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ABSTRACT

Anxiety disorder is a persistent, widespread, and intractable mood disorder, and the available pharmacotherapies have limited

efficacy with significant side effects. Trace amine-associated receptor 1 (TAAR1) is an emerging drug target for neuropsychiatric

disorders. This study examined the effects and underlying mechanisms of a novel TAAR1 agonist, PCC0105004, in a rat model
of CUMS-induced anxiety-like behavior. The elevated zero maze and open field tests test were employed to evaluate the anti-
anxiety-like activity of PCC0105004. PCC0105004 dose-dependently attenuated anxiety-like behaviors in rats without affecting
spontaneous activity. Morphologically, PCC0104005 decreased the density of dendritic spines in the amygdala. For the mechanis-
tic studies, whole-genome transcriptomic analysis revealed significant differences in the patterns of amygdala gene expression in

the CUMS-induced anxiety rat model. These transcriptomic data were further confirmed by using RT-qPCR and western blotting,

further revealing alterations associated with genes (Collal, DCN, Ewsrl) known to regulate synaptic plasticity, and PCC0105004
was able to reverse these changes. These results suggest that PCC0105004 is a promising anxiolytic candidate for pharmacotherapy

of anxiety and warrants further examination and development.

1 | Introduction

Anxiety disorders (ADs) form the most common type of mental
illness [1]. The World Health Organization (WHO) ranks anxi-
ety disorders as the ninth most health-related cause of disabil-
ity [2]. In 2019, 87 studies from 44 countries indicated that the
global prevalence of this disorder has fluctuated between 0.9%
and 28.3% [3]. While psychological and social support plays a
crucial role in managing anxiety, medication currently stands
as the primary treatment modality. Most anxiety cases are cur-
rently treated with serotonin reuptake inhibitors (SSRIs), se-
rotonin noradrenaline reuptake inhibitors (SNRIs), opipramol

(TCAs), benzodiazepines, and buspirone [4]. However, current
antianxiety medications have insufficient overall efficacy in
short-term and long-term treatments [5, 6] and of greater con-
cern is their association with substantial side effects, which
include slow onset of therapeutic effect [7], low tolerability [8],
GI disturbance [9], sexual dysfunction, and persistent disturbed
sleep [10]. Thus, considering the limitations associated with cur-
rently available anti-anxiety drugs, there is a need to look for a
mechanistically novel with less toxic therapy in anxiety patients.
A future atypical antipsychotic target trace amine-associated re-
ceptor 1 (TAAR1) may have the potential to serve as a novel anti-
anxiety drug target.
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The G-protein-coupled receptor (GPCR) TAARI is expressed
throughout the mesolimbic monoaminergic system [11], with
expression in regions of the brain including the hippocam-
pus and the extended amygdala [12], both of which are closely
linked to the neuropathological basis of anxiety [13, 14]. A grow-
ing number of studies suggest that TAARI serves as a modu-
lator of monoaminergic neurotransmission [15, 16]. TAAR1
agonists, such as the full agonist RO5166017 and partial agonist
R0O5256390, can inhibit the excitability of 5-HT and dopamine
neurons [17-20]. Endogenous ligands of TAAR1 and selective
agonists of this receptor also present with anxiolytic-like activity
in published behavioral studies [21]. Both the TAAR1 full agonist
RO5166017 and partial agonist RO5203648, for instance, could
block stress-induced hyperthermia, indicating anxiolytic prop-
erties of TAAR1 agonists [18, 19], and chronic treatment with
R0O5166017 completely prevented post-traumatic stress disorder
(PTSD) [22]. However, chronic treatment of the TAAR1 par-
tial agonist RO5263397 had no effect on chronic stress-induced
anxiety-like behaviors [23] or partially attenuated PTSD [22].
Ulotaront (SEP-363856) is one of the selective TAAR1 full ag-
onists that entered randomized controlled phase II/III clinical
trials (NCT05729373) for the treatment of schizophrenia, which
is currently under clinical evaluation for managing generalized
anxiety disorder [24].

While processing anxiety-related information involves a wide
range of brain regions, a key structure in this network is the
amygdala [25, 26]. The dysfunctional neural plasticity in the
amygdala has long been proposed as the vital cause for the pro-
gression of anxiety [27-29]. Neurons in the amygdala are highly
sensitive to stress and anxiety-inducing stimuli, undergoing sig-
nificant remodeling following stressor exposure [30]. A number
of literatures showed that activation of anxiety-like behaviors
triggers dendritic spines that were reduced [31-34], and their
genes were also downregulated [35].

PCC0105004 4 [(S)-4,7,8,9,10,10a-hexahydro-5H-thieno
[27,3":3,4] pyrido [1,2-a] pyrazine] is a novel TAAR1 full
agonist with high efficacy and good potency (EC50 value
of 0.06182uM, E_, value of 92.9%) in vitro assessments.
Pharmacokinetic evaluation shows that the highest concen-
trations of PCC0105004 in plasma and brain are observed at
0.25-1h after drug administration in rats, with the brain/
plasma ratio ranging from 8.45 to 4.22, demonstrating a favor-
able pharmacokinetic profile. These results support the evalu-
ation of PCC0105004 as a TAARI full agonist for subsequent
experiments [36].

