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Abstract

YL-0919 has been identified as a novel dual 5-HT,, partial agonist and serotonin reuptake inhibitor. In the current study, we demonstrated
that YL-0919 produced prominent antidepressant-like and anxiolytic-like effects in a chronic unpredictable stress (CUS) rat model.
Male SD rats were exposed to CUS for 5 weeks; YL-0919 (1.25 and 2.5 mg/kg) or a positive control fluoxetine (FIx, 10 mg/kg) was orally
administered daily. YL-0919 or FIx treatment significantly increased the sucrose preference rate, the locomotor activity in an open field
test (OFT), the latency to feed in a novelty-suppressed feeding test (NSFT), and both the percentage of time spent in the open arms and
the number of entries into the open arms in an elevated plus-maze test. YL-0919 or Flx treatment significantly suppressed the serum
levels of ACTH and corticosterone in CUS-exposed rats. Additionally, YL-0919 or Fix treatment significantly enhanced the levels of CAMP,
the expression of phosphorylated cAMP response element-binding protein (pCREB) and brain-derived neurotrophic factor (BDNF) in the
hippocampus of CUS-exposed rats. Similar to Flx, YL-0919 treatment significantly enhanced the dendritic complexity, and increased
the number of dendritic nodes as well as the spine length and number of branch nodes in the hippocampal pyramidal neurons of CUS-
exposed rats. Overall, our results reveal that YL-0919 suppresses the HPA axis and exerts antidepressant-like and anxiolytic-like effects

in CUS-exposed rats, which are associated with the enhanced cAMP signaling and hippocampal dendritic complexity.
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Introduction

Major depressive disorder (MDD) is a debilitating and recur-
ring psychiatric disorder that affects over 15% of the American
population and an increasing number of humans worldwide!"..
The World Health Organization website shows that depression
is a common illness worldwide, with more than 300 million
people being affected. Furthermore, the lifetime prevalence
of MDD is 3.5%, and the 12-month MDD prevalence is 2% in
China®. A series of antidepressants are available, including
selective serotonin reuptake inhibitors (SSRIs) and serotonin
norepinephrine reuptake inhibitors (SNRIs). However, only
50%-70% of patients exhibit mood improvements in response
to initial antidepressant treatment”. Moreover, there is a time
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lag of weeks to months before currently available medications
become effective. This time lag further highlights a major
need not yet meet for novel rapid-acting and more efficacious
antidepressant agents®.

Antidepressants that selectively target the 5-HT system
may be effective in the management of different subtypes and
symptoms of depression, suggesting that SSRIs may not be
the only potential agents'®”.. Given the complicated etiology
and important roles of 5-HT and its receptors in antidepres-
sant therapy, drugs combining the activities of 5-HT, receptor
agonists with selective serotonin reuptake inhibitors may rep-
resent a new strategy for achieving antidepressants that have
greater therapeutic efficacy. Approved in 2011 by the US Food
and Drug Administration (FDA), vilazodone was the first anti-
depressant with dual 5-HT;, partial agonist and SSRI activity
for the treatment of MDD. It is comparable to other known
antidepressants and has fewer side effects®™. Therefore, novel,
ideal drugs that have a dual 5-HT reuptake blockade and



a 5-HT;, receptor partial agonist activity, which have been
termed serotonin partial agonist-reuptake inhibitors (SPARISs),
may hold promise for patients who cannot tolerate or have not
responded to previous antidepressant monotherapies. Addi-
tionally, the use of SPARIs may extend to the treatment of
other mental health conditions similar to those treated by sero-

[9, 10]

tonin selective reuptake inhibitors Chronic stress expo-

sure also causes neuron atrophy in the prefrontal cortex and

[11, 12]

hippocampus regions in rodents" ~, and these effects might

contribute to the decreased volumes of these regions that have
been reported in brain imaging studies of MDD patients"* .

A large number of clinical trials have suggested that stress
can act as a precipitating factor in the onset of MDD, The
pathophysiology of depression and the neurobiology of stress
are linked by their shared association with the hypothalamic-
pituitary-adrenal (HPA) axis"®"”. To our knowledge, the rela-
tionship between the neuroendocrine effects of chronic stress
and those of YL-0919 treatment is unknown.

