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Abstract

Background: Phosphodiesterase 4 is a promising target for developing novel antidepressants. However, prototype 
phosphodiesterase 4 inhibitors show severe side effects, including nausea and vomiting. N-Isopropyl-3-(cyclopropylmethoxy)-
4-difluoromethoxy benzamide (FCPR03) is a novel phosphodiesterase 4 inhibitor with little emetic potential. In the present 
study, we investigated the inhibitory effect of FCPR03 on chronic unpredictable mild stress-induced, depressive-like behaviors 
in mice and explored the underlying mechanisms.
Methods: The depression model of mice was established by chronic unpredictable mild stress. Forced swim test, tail 
suspension test, and sucrose preference test were used to assess depressive-like behaviors. Golgi-staining was utilized to 
analyze dendritic morphology and spine density. The level of cAMP was measured by enzyme-linked immnosorbent assay 
assay. Western blot was used to evaluate protein levels of phosphorylated cAMP-response element binding protein, protein 
kinase B, glycogen synthase kinase-3β, and brain derived neurotrophic factor in both hippocampus and prefrontal cortex. 
Postsynaptic density protein 95 and synapsin 1 were also detected by western blot in the hippocampi.
Results: Treatment with FCPR03 (0.5–1.0 mg/kg, i.p.) increased consumption of sucrose in the sucrose preference test in mice 
exposed to chronic unpredictable mild stress. FCPR03 shortened the immobility time in forced swim test and tail suspension 
test without affecting locomotor activity. Furthermore, chronic unpredictable mild stress decreased the dendritic spine 
density and dendritic length in the hippocampus. This change was accompanied by decreased expression of postsynaptic 
density protein 95 and synapsin 1. Interestingly, FCPR03 prevented dendritic spine loss and increased synaptic protein levels. 
Moreover, the levels of cAMP, phosphorylated cAMP-response element binding protein, and brain derived neurotrophic 
factor were elevated in chronic unpredictable mild stress-challenged mice after treatment with FCPR03. In addition, FCPR03 
also enhanced the phosphorylation of both protein kinase B and glycogen synthase kinase-3β in mice exposed to chronic 
unpredictable mild stress.
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Conclusion: The present study suggests that FCPR03 could prevent both depressive-like behaviors and spine loss induced by 
chronic unpredictable mild stress in the mice hippocampi.

Keywords: dendritic spines, depression, FCPR03, phosphodiesterase 4, stress

Introduction
Depression is a common mental illness that has become the 
third largest disease in the world in terms of burden of disease 
(Vigo et  al., 2016). The clinical manifestations of depression 
include sustained pessimism, loss of pleasure and appetite, 
sleep disorders, and deficits in attention (H Wang et al., 2015). 
More seriously, patients suffering from major depression expe-
rience greater rates of self-harm and suicide attempts, which 
make the condition a serious burden to individuals, their fami-
lies, and the community (De Crescenzo et  al., 2017). Despite 
ongoing research, the treatment of depression is still a tough 
problem to solve because of its unknown etiology and patho-
genesis, and the current state of antidepressants is still not 
entirely adequate for widespread success in the clinic. Currently 
available antidepressants, such as selective serotonin reuptake 
inhibitors and noradrenaline reuptake inhibitors, are effective 
in about 50% to 70% of patients with major depressive disorders 
(H Wang et al., 2015). Importantly, however, most of the patients 
who respond to these medications are inclined to discontinue 
therapy prematurely due to side effects, such as dizziness, 
headache, inattention, disturbance of consciousness, sexual 
dysfunction, and nausea and vomiting (Hieronymus et al., 2018). 
Other limitations of current antidepressants include a delayed 
onset of action and an increased risk of suicide (Sung et  al., 
2013; Hengartner, 2017). Therefore, it is of great significance and 
urgency to explore the pathogenesis of depression and develop 
novel effective antidepressants.