In this study, a chronic unpredictable mild stress (CUMS)-
induced model of anxiety was used to evaluate the anxiolytic-
like activity of PCC0105004 and to clarify the neurobiological
mechanisms through which it exerts its beneficial effects.

2 | Materials and Methods
2.1 | Animals
Adult Sprague-Dawley (SD) rats (males, 180-200g, 6-7 weeks)

were obtained from Beijing Vital River Laboratory Animal
Technology Co Ltd. (Beijing, China) and maintained in a

certified animal facility under controlled conditions (21°C-23°C,
40%-60% humidity, 12h light/dark cycle) with ad libitum food
and water access. Behavioral testing was only performed after
allowing these rats to acclimate to the testing environment for
7days. Investigators remained blinded to experimental treat-
ment during behavioral testing, and all behavioral tests were
performed between the hours of 8:00 and 14:00. The experi-
mental approaches used in this study were implemented as per
the ARRIVE guidelines (Kilkenny, Browne, Cuthill, Emerson
&Altman, 2010), and the Laboratory Animals Care and Use
Committee of Yantai University (Yantai, China) provided ap-
proval for all animal studies described herein (registration num-
ber: YTU20230110).

2.2 | Drugs and Chemicals

PCC0105004 (C,,H,,N,S, Figure 1) with 95% purity was obtained
from WuXi AppTec (Tianjin, China). Powdered diazepam (DZP)
was purchased from Shandong Xinyi Pharmaceutical Co. Ltd.
(Shandong, China). PCC0105004 was dissolved in normal saline
(0.9% NacCl, Sal), while DZP [37] was resuspended with 0.5% so-
dium carboxymethyl cellulose (CMC-Na). Drug solutions were
prepared fresh prior to use.

2.3 | CUMS Modeling

The CUMS protocol was used to establish a rat model of anxi-
ety [38, 39]. Briefly, all rats (experimental rats) other than those
in the control group were subjected to mild unpredictable stress
treatment for 21 days, with the stressors used for this approach
including restraint (4h), cage tilting (45° for 24 h), wet bedding
(24h), deprivation of food and/or water (24 h), tail nip (1 cm from
the end of the tail for 3min), swimming in cold water (4°C for
3min), and light inversion (24h). For such modeling, rats were
individually housed and subjected to different stressors per day
administered in a random order. The control group was kept
with 5 rats per cage without any stimulation.

2.4 | Experimental Approach

2.4.1 | Experiment 1: Effect of PCC0105004 on
the Locomotor Activity in Rats

We evaluated the potential sedative effects of PCC0105004 both
in normal rats. After 7days of acclimation to the housing en-
vironment, rats were randomized into seven groups (n=10/

H
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N S
|
(S)-4,7,8,9,10,10a-hexahydro-5H-thieno[2',3":3,4]pyrido[1,2-
a]pyrazine
FIGURE 1 | The chemical structure of PCC0105004, (S)-

4,7,8,9,10,10a-hexahydro-5H-thieno [2’,3":3,4] pyrido [1,2-a] pyrazine.
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group), including a control group, a vehicle group (Sal), and five
PCC0105004 treatment groups (1, 2, 3, 4, or 5mg/kg). At 30min
following the intragastric (ig) administration of the appropriate
treatments, rat locomotor activity was analyzed in an open field
test (OFT) chamber.

2.4.2 | Experiment 2: Effects of PCC0105004 in
the Elevated Zero Maze (EZM) Test in Rats

A more accurate and effective dose was selected for follow-up
experiments. As a positive group, i.g. of 2mg/kg DZP was used
based on prior reports [37, 40, 41]. After 7days of acclimation
to the housing environment, rats were randomized into eight
groups (n=10/group), including control, vehicle (Sal), DZP
(2mg/kg), and PCC0105004 (0.5, 0.75, 1, 2, and 3mg/kg) groups.
At 30min following the intragastric administration of the appro-
priate treatments, rats underwent EZM testing.

2.4.3 | Experiment 3: Prophylactic Treatment

Prophylactic administration was used to further verify the
effect of PCC0105004 in the CUMS-induced anxiety model.
After 7days of acclimation to the housing environment, rats
were randomly assigned into six groups (n=10 per group):
control (Sal) group, vehicle (CUMS + Sal) group, DZP 2mg/
kg group, PCC0105004 (0.5mg/kg, 1 mg/kg, and 2mg/kg)
groups. During the CUMS period, rats were subjected to
various stressors daily for 21days, except the control group
in which rats did not experience the stressors. During the
21days, rats received intragastric administration twice daily
at 8a.m. and 8 p.m. All rats underwent the battery of behav-
ioral tests beginning on Day 29. At the completion of the be-
havioral tests, rats from the control, vehicle, and PCC0105004
1mg/kg groups were euthanized, and the brain tissues were
extracted and used for Golgi-Cox staining, RNA-seq analysis,
RT-qPCR, and Western blotting analyses.