Given all of the abovementioned factors, we designed and
synthesized a series of compounds to search for SPARI com-
pounds that have novel structure and activity to provide
therapeutic treatment for depression and stress-related dis-
eases. YL-0919 [(1-(1-benzyl-4-hydroxypiperidin-4-ylmethyl)-
2(1H)-pyridinone hydrochloride] was identified as the final
candidate due to its high combined selectivity as a serotonin
reuptake inhibitor and 5-HT;, receptor agonist and its strong
antidepressant and anxiolytic-like effects. Chen et al dem-
onstrated the therapeutic pharmacological properties of
YL-0919 through an in vitro GTPyS binding functional assay
and in vivo behavioral tests. The potency (ECs) and efficacy
(Emax) of YL-0919 in the rat hippocampus was determined
to be 1.20£0.21 nmol/L and 85.11%%9.70%, respectively, by
the [*S]-GTPyS binding assay. YL-0919 has high affinity for
SERT/5-HT,,, as the K; was determined to be 0.72+0.10 and
0.19£0.02 nmol/L, respectively. In addition, it can potently
inhibit 5-HT uptake in hSERT-transfected HEK293 cells and
in the rat frontal cortex, with ICs, values of 1.93£0.18 and
1.78+0.34 nmol/L, respectively. When administered via the
acute po route, a very low dose of YL-0919 could reduce the
immobility time in the tail suspension and forced swimming
tests in mice and rats"™. In a recent study, the GTPyS binding
assay was used in determining that YL-0919 is a 5-HT;, partial
agonist". The molecular mechanisms underlying the anti-
depressant activity of YL-0919 are not clear and need further
investigation.

Considering the relationship between molecular targets
and therapeutic effects, the present study aimed to inves-
tigate the antidepressant-like effects of YL-0919 in vivo in a
chronic unpredictable stress (CUS) model and the potential
mechanisms of these effects related to dendritic complexity.
It further aimed to determine whether chronic YL-0919 treat-
ment could alleviate stress-induced behavioral abnormalities
in the HPA axis. In addition, to further investigate the pos-
sible molecular mechanisms that may mediate the therapeutic
effects of YL-0919, the study assessed the changes in dendritic
complexity and the expression levels of brain-derived neuro-
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trophic factor (BDNF) protein and the portion of its upstream
target cCAMP response element-binding protein (CREB) that is
activated [phosphorylated CREB (pCREB)] in the cortex.

Materials and methods

Animals

Male Sprague-Dawley rats (180+10 g) were purchased from
the Beijing Vital Laboratory Animal Technology Company
(Beijing, China). The animals were maintained under stan-
dard conditions with controlled temperature (23+1°C), humid-
ity (45%), and lighting (12 h/d). The experiments were con-
ducted according to the National Institutes of Health Guide
for the Care and Use of Laboratory Animals (NIH Publications
No.80-23, revised 1996). The experimental procedures were
approved by the Institutional Committee on Animal Care and
Use, and all efforts were made to minimize animal suffering
and reduce the number of animals used for the experiments.

Drugs and reagents

Fluoxetine (Flx) was purchased from Sigma-Aldrich (St
Louis, MO, USA). YL-0919 (purity 299%) (Figure 1), which is
approved for clinical research, was synthesized by the Depart-
ment of Medicinal Chemistry at our institute. Rapid Golgi
staining kits were purchased from FD NeuroTechnologies Inc
(Washington DC, USA) (Table 1A). Unless otherwise stated,
all compounds were dissolved in distilled water and adminis-
tered to the rats via po in a volume of 2 mL/kg.

CUS procedure

The animals were exposed to a variable sequence of mild and
unpredictable stressors for 5 weeks in a procedure that pro-
duces depressive-like behavioral changes™ *!. The rats were
randomly divided into the following five groups based on their
sucrose preference in a final sucrose baseline test: control (non-
stress), stress-vehicle (saline), stress-Flx (10 mg/kg)"*?, and
stress-YL-0919 (1.25 and 2.5 mg/kg). The vehicle or drugs were
administered orally from 8:00 to 9:00 am 1 h prior to the stress
procedure. Except for the control, non-stressed group, the ani-
mals were subjected to a total of eight different stressors (one
stressor each day, see Table 1). The stressors included overnight
illumination (19:00-7:00), white noise (110 dB) and strobe flash
for 2 h, cage tilting at 45°C for 24 h, soiled cage for 24 h, cold
swimming at 10°C for 6 min, tail pinch for 1 min, water and
food deprivation for 24 h, and restraint stress for 1 h. For details,
see Table 1. Concomitant with CUS, drug treatments were given
every morning and the sucrose preference test (SPT), open field
test (OFT), and novelty-suppressed feeding test (NSFT) were
performed after the drug treatments. An outline of the CUS and
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saever

Figure 1. YL-0919 chemical structure.
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Table 1. The stressors used in the chronic unpredictable stress (CUS)
procedures.

