible that CA140 improves cognitive 
and synaptic function by modulating ngf, tac1, and egr1 
expression in 5xFAD mice. Further studies will reveal the 
specific mechanisms by which CA140 enhances synaptic 
plasticity and memory in mouse models of AD (including 
young vs. aged AD models).

Under pathological conditions, CA140 treatment 
alleviated synaptic/cognitive impairments and AD 
pathologies in partial regulation of DRD1/ELK-1 sign-
aling in aged 5xFAD mice (Fig. 8). We therefore inves-
tigated the effects of CA140 on synaptic and cognitive 
function under normal conditions and whether these 
effects also involved with DRD1/ELK-1 signaling. We 
found that CA140 treatment improved cognitive and 
synaptic function via DRD1 signaling in WT mice 
(Fig. 9). CA140 treatment did not affect ELK-1 signaling 
but showed tendency to increase CaMKIIα signaling in 
WT mice (Fig. 9), suggesting that CA140 improves syn-
aptic and cognitive function through DRD1/CaMKIIα 
but not ELK-1 under normal conditions. Why does 
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the DA analogue CA140 differentially regulate down-
stream signaling under normal and pathological condi-
tions? DRD1 expression is reduced in patients with AD 
(pathological conditions) compared with healthy con-
trols (normal conditions) [10], which may affect DRD1-
mediated downstream signaling under pathological 
conditions. The reduced expression of DRD1 under 
pathological conditions may underlie the differential 
effects of the DRD1–CA140 association under patho-
logical and normal conditions. The specific mechanism 
by which CA140 differentially modulates DRD1-medi-
ated downstream signaling under normal and patholog-
ical conditions will be explored in a future study.

In WT mice, the DA-DRD1 interaction regulates hip-
pocampal synaptic plasticity via Gαq-CaMKIIα signal-
ing [95]. In addition, the RAS/CaMKIIα/ERK pathway 
is a critical mediator of dendritic spine formation, 
neuronal plasticity, and cognitive function through 
regulation of the α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor (AMPAR) and 
N-methyl-D-aspartate receptor (NMDAR) [96–101]. In 
the present study, we explored the molecular mecha-
nisms by which CA140 affects synaptic function and 
molecular targeting/signaling under normal conditions 
in PHNs. We found that CA140 increased CaMKIIα/
ERK phosphorylation in PHNs, whereas a DRD1 antag-
onist (LE300) decreased CaMKIIα/ERK phosphoryla-
tion (Fig.  11). Notably, inhibition of CaMKIIα or ERK 
eliminated the CA140-induced increase in dendritic 
spine number in PHNs (Fig.  11). Why do the effects 
of CA140 on downstream CaMKIIα and ERK signal-
ing differ between PHNs and WT mice? Compared 
with PHNs, whole brain lysates contain multiple types 
of cells, including microglia, neurons, and astrocytes; 
these additional cells may influence the effects of 
CA140 on p-CaMKIIα and p-ERK expression in WT 
mice. In a future study, we will systematically investi-
gate the effects of CA140 on CaMKIIα/ERK signaling 
in glial cells (i.e., microglia vs. astrocytes) in vitro and 
in  vivo and compare them with the effects of CA140 
on CaMKIIα/ERK signaling in PHNs. Our data suggest 
that CA140 promotes synaptic function by modulating 
DRD1/CaMKIIα and/or ERK signaling in PHNs and/or 
WT mice. Collectively, our findings suggest that CA140 
enhances synaptic function and long-term memory by 
activating DRD1 signaling under normal and patho-
logical conditions. However, it is possible that CA140 
affects other synaptic and cognitive function-related 
signaling networks via bi- and/or multidirectional 
pathways. Additional studies are needed to unveil the 
specific mechanisms of action by which CA140 differ-
entially regulates cognitive and synaptic function under 
pathological and normal conditions.

Conclusions
This study demonstrates that the DA analogue CA140 
has novel therapeutic effects on Aβ/tau pathology and 
synaptic/cognitive function under normal and pathologi-
cal conditions. In aged 5xFAD mice, CA140 treatment 
alleviates Aβ accumulation, tau phosphorylation, and 
deficits in long-term memory, dendritic spine formation, 
synaptic function and LTP through DRD1. In addition, 
CA140 ameliorates reactive gliosis in 5xFAD mice, PACs 
and PMCs. In WT mice and PHNs, CA140 treatment 
promotes synaptic and cognitive function via DRD1/
CaMKIIα and/or ERK signaling. Collectively, these find-
ings suggest that CA140 is a multitarget therapeutic drug 
for neurodegenerative diseases, including AD.
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