2.4.4 | Experiment 4: Therapeutic Treatment

Considering the effect of prophylactic administration, we con-
ducted a single therapeutic administration to explore the effect
of PCC0105004 in the CUMS-induced anxiety model. After
7days of acclimation to the housing environment, rats entered
the 21-day CUMS period during which they were subjected to
various stressors daily except for the control rats (n=12) who
did not experience the CUMS. Thereafter, rats were divided into
five groups (n=12 per group) for subsequent studies. On Day
29 and thereafter, all rats received their respective acute single
treatments (Sal, 2mg/kg DZP, 0.5mg/kg, 1 mg/kg, or 2mg/kg
PCC0105004 treatment) and the battery of behavioral tests was
performed 30 min after the treatments.

2.5 | Open Field Test
For OFT analyses, a 60x60x50cm (length x width X height)

box separated into 16 squares of equal size was utilized, defining
the central zone as the four central squares. During OFT testing,

rats were allowed to explore this box for 5min, and the TopScan
monitoring system (CleverSys Inc. Reston, VA, USA) was used
to record their locomotor activity throughout this period. Both
total distance traveled and time spent in the central region were
recorded.

2.6 | Elevated Zero Maze Test

EZM testing was performed with a black circular track (di-
ameter: 100 cm, width: 10 cm) placed 70 cm above the ground,
with two closed and two open runways. Rats were placed
within one of the closed arms while facing the open arm, and
the amount of time spent in the open arms as well as the num-
ber of entrances over a 5-min interval were recorded using
the TopScan monitoring system. To prevent any differences
in performance among rats, after each animal, the maze was
wiped with 75% alcohol spray to remove the trace of the earlier
animal.

2.7 | Western Blotting

The brain tissues were sampled from the sacrificed rat imme-
diately after the behavioral tests were carried out. Using the
radioimmunoprecipitation assay buffer augmented with en-
zyme inhibitors, the amygdala was lysed on ice. The tissues
were immediately homogenized for western blotting using
the primary antibodies stated below: rabbit anti-DCN (1:000,
ImmunoWay, Beijing, China, Cat# YN2155), rabbit anti-
Ewsrl (1:1000, ImmunoWay, Cat# YT1645), rabbit anti-Collal
(1:1000, ImmunoWay, Cat# YM4807), rabbit anti-Col3al
(1:1000, abmart, Cat# P02461), mouse anti-GAPDH (1:1000,
Beyotime, Shanghai, China, Cat# AF0006), and mouse anti-
B-actin (1:1000, Beyotime, Shanghai, China, Cat#AF0003)
at 4°C. After washing thrice with TBST and incubating with
goat anti-mouse HRP (1:5000, Beyotime, Cat# A0216) and
goat anti-rabbit HRP (1:5000, Beyotime, Cat# A0208) for 1h,
ChampChemi 610 (Sagecreation, Beijing, China) was used for
protein band detection with imaging being performed with
the Sage CapturePro software (Sagecreation, Beijing, China).
ImageJ was used to quantify band intensity, normalizing to
GAPDH and B-actin.

2.8 | Golgi Staining

The FD Rapid Golgi Stain kit (FD Neuro Technologies) was
utilized for brain sample preparation, per the kit's protocol.
150-pum thick coronal sections were sliced via a Leica freezing
microtome, inoculated in FD Solution C droplets on gelatin-
laminated slides (FD NeuroTechnologies, P0101), mounted,
dried overnight at ambient temperature, immersed in the
working solution, and then, by using absolute ethanol at 50%,
75%, and 95% concentration, the sections were dehydrated. A
microscope (ZEISS, Germany) was then used to view prepared
amygdala sections, with the number of spines per 10um on a
40-um dendrite segment being counted for amygdala neurons.
Brain tissue sections were prepared from five rats in each
group, with quantification having been performed for five
neurons per section.
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2.9 | RNA-Seq and Data Analysis

High-throughput RNA-seq was performed by Novogene Co. Ltd.
(Novogene, Shanghai, China). Briefly, after extracting total RNA
from the amygdala samples from rats in the control, model, and
drug treatment groups (n = 3/group), total RNA was fragmented
to generate short segments, and oligo (dT) magnetic beads were
used to enrich mRNA, after which cDNA was synthesized. After
purifying and enriching the double-stranded cDNA via PCR,
BGIseq-500 was used to sequence the library products. KEGG
and GO bioinformatics analyses were performed by Novogene
with a custom in-house data mining system, and protein—protein
interaction (PPI) networks were generated with the STRING da-
tabase and Cytoscape.