Type Stressors

Overnight illumination (19:00-7:00)
White noise (110 dB)+strobe flash 2 h
Cage tilting 45° 24 h

Soiled cage 24 h

10 °C cold swimming 6 min

Tail pinch 1 min

Water deprivation+food deprivation 24 h
Restraint stress 1 h

0w ~NO Ok WN R

behavioral test design is presented in Figure 2.

Behavioral tests

SPT

For the SPT on the 36th day of the CUS procedure, rats were
exposed to a palatable sucrose solution (1%, Sigma) for 48 h,
followed by 4 h of water deprivation and a 1 h exposure to
two identical bottles: one filled with the sucrose solution and
the other filled with water. This procedure was adapted from
previous studies and has been previously used™!. The sucrose
and water consumptions were determined by measuring the
volume of consumed liquid. Sucrose preference was defined
as the ratio of the volume of consumed sucrose solution to
that of the total volumes of consumed sucrose solution and
water during the 1-h test. Following the exposure to 5 weeks
of stress, the sucrose preference test was again employed to
evaluate the CUS model and drug actions. One hour before
testing began, Flx (10 mg/kg) was administered via po and
YL-0919 (1.25 and 2.5 mg/kg) was administered orally.

OFT

The OFT began at 2:00 PM on the 37th day of the CUS proce-
dure and drug treatment. The OFT was performed at the cor-
ner of a plastic 76x76x46 cm box (the floor was divided into
nine equal sectors according to the method provided by Gray
and Lalljee™). The rats were placed in the central grid and
observed for 5 min. The number of squares crossed with all
paws (crossings) and the number of times the forepaws were
raised (rearings) were recorded in the next 5-min session. The

Sucrose

Drug treatment

noise level in the room in which the experiment took place was
minimal, and the open field box was cleaned before and after
the test using 10% alcohol. One hour before testing began, Flx
(10 mg/kg) was administered via po and YL-0919 (1.25 and 2.5
mg/kg) was administered orally.

NSFT

The novelty-suppressed feeding test (NSFT) was performed
on the 38th day as previously described™'. Before the test, the
rats were food-deprived overnight. The rats were placed in
an open field (76 cmx76 cmx40 cm Plexiglas container) with a
small amount of food in the center. The animals were allowed
to explore the open field for 5 min. The latency to feed, specifi-
cally the time required for the animal to approach and take the
first bite of food, was recorded with a stopwatch. One hour
before testing began, FIx (10 mg/kg) was administered via po
and YL-0919 (1.25 and 2.5 mg/kg) was administered orally.

Elevated plus-maze test

On the 39th day of the CUS procedure, the rats were placed in
the center of a maze (40 cm above the floor) facing an enclosed
arm. The numbers of entries (with all four paws) into the
maze and the times spent in both the open and enclosed arms
(30x5 cm and 30x5x15 cm high, respectively) were recorded
for 5 min as previously described®. The percentages of
entries in the arms and the time spent in the open arms were
calculated, and these values were divided by the total arm
entries and the total time, respectively. One hour before
testing began, Flx (10 mg/kg) was administered via po and
YL-0919 (1.25 and 2.5 mg/kg) was administered orally.

ACTH and corticosterone assays

The rats were treated with antidepressants and/or saline for
5 weeks during the CUS procedure. To determine cytokine
levels, serum was collected from their veins prior to death on
the 40th day for the adrenocorticotropic hormone (ACTH)
and corticosterone arrays. The samples were shipped on dry
ice so that the protein concentrations could be assayed, and
bead-based suspension protein arrays were analyzed at the
measured levels of various cytokines as described. The sera
samples were collected as usual. Next, enzyme-linked immu-
nosorbent assay (ELISA) kits provided by the manufacturer
(Abcam, Cambridge, UK) were used in measuring ACTH and
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Figure 2. Outline of CUS procedure and behavioral tests experimental design.
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corticosterone (CORT), respectively. The standard curve for
each array was first quantified with its respective kit, and the
calibration was then exported and applied to the unknowns to
obtain the calculated concentrations as described above.

cAMP assays

The punched cortex and hippocampus tissues were extracted
with RIPA plus protease inhibitor combined with a phos-
phatase inhibitor cocktail and 0.5 mmol/L isobutyl-methyl-
xanthine. The assays were performed with the Lance cAMP
kit (PerkinElmer Lifesciences, Massachusetts, USA) according
to the manufacturer’s instructions. Comparison of the counts
obtained at 665 nm with the cAMP standard curves allowed
the quantitative determination of the cAMP concentrations.
The signal at 615 nm is useful for identifying dispensing or
quenching problems.