Over the past 2 decades, the biological functions of phospho-
diesterase 4 (PDE4) have been extensively studied in the cen-
tral nervous system, and PDE4 itself has come to be viewed as 
a potential antidepressant target (Jindal et  al., 2013; ZZ Wang 
et al., 2013, 2015; Bolger, 2017). Biologically, PDE4 is capable of 
specifically catalyzing the hydrolysis of the second messenger 
cyclic adenosine monophosphate (cAMP) and thus lowering the 
intracellular concentration of cAMP (Bolger, 2017). The inhibition 
of PDE4 enhances the accumulation of intracellular cAMP, thus 
activating downstream signaling pathways. The protein kinase 
A (PKA)/ cAMP-response element-binding protein (CREB) path-
way is a classical signaling pathway involved in the multiple 
biological functions of cAMP (Bolger, 2017; Guo et al., 2017), espe-
cially in the regulation of emotion (Pandey et al., 2005; L Zhou 
et al., 2016). Postmortem data showed that the phosphorylation 
of CREB in both the hippocampus and prefrontal cortex was 

reduced in individuals with major depression, while chronic 
treatment with antidepressants restored the level of phospho-
rylated CREB (Dowlatshahi et  al., 1998). Separately, the over-
expression of CREB in the region of the hippocampal dentate 
gyrus produced antidepressant-like effects in the forced swim-
ming test in an acquired helplessness animal model (Chen et al., 
2001). Furthermore, knocking down the expression of PDE4D in 
the prefrontal cortex enhanced the phosphorylation of CREB and 
alleviated depressive-like behaviors (ZZ Wang et al., 2015). PDE4 
inhibitors, such as etazolate and rolipram, have also been found 
to be effective at attenuating depressive-like behaviors in various 
animal models (Jindal et al., 2013, 2015; Fujita et al., 2017). Our 
previous studies also revealed that PDE4 modulated the devel-
opment of negative emotional reactions associated with ethanol 
abstinence, including depression (Gong et  al., 2017). Activated 
CREB promotes the transcription of brain-derived neurotrophic 
factor (BDNF), which is a potent trophic factor that maintains 
the morphology of neurons and mediates synaptic plasticity (ZZ 
Wang et al., 2013; Liu et al., 2017). The concentration of BDNF 
in the brain is reduced in patients with major depressive dis-
order, and antidepressant treatment may improve or normal-
ize cerebral concentrations of BDNF (Sheldrick et  al., 2017).  
Research has shown that cAMP/CREB/BDNF signaling in hip-
pocampal newborn neurons is pivotal in mediating neuroplasti-
city and contributing to the antidepressant-like effects of PDE4 
inhibition (Koch et al., 2009; Li et al., 2009; ZZ Wang et al., 2015). 
Collectively, such investigations support the idea that the inhi-
bition of PDE4 produces antidepressant-like effects in rodents. 
Currently, multiple drugs targeting PDE4 have been synthesized. 
However, most of them possess intolerable gastrointestinal side 
effects, including nausea and vomiting (Boswell-Smith and 
Spina, 2007; Chong et al., 2017). For example, the classic proto-
type PDE4 inhibitor rolipram showed a good antidepressant-like 
effect in preclinical studies, and its efficiency was better than 
that of amitriptyline, a tricyclic antidepressant (Scott et  al., 
1991). Furthermore, it demonstrated a rapid onset of efficacy 
(Zeller et al., 1984). Unfortunately, dose-dependent gastrointes-
tinal-related adverse reactions eventually rendered it a failure in 
phase II clinical trials (Scott et al., 1991). Therefore, the develop-
ment of a novel PDE4 inhibitor with improved clinical efficacy 
and reduced gastrointestinal side effects is warranted.

N-Isopropyl-3-(cyclopropylmethoxy)-4-difluoromethoxy 
benzamide (FCPR03) is a highly selective and novel PDE4 