2.10 | RNA Isolation and RT-qPCR

After extracting RNA with an RNA extraction kit, a reverse
transcription kit was used to prepare cDNA, and the SYBR
Green method was then used for qPCR-based quantification
using primer OligodT as directed (Sangong, Shanghai, China).
Primers for this study are listed in Table 1. Each 10 uL reaction
consisted of 5uL of 2XSYBR Green qPCR Mix, 0.4uL each of
F+R primers (10nM), 0.5pL of prepared cDNA, 0.2 uL of ROX
Reference Dye II, and 3.9uL of RNase Free H,0. Power SYBR
Green PCR Master Mix (Applied Biosystems, CA, USA) and a
Fast 7500 Real-Time PCR System (Applied Biosystems) were
used for qPCR quantification with the settings: 95°C for 10 min;
40cycles of 95°C for 15s and 60°C for 60s; followed by 95°C for
155, 95°C for 605, and 95°C for 30s, and cooling for 30s at 37°C.
Sample gene expression levels were normalized to GAPDH, and
the 2722t method was used to quantify relative expression lev-
els among groups.

2.11 | Statistical Analyses

Data are given as means + SEM. Data were analyzed with IBM
SPSS 21.0 (IL, USA) and were graphed with GraphPad Prism
9.0 (CA, USA). Results were compared via one-way ANOVAs
with Dunnett's post hoc test, and p<0.05 was considered
significant.

TABLE1 | Primers for PCR.

2.12 | Nomenclature of Targets and Ligands

Key protein targets and ligands in this article are hyperlinked
to corresponding entries in http://www.guidetopharmacology.
org, the common portal for data from the IUPHAR/BPS Guide
to PHARMACOLOGY [42], and are permanently archived in
the Concise Guide to PHARMACOLOGY 2023/24: G protein-
coupled receptors [43].

3 | Results

3.1 | Evaluation of the Impact of PCC0105004 on
Rat Locomotor Activity and EZM Test

Open field test was used to evaluate the effect of PCC0105004
(1-5mg/kg, ig) on the spontaneous activity of normal rats. It was
shown that PCC0105004 at 1 mg/kg and 2mg/kg did not have a
significant effect on the spontaneous activity of rats. However,
higher doses than 3 mg/kg (distance traveled: p <0.01; number of
crossings: p <0.05) of PCC0105004 led to significant suppression
of the spontaneous activity in rats (Figure 2A,B). To establish
the optimal PCC0105004 doses to use in subsequent anxiety-
focused studies, the impact of PCC0105004 on anxiety-like be-
haviors was initially evaluated in normal rats (untreated rats)
through the use of the EZM test, which is commonly used to
screen for compounds with anxiolytic-like activity when work-
ing with rodents [8]. PCC0105004 treatment in the 0.75-2mg/kg
range dose-dependently increased the time the rats spent in the
open arms (p<0.01; p<0.001; p<0.001; p<0.001) (Figure 2C)
without any impact on the number of entries (Figure 2D). Based
on these findings and the OFT results, PCC0105004 doses of 0.5,
1, and 2mg/kg were selected for further use.

3.2 | Assessment of the Effects of PCC0105004 on
Anxiety-Like Behaviors in CUMS Model Rats

A scheme showing the timeline of CUMS treatment and be-
havioral tests is shown in Figure 3A. After CUMS treatment,
rats were subjected to the OFT and EZM tests to evaluate their
anxiety-like behaviors. Figure 3F shows the representative tracks
of rats in each group during the EZM. As compared to the control

Gene Forward (5’-3') Reverse (5'-3')

Sgk1 CAGAAAAGGAGCGAGTCCGT GTGAGGGGTTGGCGTTCATA

Aox4 CCCCTTGAATAGCCCAGCAA AGGGTCGTCTCTGGGAATCA
Collal TGGTACATCAGCCCAAACCC GCTACGCTGTTCTTGCAGTG

Col3al TCAAAGGCCCAGCTGGTATC TTGCGTCCATCAAAGCCTCT

DCN GCATGACTTCTGCCTCCCTT CAATACCGGACAGGGTTGCT
Carl3 ATACGACGAGCACAACGGTC CCACGCAGAACTGATTTGTCC
Nid1 AACCTGGCTATCAGGGGGAT TCTCGTTCCAGTTGACACCG

Ewsrl GCAGGGCTACAGTGCTTACA CAGTGGGAGGCTGTCCATAA
GAPDH GGTCGGAGTCAACGGATTTG ATGAGCCCCAGCCTTCTCCAT
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with Dunnett's post hoc test, *p <0.05, ** p<0.01, ***p <0.001 vs. vehicle.

rats, the vehicle-treated CUMS model rats spent less time in the
open arms (p<0.001) during the EZM test. 21days of prophy-
lactic treatment with PCC0105004 (0.5, 1 and 2mg/kg) dose-
dependently prevented CUMS-induced anxiety-like behavior in
the EZM test ((Figure 3B, p<0.05; p<0.001; p<0.001, respec-
tively) with 2 mg/kg PCC0105004 demonstrating a similar effect
to 2mg/kg DZP p<0.001) treatment. Importantly, the number
of entries was not altered by these drug treatments (Figure 3C),
demonstrating behavioral specificity. For the OFT, Figure 3G
shows the movement trajectories of rats with different treatment
histories. Ascompared to the CUMS model rats with vehicle treat-
ment, PCC0105004 (0.5, 1, and 2mg/kg) treatment increased the
time rats spent in the center of the open field arena (Figure 3D,
p<0.05; p<0.05; p<0.001), similar to rats treated with 2mg/kg
DZP (p<0.001). In contrast, no significant effect was found on
the total distance traveled in any group of rats (Figure 3E). These
results suggest that PCC0105004 treatment was associated with
reduced anxiety-like behaviors in CUMS rats while the general
locomotor activity of these rats was unaffected.