Western blotting

The rats were anesthetized by an overdose of 30% urethane,
and the brains were rapidly dissected and frozen at —80°C
until use. The frontal cortex, defined as the first 2 mm of cor-
tex, was extracted by RIPA buffer with protease inhibitors and
a phosphatase inhibitor cocktail (Thermo Scientific, Pierce,
Rockford II, USA). Protein concentrations were measured
using a BCA assay (BCA Protein Quantification Kit, Bitianyun
Co, Ltd, Shanghai, China) according to the manufacturer’s
instructions. All samples were separated on 12% tricine gels
(Invitrogen) and transferred to PVDF membranes. The mem-
branes were blocked with 5% nonfat dry milk in Tris-buffered
saline+0.1% Tween 20 (TBST) and incubated with primary
antibodies diluted in milk overnight at 4°C (anti-BDNF IgG,
anti-CREB IgG and anti-pCREB IgG, 1:500; anti-p-actin IgG,
1:2000; Cell Signaling Technologies)”*". The membranes
were washed in TBST and incubated with HRP-conjugated
secondary antibodies for 1 h at 4°C (rabbit anti-goat, 1:5000;
goat anti-rabbit, 1:5000). The specific bands were detected
and analyzed using a Gel Pro Analyzer (Media Cybernetics,
Bethesda, USA).

Golgi staining test

After the last behavioral tests (on the 40" day of the CUS pro-
cedure), the rats were euthanized by injecting 30% urethane
into their abdomen. Their brains were removed intact and
rinsed with a 4% paraformaldehyde solution for less than 5
min. Golgi staining was performed according to the manu-
facturer’s instructions with the FD Rapid Golgi Stain™ kit
(Neuro Technologies, Ellicott City, MD, USA). In brief, the
fresh brains were soaked in a solution containing potassium
dichromate, mercuric chloride, and potassium chromate for
2 weeks at room temperature in the dark. Then, the tissues
were transferred into a cyto-protectant solution and stored at
4°C for 3 days in the dark. Coronal sections of 100-pm thick-
ness from the dentate gyrus neurons (DG) of the hippocampus
(PFC£0.25 mm from the coronal section through the injection
site in the rostro-caudal direction, four to five sections per ani-
mal) were cut on a freezing microtome (Leica, Wetzlar, Ger-
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many) and collected on clean gelatin-coated microscope slides.
After drying, the sections were re-hydrated in developing
solution (an ammonium hydroxide-based solution) and dehy-
drated in a series of 50%, 75%, 95%, and 100% ethanol washes.
Finally, the sections were cleared with xylene and mounted
on a coverslip with resinous mounting media. The neurons in
the DG of the hippocampus were observed and photographed
under a microscope. The dendritic length and branch counts

of each nerve cell were measured with a digital planimeter®",

Dendrite analysis
The criteria applied to select neurons for reconstruction have

dB 3 In brief, after the behavioral

been previously describe
experiments, the rats were executed with an injection of 30%
urethane into their abdomens. In brief, only fully impregnated
neurons located in regions without truncated dendrites were
analyzed. The cells were digitally reconstructed and traced
with Image-Pro Plus software (Media Cybernetics, Bethesda,
MD, USA). Sholl analysis®! was used in determining the basal
dendritic length and the number of dendritic nodes, which

reflect dendritic complexity™!.

Equidistant (10 mm apart) con-
centric rings were placed over the dendritic tree tracings using
the center of the soma as the reference point. The basal den-
dritic length was calculated by multiplying the number of inter-
sections of each ring by 10 mm, and the number of dendritic
nodes was counted in each successive concentric zone. For
quantitative analysis, four neurons from each hemisphere per

section per animal and four animals per group were examined.

Statistical analysis

Significant differences between the treatment groups were
identified by one-way ANOVA followed by the Bonferroni
test. Differences were considered significant at the a priori
level of P<0.05. The data were analyzed using GraphPad
Prism (GraphPad Software Inc, San Diego, CA, USA).

Results

Effects of YL-0919 on depressive-like CUS rats

As illustrated in Figure 3A, chronic treatment with the SSRI
antidepressant Flx (10 mg/kg, po, P<0.01 vs vehicle) and
YL-0919 (1.25 and 2.5 mg/kg, po) significantly increased the
sucrose preference of rats that were subjected to the CUS pro-
cedure (Bonferroni test, P<0.05 vs vehicle for the 1.25 mg/kg
dose and P<0.01 vs vehicle for the 2.5 mg/kg dose). As illus-
trated in Figure 3C and 3D, YL-0919 (1.25 and 2.5 mg/kg)
remarkably increased the number of rearings and crossings.
Both YL-0919 and Flx remarkably increased the number of
rearings (one-way ANOVA with Bonferroni test, P<0.05,
P<0.01 vs vehicle for the 1.25 mg/kg and 2.5 mg/kg doses),
which indicates their antidepressant-like effects.

Effects of YL-0919 on anxiety-like CUS rats

In the NSFT, which is widely used in assessing the effects of
anti-anxiety agents, an acute administration of YL-0919 (1.25
and 2.5 mg/kg) produced anxiolytic-like effects, as evidenced
by the decreased latency to feed (one-way ANOVA with Bon-
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Figure 3. Effects of YL-0919 on depressive-like rats that were exposed to the CUS procedure. The rats were orally administered YL-0919 (1.25 and 2.5
mg/kg) or Fix (10 mg/kg) daily while being subjected to the CUS procedure for 5 weeks. The sucrose preference test was conducted on day 36 (A), and
the NSFT was conducted after drug treatment (B). The effects of YL-0919 and FIx on the numbers of rat crossings (C) and rearings (D) were tested in
the open field following the CUS procedure. The values represent the mean+SEM (n=8 per group. ~“P<0.01 vs control. **P<0.01 vs CUS, analysis of
variance with the Bonferroni test). Flx, fluoxetine; NSFT, novelty-suppressed feeding test; SPT, sucrose preference test.

ferroni test, P<0.01 vs vehicle for the 1.25 and 2.5 mg/kg doses;
Figure 3B). A similar result was observed following Flx treat-
ment (10 mg/kg, ip, P<0.05 vs vehicle).

The elevated plus-maze test is a well-established model for
detecting both antidepressant- and anxiolytic-like behavior.
In this test, the anxiolytic drug YL-0919 (1.25 and 2.5 mg/kg),
increased both the percentage of time spent in the open arms
and the number of entries into the open arms. The results
were significant at the dose of 2.5 mg/kg for the former and
at the doses of 1.25 and 2.5 mg/kg for the latter compared
with those corresponding with the vehicle. A similar effect
was produced by Flx (10 mg/kg), which increased both the
time spent in the open arms and the number of entries into the
open arms, but only the change in the time spent in the open
arms was significant (P<0.05 vs CUS). Neither YL-0919 nor
Flx altered the total number of arm entries or the total time
spent exploring the arms at the doses used (Figure 4A and
4B). Furthermore, in the hole-board test, each of the tested
doses of YL-0919 and Flx significantly increased the time spent
head dipping (Figure 4E). Together, these results indicate the
potential anxiolytic effect of YL-0919.

Effects of YL-0919 on the HPA axis in CUS rats
Serum ACTH levels were remarkably increased in the CUS-
exposed group (P<0.01) compared to those of the vehicle con-
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trol. Treatment with YL-0919 (1.25 and 2.5 mg/kg) and Flx
significantly reduced the levels of ACTH in these groups com-
pared to those of the CUS-exposed group (P<0.05) (Figure 5A).
Corticosterone levels were found to be significantly increased
(P<0.01) in the rats exposed to CUS by itself, Flx, and YL-0919
(1.25 and 2.5 mg/kg) could significantly reduce the corticos-
terone levels compared to those of the CUS groups (P<0.05,
P<0.01, Figure 5B).

Effects of 0919 on the cAMP signaling pathway in depressive-
like rats

The exposure of rats to CUS caused significantly lower levels
of cAMP in the hippocampus (Figure 6A, P<0.01 vs vehicle
control). Both YL-0919 and Flx caused an even further signifi-
cant elevation of cAMP levels in the hippocampus (P<0.01 vs
CUS). The cAMP content of the YL-0919 (2.5 mg/kg) and Flx
groups showed remarkable enhancement compared to those
of the CUS-exposed group (P<0.01 vs CUS).