Next, we examined the acute therapeutic effects of PCC0105004
on CUMS-induced anxiety-like behaviors, wherein a single drug
or vehicle treatment was administered 30 min before the behav-
ioral tests (see Figure 4A for study timeline). Figure 4F shows
the representative tracks of rats during the EZM. In the EZM
test, rats in the vehicle group spent less time in the open arms
than those in the control group (Figure 4B, p <0.001), which was
dose-dependently and significantly improved by PCC0105004 (1
and 2mg/kg) (p<0.05; p<0.001) and DZP 2mg/kg (p <0.001)
treatments. The effect was not due to the drugs’ impact on the
number of entries (Figure 4C). Figure 4G shows the movement
trajectories of rats during the OFT. Rats in the vehicle group
spent less time in the center arena than those in the control
group during the OFT (p<0.001), and PCC0105004 (1 mg/kg
and 2mg/kg) treatment significantly enhanced the time the rats
spent in the center arena (Figure 4D, p<0.01; p<0.001) with
2mg/kg PCC0105004 demonstrating a similar effect to 2mg/kg
DZP (p <0.001). The total distance traveled was not significantly
different among the groups (Figure 4E). Together, these results
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indicated that PCC0105004 attenuated anxiety-like behaviors in
CUMS rats without affecting their locomotor activity.

3.3 | PCC0105004 Reduces Amygdala Dendritic
Spine Density

Much evidence suggests that synaptic plasticity dysfunction is
involved in the neuropathology of many neuropsychiatric dis-
orders including anxiety disorder [44]. Numbers of literatures

have shown that anxiety is closely related to pyramidal neurons
[31, 45-47]. Therefore, Golgi staining was next employed to de-
tect changes in dendritic spine morphology in the pyramidal
neurons of the amygdala in CUMS rats. Relative to control ani-
mals, significantly decreased numbers of total dendritic spines
were observed in CUMS model rats (p <0.001), while repeated
treatment with 1 mg/kg PCC0105004 during the CUMS period
was sufficient to reverse this change (Figure 5, p<0.001), sup-
porting the ability of PCC0105004 to alleviate CUMS-induced
synaptic remodeling.
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FIGURE 4 | PCCO0105004 offers therapeutic protection against anxiety-like behaviors in CUMS model rats. (A) Timeline of therapeutic adminis-

tration. (B, C) EZM time in open arms (B) and numbers of entrances (C). (D-F) OFT time in center (D) and total distance traveled (E). Typical tracks

of the EZM of rats in each group (F). Representative images of the OFT of rats in each group (G). Data are means+ SEM, n=10/group. One-way
ANOVAs with Dunnett's post hoc test, ###p < 0.001 vs. control, *p <0.05, **p <0.01, and ***p <0.001 vs. vehicle.

3.4 | RNA-Seq Analyses of Amygdala Samples
From PCC0105004-Treated Rats

3.4.1 | Correlation Analyses of the Association Between
PCC0105004 Treatment and CUMS-Induced Anxiety

The mechanistic basis for the therapeutic benefits of PCC0105004
in CUMS model rats was next assessed through RNA-seq anal-
yses of samples of amygdala tissue from CUMS model rats. In
total, 172 and 253 respective upregulated and downregulated
genes were detected for the control vs. vehicle comparison,
whereas 740 and 195 respective upregulated and downregulated
genes were detected when comparing the vehicle and 1 mg/kg
PCC0105004 treatment groups (Figure 6A). Clear differences

were observed among groups in heatmaps showing the clus-
tering of transcripts in the amygdala (Figure 6C). In total, 93
common anxiety-related genes were identified, accounting for
6.8% of total genes. Overlapping targets were used to establish a
PPI network with the STRING database (Figure 6B). This net-
work consisted of 73 and 247 edges, which were significantly
higher than the expected 158 edges. Average node degree and
local clustering coefficient values were 6.77 and 0.401, while the
p value for PPI enrichment was < 3.93e-16, consistent with this
network including more than the expected number of interac-
tions. Together, these results indicated the extensive interac-
tions among these proteins and their tightly linked nature. The
top 10 core targets from this PPI network included DCN, Collal,
Col3al, Col6a2, Nidl, Grm8, Grm2, Cldn2, Actg2, and Cldnl,
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suggesting the ability of PCC0105004 to exert its anxiolytic ef-
fects through signaling pathways related to these targets.