To assess the effects of YL-0919 and Flx on antidepressant-
related protein levels in the CUS-induced depressive rats,
Western blotting analysis was performed. The protein expres-
sion level ratio of pCREB to CREB was significantly reduced
by 52% in the CUS-exposed group, as shown in Figure 6B
(i) (P<0.01 vs control). The protein expression level ratio of
pCREB to CREB was increased (P<0.01 vs CUS) after both
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Figure 4. Effects of YL-0919 on the behavior of rats exposed to the CUS procedure in the elevated plus-maze test. Daily orally administration of YL-
0919 (1.25 or 2.5 mg/kg) or Fix (10 mg/kg) were combined with the CUS procedure every day until execution. YL-0919 and Fix treatment increased
the total time (A) and time spent in the open arms (B), the number of entries into the open arms (C), the amount of sustained time in the open arms
(D), and the time spent head dipping (E) in the elevated plus-maze test. The values represent the mean+SEM (n=8 per group. ~“P<0.01 vs control.

#p<0.01 vs CUS, analysis of variance with the Bonferroni test).

YL-0919 and Flx treatment (1.25 and 2.5 mg/kg) by 154%,
217%, and 202%, respectively, compared with that of the CUS
group. The expression levels of BDNF are shown in Figure 6B
(ii). The protein expression levels of BDNF were significantly
lower in the CUS-exposed rats (P<0.01 vs control). The pro-
tein expression levels of BDNF were significantly higher in
the YL-0919 group (2.5 mg/kg) (P<0.01 vs CUS, respectively).
In the Flx group, the BDNF expression level was remarkably
increased compared with that of the CUS group (P<0.01 vs
Cus).

Effect of YL-0919 on dendrite formation in CUS rats

The DG of the hippocampus region was microscopically
observed following Golgi staining, and the images are shown
in Figure 7A. The neurons were more dispersed in the depres-
sion model group than in the control group. In addition, the
mean length of the dendrites was significantly shorter in the
depression model group than in the control group, as illustrated
in Figure 7B (P<0.01). Both YL-0919 (1.25 and 2.5 mg/kg) and
Flx (10 mg/kg) remarkably increased the total lengths of the
dendrites (P<0.01). Regarding the total number of dendrite
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Figure 5. Effects of YL-0919 on ACTH (A) and corticosterone (B) levels in the serum of CUS-induced depressed rats. “"P<0.01 indicates significant
differences between the control group and the CUS-induced group. *P<0.05. **P<0.01 indicates significant differences between the CUS-induced group
and the FIx or YL-0919 (1.25 and 2.5 mg/kg, ig) antidepressant drug treatment groups. Each value represents the mean+SEM. n=8.

A
5-
8
e 4] # 4
85
g5 31
2 o
ZE o
53
o £
=2 14
3
Control CUS Fix 125 25
YL-0919
mg/kg, ig
B

YL-0919 (mgrkg)

Control CUS FIx 1.25 25

YL-0919 (mgrkg)

Control CUS FIx 1.25

BDNF““ --bg

B-ACHN | e w— S— Sm— —

pCREB/CREB expression

BDNF/B-actin expression

1.5
o T
#
*% |
0.54
0.0 . -
Control CUS Fix 1.25 2.5
YL-0919
mg/kg, ig
0.8 1
#i#
0.6 1
T
0.4 1
*%
0.2 4
0.0 T -
Control CUS Fix 1.25 2.5
YL-0919
mg/kg, ig

Figure 6. Effects of YL-0919 on the cAMP concentration (A) and protein expression (B) levels of pPCREB/CREB and BDNF in the hippocampus of CUS-
induced depressed rats, as determined by ELISA and Western blot analysis, respectively. ~'P<0.01 indicates significant differences between the control
group and the CUS-induced group. **P<0.01 indicates significant differences between the CUS-induced group and the Fix or YL-0919 (1.25 and 2.5 mg/
kg, ig) antidepressant drug treatment groups. Each value represents the mean+SEM. n=8 for ELISA and n=4 for Western blot.
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Figure 7. CUS exposure decreased the spine length and the number of DG branch nodes in the hippocampus of stressed rats, and these effects were
reversed by chronic YL-0919 (1.25 and 2.5 mg/kg) treatment (35 d). (A) Magnified (x20 objective) images of Golgi-impregnated hippocampus neurons.
Scale bar=50 ym. (B) Similar to the effects of chronic treatment with YL-0919 (1.25 and 2.5 mg/kg), a significant increase in the total basal dendritic
length was observed in rats treated with Fix (10 mg/kg). (C) YL-0919 (1.25 and 2.5 mg/kg) and Fix (10 mg/kg) significantly increased the total dendritic
nodes. Values shown represent the mean+SEM (n=96-120 neurons from four animals per group. “~“P<0.01 vs the control. **P<0.01 vs the model,

analysis of variance with the Bonferroni test).

nodes, comparable results were observed, as shown in Figure
7C (P<0.01). These results indicate that YL-0919 enhances the
formation of dendrites in terms of length and number.

Discussion
In the present study, our results demonstrate that YL-0919
exerts antidepressant-like and anxiolytic-like effects on behav-

ior and suppresses the HPA axis, which is involved in the
enhancement of cAMP signaling stability and hippocampal
dendritic complexity.

The CUS model is most popularly used for pre-clinical
evaluations of antidepressants. Behavioral deficits and neu-
rochemical or neuroendocrine disturbances induced by CUS
stimuli are extremely similar to the symptoms or alterations
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observed in depressive patients in the clinic®™ . In our study,
5 weeks of stress induced significant reductions in the main
symptoms that indicate major depression (i.e., locomotor
activity and sucrose preference), which coincides with a lack of
reactivity and anhedonia. The 5-week design CUS paradigm
is an integrated procedural animal model of depression with
good predictive validity (behavioral alterations are reversed
by chronic treatment with most current antidepressants), face
validity (almost all depression symptoms are demonstrated),
and construct validity (CUS causes anhedonia, the core
symptom of depression)®” *. Anhedonia is defined as “the
decreased capacity to experience pleasure of any sort”™. To
elucidate the effects of YL-0919 on the depressed animals, we
adopted the CUS model in rats. This 5-week design offered a
closer resemblance to the chronically stressful life events that
are major risk factors for developing depression*’. The effec-
tiveness of this procedure was monitored by the decrease in
the responsiveness to rewards (sucrose preference). The effec-
tiveness was also confirmed by the elevated levels of corticos-
terone in the serum, the degradation of the physical coat state,
and behavioral deficits identified with the novel suppressed
food test and open field test. These alterations were consistent

with previous studies™".

Even though there are numerous
antidepressants available, only one third of patients show
significant mood improvement in response to initial antide-
pressant therapy!™.

months with the medications currently available®®?. Preclinical

Moreover, there is a lag time of weeks to

and clinical studies have determined that ketamine can pro-
duces rapid antidepressant response (within hours) in treat-

ment-resistant MDD patients[“f 441

Single administrations of
other SSRIs, such as fluoxetine, or other antidepressant cannot
take effect in clinical trials. Therefore, a chronic concomitant
drug was used in evaluating the antidepressant effects of these
kinds of drugs. Concomitant YL-0919 administration restored
these behavioral deficits, suggesting its antidepressant-like
activity. Furthermore, the CUS model has also been reported

14548 The NSF test was ini-
[37]

to induce anxiety-like symptoms
tially applied to examine the effects of anti-anxiety reagents
Chronic treatment with antidepressants significantly reduces
the initial latency with which animals begin to eat in a novel
environment. The doses used in this study were consistent
with those used in other studies and within the effective dose
ranges. In this study, YL-0919 significantly increased the
sucrose preference rates of the CUS rats at the applied doses
(1.25, 2.5 mg/kg). In the NSFT, increasing the administered
dose of YL-0919 remarkably decreased the latency to feed.
The elevated plus-maze test was applied to further investi-
gate the anxiolytic effects of YL-0919. In this model, YL-0919
increased both the percentage of entries and the time spent in
the open arms, which suggests that YL-0919 possesses anxio-
lytic activity. Furthermore, at the same dose, YL-0919 did not
influence the total arm entries and time spent. The findings
from this test are consistent with those of a previous report
that demonstrated that YL-0919 elicits antidepressant effects
in various animal models. A 5-week repeated treatment
with WAY100635, which blocks the 5-HT,, receptor, reduced
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anxiolytic-like effects in mice in the elevated plus-maze test!"".

Compared with YL-0919, Flx elicited comparable results and
did not affect the total arm entries . Taken together, the in
vivo results from this study indicate that the antidepressant
and anxiolytic effects of YL-0919 and Flx are equivalent at the
doses tested.