3.4.2 | Functional Enrichment Analyses

To more fully understand the possible functional roles of the
identified target genes, the topGO algorithm was next used
to perform enrichment analyses. In GO enrichment analyses
(Figure 7A), these genes were associated with biological pro-
cesses including Wnt signaling, transmembrane transport, and
cell surface receptor signaling. They were also associated with
cellular components including extracellular region and cyto-
skeleton, and with molecular functions including activity of ex-
tracellular matrix structural constituent, calcium ion binding,
and transporter activity, suggesting a link between PCC0105004
and these processes.

KEGG pathway enrichment analyses revealed that there were
281 pathways enriched in the PCC0105004 treatment and vehi-
cle treatment groups. Of these pathways, the top 20 were cho-
sen for further analysis (Figure 7B). These pathways revealed
the close association between these genes and the regulation of
phosphatidylinositol-3-kinase (PI3K)-protein kinase B (AKT)
signaling and extracellular matrix (ECM)-receptor interaction
pathways, the latter of which is summarized in Figure 7D, and
the former of which is summarized in Figure 7E. PCC0105004
was primarily predicted to impact receptors including GPCR,
receptor tyrosine kinases, and the ECM, further downregulat-
ing downstream factors that include protein kinase C (PKC),
serum- and glucocorticoid-inducible kinases (SGK), and cAMP-
response element binding protein (CREB). These signaling
proteins eventually have effects on cellular events that in-
clude survival, growth, and proliferative activity. As shown in
Figure 7C, genes and signaling pathways related to PCC0105004
were closely linked, with integrins (including Itgb1, Itgb4, Itgb8,
Itgal, Itga5, and Itgav), collagens (including Collal, Col4a5,
Col6al, and Col6a2), and laminins (including Lamcl, Lamc3,
and Lamc4) serving as key genes. PCC0105004 may thus be
capable of mediating anxiolytic effects through its interactions
with integrins, collagens, and laminins.

3.5 | Analyses of DEGs Expression and Proteins
Related to Synaptic Plasticity in the Amygdala

Next, 88 genes exhibiting opposing trends in the control versus
vehicle and vehicle versus PCC0105004 comparisons were ana-
lyzed in greater detail. These genes included 23 and 65 that were,
respectively, upregulated and downregulated in the control ver-
sus vehicle comparison, while exhibiting the opposite expression
patterns in the vehicle versus PCC0105004 comparison. In total,
these genes included 35 DEGs (llog2FCl>2, p<0.05, Table 2).
Based on the core targets from the PPI network and KEGG path-
way enrichment analyses, one upregulated and seven downreg-
ulated DEGs from the control versus vehicle comparison were
further analyzed (Figure 8A). These analyses revealed the sig-
nificant upregulation of Ewsrl (Figure 8H, p<0.001), together
with the significant downregulation of Collal, Col3al, Aox4,
DCN, and Cari3 (Figure 8B,C,F,G,I Collal: p<0.01; Col3al:
p<0.01; Aox4: p<0.001; DCN: p<0.05; Carl3: p<0.001) in
vehicle model animals relative to controls. Following repeated
treatment with 1 mg/kg PCC0105004 treatment, significantly re-
duced Ewsrl expression was observed (p <0.001), while Collal,
Col3al, Aox4, and DCN were significantly upregulated (Collal:
p<0.001; Col3al: p<0.01; Aox4: p<0.001; DCN: p<0.001). No
corresponding patterns of altered expression were observed for
the two remaining DEGs (Figure 8C-E). In light of the above
gPCR results, four DEGs associated with synaptic plasticity
were selected for further analysis, including DCN, Collal,
Ewsrl, and Col3al. Western immunoblotting was used to detect
the levels of these four proteins, revealing a reduction in DCN
levels (Figure 8F, p<0.001) and increased Collal and Ewrsl lev-
els (Collal: p<0.01; Ewrsl: p<0.05) when comparing the con-
trol and vehicle groups (Figure 8G,H), while these changes were
reversed in PCC0105004-treated rats (DCN: p<0.01; Collal:
p<0.01; Ewsrl: p<0.05). The Col3al protein expression profile
did not meet experimental expectations.

4 | Discussion

AD affects millions and currently available therapies suffer from
limited efficacy, slow onset, and a myriad of side effects. New
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anxiolytics with better therapeutic profiles are needed. In this  increased the time rats spent in the open arms without affect-
report, we examined the potential anxiolytic effects of a novel  ing the number of entries. In the CUMS model, PCC0105004
TAARI agonist PCC0105004 and also examined its underlying ~ was able to prevent and improve anxiety-like behaviors in
anxiolytic mechanisms. In the EZM test, acute PCC0105004  rats. Morphologically, PCC0105004 prevented CUMS-induced
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FIGURE 7 | Functional enrichment analyses. GO (A) and KEGG (B) enrichment analyses of the genes from the vehicle and PCC0105004 treat-
ment groups. (C) The ECM-receptor interaction and (D) AKT-PI3K signaling pathways and PCC0105004 targets associated with its anxiolytic ef-
ficacy. (E) Signaling pathways and targets of PCC0105004 related to its anxiolytic activity. BP, biological processes; CC, cellular components; MF,

molecular functions.

synaptic remodeling in the amygdala in rats. At the molecu-
lar level, PCC0105004 ameliorated CUMS-induced synaptic
changes possibly involving DCN, Collal, and Ewsrl proteins.
Together, these results suggest that PCC0105004 has the poten-
tial as a novel anxiolytic drug that warrants further examina-
tion. A schematic figure depicting the potential mechanisms is
shown in Figure 9.

CUMS is a commonly used chronic stress approach, which leads
to a behavioral phenotype that is often interpreted and used as
rodent behavioral models of several mental disorders including
depression and anxiety [48, 49]. When CUMS is used as an ex-
perimental manipulation to induce anxiety-like behaviors, be-
havioral assays such as EZM and OFT are usually used to detect
the level of anxiety [50]. EZM was first developed by Shepherd
et al. in 1994, which is considered an improvement from the el-
evated plus maze assay to study anxiety and screen anxiolytic
agents [51].

In this study, PCC0105004 significantly increased the time
rats spent in the open arms in normal rats and rats that expe-
rienced the CUMS protocol, an indicator that is conventionally
interpreted as anxiolytic [52, 53]. Because the same doses of
PCC0105004 did not affect the number of entries rats crossed
the arms, this effect is considered behaviorally specific. Another
commonly used anxiolytic assay, OFT [54], was used to replicate
the EZM test results with the same rats, and the results were
consistent, whereas the rats traveled significantly more in the
central arena after PCC0105004 treatment while the total travel
distance was unaltered. This indicator also suggests anxiolytic
activities [55, 56]. Together, these results strongly suggest that
PCC0105004 has anxiolytic activity in rats. Remarkably, SSRIs
suffer from a slow onset of therapeutic effect (2-3weeks) [57],
while PPC0105004 shows the effect of anti-anxiety in 24h. In
addition, studies have shown that most patients with acute anx-
iety symptoms can be treated effectively with benzodiazepines
(such as diazepam) [58], but due to tolerance and dependence,
benzodiazepines are often restricted. DA transmission is the key
monoamine involved in the rewarding and reinforcing effects
of almost all addictive drugs [59]. Addictive drugs can increase
the concentration of DA in the mesencephalic limbic system
of rats [60]. Previous studies showed that TAAR1 was able to
negatively modulate dopamine release both in vitro and in vivo
[19, 61] and can also specifically inhibit the rewarding and re-
inforcing effects of drugs of abuse [61]. Thus, PCC0105004 may
have a low risk of dependence and deserves further study.

In an effort to more fully explore the anxiolytic activity of
PCC0105004 beyond its direct agonistic effects on the TAAR1
receptor, its impact on CUMS-induced synaptic plasticity was
evaluated. The amygdala is a key brain region linked to anx-
iety that undergoes structural plasticity in response to stress
[46, 62-64]. The pathogenesis of anxiety is strongly related to
synaptic plasticity [65-67]. Recent research suggests that the

anxiolytic properties might be mediated by increased dendritic
spine density of pyramidal neurons [68], including CUMS-
induced anxiety-like behavior and reduced dendritic spine
density in the amygdala, which can be partially reversed by the
treatment of fragment C of immunoglobulin [69]. In this study,
CUMS modeling led to pronounced reductions in dendritic
spine density in the amygdala, while PCC0105004 was sufficient
to prevent this change. This result probably is not surprising
given that the literature suggests that chronic administration
of TAARI agonists such as RO5263397 can ameliorate chronic
stress-induced changes in the structural plasticity of pyramidal
neurons [23]. PCC0105004 may therefore be capable of prevent-
ing damaging synaptic plasticity maladaptation and reducing
the onset and exhibition of anxiety-like behaviors.

Global RNA-seq analyses can provide insight into the signaling
pathways and mechanisms related to the incidence of anxiety-
related disorders [70, 71]. Combined PPI network, KEGG path-
way analysis, and more strictly fold change, when compared
with the control group, one upregulated DEGs and seven down-
regulated DEGs were identified with RT-qPCR in CUMS rats.
In particular, PCC0105004 treatment resulted in a significant
decrease in mRNA levels of Ewsrl, but gene expressions of
Collal, Col3al, Aox4, and DCN were significantly increased.
Interestingly, these four DEGs (Ewsrl, Collal, Col3al, and
DCN) are known to be associated with synaptic plasticity. To
further confirm these changes, we examined the protein expres-
sion levels of these four genes. Except for Col3al protein, all the
other proteins were significantly changed after PCC0105004
treatment.