Extended impairment of HPA axis feedback inhibition has

47,48] [

been reported in both preclinical and clinical studies
our study, we found that rats subjected to CUS showed a
depressive-like dysfunction of HPA axis feedback, which was
associated with an increase in spontaneous corticosterone
secretion. Our findings showed that chronic YL-0919 admin-
istration could also alleviate stress-associated physiological
changes in ACTH and corticosterone. Elevated corticosterone
(in rodents) levels is one of a hallmark of HPA axis feedback
inhibition*”*”". The hippocampus contains an exceptionally
high-level exression of corticosteroid receptors, which are
involved in negative feedback inhibition of the HPA axis in
learning and memory processes®. Our findings provide evi-
dence that the antidepressant effects of YL-0919 may be the
result of normalization of the HPA axis. Rat behavioral defi-
cits are associated with HPA axis feedback dysfunction, which
is characterized by an exaggerated corticosterone response™.
Our results showed that YL-0919 could reverse stress-induced
changes in behavior, physiology, and expression of proteins
involved in HPA axis control.

In animal models of chronic stress, neurons in the hippo-
campus and the frontal cortex display atrophy and down-
regulated BDNF expression in response to repeated stress!*’).
The BDNF gene contains a cAMP response element (CRE),
which pCREB binds and thereby enhances transcription. Clin-
ical observations suggest that glucocorticoids may interfere
indirectly with this process when the cortisol-GR complex is
bound to CREB because its phosphorylation is prevented and
thus CRE-regulated BDNF expression is blocked. The chronic
administration of various antidepressants increases the expres-
sion, phosphorylation, and function of CREB and its down-
stream target gene BDNF in the rat hippocampus and other
limbic brain regions thought to be involved in depression® !,
In accordance with this view, we found in the present study
that chronic (5 week) YL-0919 treatment combined with CUS
ameliorated the reduction of BDNF and pCREB/CREB levels
that were produced by the stress protocol. Moreover, these
findings raise the possibility that YL-0919 may reverse or pro-
tect hippocampal and cortical neurons from further damage in
response to CUS, by up-regulating pCREB and BDNF. These
findings shed light on the mechanism by which YL-0919 acts
at the psycho-neuroendocrine level, particularly as a modula-
tor of the HPA axis.

The behavioral results indicate the effect of YL-0919, and
comparable results were observed in the Golgi staining test.
In the Golgi staining test, both the numbers and lengths
of dendrite complexity were significantly increased at the
YL-0919 doses of 1.25 and 2.5 mg/kg. These findings indicate
that YL-0919 at the effective doses has a similar influence on
both behavior and the synapse in terms of dendritic formation.



Neuron atrophy in the rodent prefrontal cortex and hippocam-
pus can be induced by CUS exposure!" ">,
of MDD patients has revealed that these effects could con-
1071 Synaptic
morphology and structural plasticity are the material bases of

Brain imaging
tribute to decreased volume of these regions

functional synaptic plasticity. Neuron atrophy results in fewer
dendritic spines and a decreased proportion of larger syn-
apses compared with those of normal controls®. YL-0919 at
its effective doses and Flx elicited increases in the numbers of
dendrite nodes. Additionally, both YL-0919 and Flx increased
the dendritic lengths, as indicated by Golgi staining. These
results suggest that YL-0919 can enhance dendritic complex-
ity. These alterations in basal synaptic morphology are cor-
related with enhanced mean synaptic strength and impaired
synaptic modifiability in the cortex"™. Our present findings
indicate that chronic YL-0919 treatment increases the dendritic
complexity and implicates potential similar pathways for syn-
aptic plasticity. Therefore, YL-0919 may reverse depressive-
like behavior and dysfunction due to increasing the number of
dendrite nodes and their length and enhancing synaptic activ-
ity. In other words, the amelioration of dendrite complexity
by YL-0919 influences the function of the neuronal system and
results in behavioral changes.

In conclusion, this study clearly demonstrates an antidepres-
sant-like effect of YL-0919, which is produced by ameliorating
HPA axis dysfunction and improving the behavioral deficits
induced by CUS. Furthermore, the effects of YL-0919 on the
behavioral deficits induced by CUS may be related to the
enhancement of dendritic complexity in terms of both node
number and dendritic length. Moreover, the data presented
herein suggest that the pCREB/CREB and BDNF protein lev-
els in the brain are increased, specifically in the hippocampus.
These findings support the potential therapeutic application of
YL-0919 as an antidepressant. The methods presented herein
were limited due to the ethological and biochemical param-
eters of the CUS model used in this study. Other animal mod-
els of depression and specific inhibitors that target the main
regulated molecules should be utilized and verified through
diverse methods. Further studies are currently being con-
ducted in our laboratory to confirm whether and how the anti-
depressant effects of YL-0919 are related to synaptic plasticity,
as well as to determine the molecular mechanisms of the HPA
axis. Molecular biochemical methodology is being employed
to take advantage of the pros and cons of knock-in and knock-
down in vitro and in vivo models.
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