Decorin (DCN) belongs to the small leucine-rich proteoglycan
(SLRP) family and is a proteoglycan known to be involved in
regulating cell proliferation, collagen fibril organization, and
migration [72]. Increasing evidence indicates that upregula-
tion of DCN can improve synaptic remodeling via participating
in ECM assembly [73-76]. Besides, it also can regulate the bio-
activities of cell growth factors [77-79], including insulin-like
growth factor-I receptor (IGF-IR) which can phosphorylate
PI3K/AKT/mammalian target of rapamycin (mTOR) path-
way, and the pathway has been shown to promote dendritic
spine density and synaptic plasticity [80, 81]. These results
indicate that there may be positive feedback between synap-
tic plasticity and DCN. Collagen I is the fibril that forms col-
lagen, encoded by Collal and Colla2 [82]. Growing evidence
suggests that collagens are involved in the development of the
CNS, playing important roles in neuronal maturation, neural
circuit formation, axon guidance, and synaptogenesis [82-84].
Remarkably, they participate in axon guidance and synap-
togenesis [85]. Ewing sarcoma breakpoint region 1 (Ewsrl)
belongs to the FET family; it has been reported that Ewsrl de-
ficiency leads to neuronal atrophy, affects the stability of neu-
ronal synapses, and causes abnormal motor function [86, 87].
Ewsrl may activate Akt [88, 89] which is the main regulator
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FIGURE 8 | Analyses of DEG expression and proteins related to synaptic plasticity in the amygdala. (A) A volcano plot analysis of DEGs in the
control, vehicle, and PCC0105004-treated groups (IFold-changel > 2, p <0.05). (B-E) qPCR analyses of the expression of DEGs including Aox4, Car13,
Nidi, and Skgl. (F-I) gPCR and Western blotting analyses of the expression of DEGs and proteins including, DCN, Collal, Ewsrl, and Col3al. Data
are means +SEM, n=6/group. One-way ANOVAs with Dunnett's post hoc test, *p <0.05, **p < 0.01, **#p <0.001 vs. control, *p <0.05, **p < 0.01, and
*#*p <0.001 vs. vehicle.

TABLE 2 | [log2FCl>2 and p value <0.05 of the 35 DGEs in transcriptomics.

Log2FordChange (Vehicle

Gene name Log2FordChange (Control vs. Vehicle) vs. PCC0105004)
Famllla 6.087783238 —5.209162477
Col3al 2.545668558 —2.023357244
Carl3 3.36043117 —2.052113383
Alkbh6 —3.69210224 2.112584331
LOC100912042 4.884550891 —4.189936608
DCN 2.360253952 —2.080118628
Akrlcl4 2.570877151 —2.051191074
Ewsrl —2.693860324 2.503636249
F5 3.477007554 —3.829764946
Aox4 2.913452023 —2.159200631
Collal 2.050079688 —2.036145884
Nid1 2.036764463 —2.090576354
Whbpl —3.137966902 2.94372669
Slc4a5s 2.664696825 —2.550698784
Zfp647 —5.762774416 4.881431847
Aqpl 3.039148016 —2.733072788
LOC100912163 3.046337859 —3.124425256
Lilrb3 —5.531777672 4.652194242
Cnnl 2.833974632 —2.205248763
novel.869 2.740234346 —2.23819329
Cldn2 2.388118623 —2.741084754
Hprtl —2.717098812 2.198722429
novel.214 —4.953967549 4.070935567
Actg2 3.384609511 —2.694274161
LOC100910308 2.881533171 —2.429210496
Inmt 3.202733973 —3.835407943
Adh6 2.023266851 —3.010001411
Sgk1 2.072070607 —2.054117264
Kif28p 5.322139284 —5.402838666
Chchd4 2.485913138 —2.645112693
Hvenl 2.264524212 —2.169246441
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FIGURE9 | A schematic figure depicts the proposed mechanism of anxiety-behavior modulation by synaptic plasticity.

of cell survival and has key multifunctional downstream sig-
naling nodes, such as glycogen synthase kinase3 (GSK-3) [90].
It has been confirmed that GSK-3 is involved in the regulation
of, and cross-talk between, two major forms of synaptic plas-
ticity [91]. In addition, research shows that Ewsrlcan regulate
the phosphorylation state of CREB [92], which can directly
regulate brain-derived neurotrophic factor (BDNF) transcrip-
tion [93, 94]. It may also be related to its influence on synaptic
plasticity. Taken together, the altered protein expressions of
these genes in CUMS rats could be directly or indirectly in-
volved in the pathogenesis of CUMS-induced anxiety in rats,
and the amelioration of PCC0105004 on these protein changes
may contribute to its anxiolytic activity. It should be noted
that evidence revealed in this report only suggests their cor-
relative roles, and further investigation is needed to confirm
the causal relationships between PCC0105004 treatment, the
anxiolytic efficacy, and changes of these synaptic plasticity-
related genes.

5 | Conclusion

In summary, the anxiolytic activity of the novel TAAR1 ago-
nist PCC0105004 was herein demonstrated in vivo in rat mod-
els of both acute and chronic anxiety, confirming the ability
of PCC0105004 to achieve behaviorally specific antianxiety
activity. In preliminary studies of the anxiolytic properties of
PCC0105004, it was found to attenuate CUMS-induced synap-
tic remodeling, potentially through the regulation of various

genes related to synaptic plasticity such as DCN, Collal, and
Ewsrl. Combined, these results strongly suggest that the
TAARI agonist PCC0105004 may be a potentially valuable
drug candidate for the treatment of anxiety that is worthy of
further investigation.
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