Significance Statement
Phosphodiesterase 4 (PDE4) is a promising target for the treatment of major depression. However, most of the current canonical 
PDE4 inhibitors, such as rolipram, produce a severe nausea and vomiting response in patients. These intolerable gastrointesti-
nal side effects hinder the clinical application of PDE4 inhibitors for the treatment of neuropsychiatric disorders. FCPR03 is a 
novel PDE4 inhibitor with little emetic potential. Our previous studies showed that FCPR03 inhibited the neuroinflammatory 
response in microglial cells and alleviated lipopolysaccharide-induced depressive-like behaviors. In this study, we found that 
FCPR03 produced an antidepressant-like effect in mice challenged with chronic unpredictable mild stress. The amelioration 
of the depressive-like effect was accompanied by a decreased loss of dendritic spine. We also identified the involved signaling 
pathways. Hence, it is reasonable to suppose that FCPR03 is a potential candidate for further preclinical study in the prevention 
and treatment of depression.
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inhibitor with a half maximal inhibitory concentration value 
of 60  nM for PDE4CAT (the core catalytic domain of human 
PDE4) that has at least 2000-fold selectivity over other PDE 
family members (ZZ Zhou et  al., 2016). The chemical struc-
ture of FCPR03 is shown in Figure 1A. The inhibition of FCPR03 
on 4 PDE4 subtypes (PDE4A/B/C/D) has been reported before 
in our recent work (ZZ Zhou et al., 2016). Rolipram was used 
as a control. Our recent studies showed that FCPR03 attenu-
ated lipopolysaccharide-induced production of inflammatory 
factors in microglial cells and alleviated lipopolysaccharide-
induced depressive-like behaviors in mice (ZZ Zhou et  al., 
2016b; Yu et al., 2018). The antiinflammatory effects of FCPR03 
were considered to be associated with the activation of the 
cAMP/PKA/CREB signaling pathway and nuclear factor kappa 
B inhibition (Zou et al., 2017). Importantly, as compared with 
the prototype PDE4 inhibitor rolipram, FCPR03 did not cause 
emesis in beagle dogs (ZZ Zhou et  al., 2016). Hence, FCPR03 
is a novel, promising PDE4 inhibitor with the potential to be 
used in the clinic. In this study, we aimed to investigate the 
antidepressant-like effects of FCPR03 in an animal model and 
explore the underlying mechanisms. The chronic unpredict-
able mild stress (CUMS) model is one of the available clas-
sic behavioral models that mimics daily hassles and stress 
levels in humans (Liang et  al., 2015). This model has been 
widely used as a rodent model to evaluate the efficiency and 
molecular mechanisms of potential antidepressant agents 
(Zhang et al., 2014; Gao et al., 2017; Wan et al., 2017). We found 
that FCPR03 significantly alleviated depressive-like behaviors 
in a CUMS mouse model, and this effect was accompanied 
with activation of the cAMP/PKA/CREB/BDNF and protein 
kinase B (Akt)/glycogen synthase kinase-3β (GSK-3β) signal-
ing pathways. Morphologically, FCPR03 enhanced dendritic 
spine density and dendritic length. These results suggest that 
FCPR03 is a potential drug for the treatment and prevention 
of depression.

Materials and Methods

Animals

Adult male C57BL/6 mice (22–25g) were obtained from Laboratory 
Animal Center of Southern Medical University (Guangzhou, 
China). Efforts were made to minimize the number of animals 
used in the experiment and their suffering during the process 
of study. Mice were housed in a temperature- and humidity-
controlled room (temperature: 22°C–23°C, humidity: 55%–65%), 
with a 12-hour-light/-dark cycle. Mice had free access to food 
(standard raw chow) and water and were acclimated in the facil-
ity for 7 days prior to initiating the experiments. All experimen-
tal protocols were strictly in accordance with the NIH Guide for 
the Care and Use of Laboratory Animals and approved by the 
Animal Care and Use Ethics Committee of the Southern Medical 
University.

Drug Preparation and Treatment

FCPR03 was provided by Neuropharmacology and Drug 
Discovery Group, Southern Medical University (Zou et al., 2017). 
Rolipram was purchased from Aladdin (Shanghai, China). 
FCPR03 and rolipram were diluted with the vehicle (0.5% DMSO, 
0.5% carboxymethylcellulose sodium) to obtain working solu-
tions. Drugs were prepared freshly before use. All other chemi-
cals used were of analytical grade.

Experimental Design

The experimental design was laid out in Figure  1B. A  total of 
40 mice were randomly distributed into 5 groups (n = 8): (1) 
Vehicle; (2) CUMS + vehicle; (3) CUMS + FCPR03 (0.5  mg/kg); (4) 
CUMS + FCPR03 (1.0  mg/kg); and (5) CUMS + rolipram (1.0  mg/
kg). After 1 week of acclimatization, mice in the vehicle group 

Figure 1. Chemical structure of n-isopropyl-3-(cyclopropylmethoxy)-4-difluoromethoxy benzamide (FCPR03) and experimental procedures. (A) Chemical structure of 

FCPR03 and inhibition (half maximal inhibitory concentration, nM) of FCPR03 on PDE4CAT (the core catalytic domains of human phosphodiesterase 4 [PDE4]). (B) After 

7 days of acclimatization, mice were subjected to chronic unpredictable mild stress (CUMS) for 56 days. FCPR03, rolipram, or vehicle were administered (i.p.) once a 

day for 14 days (from week 7 to week 8). Sucrose preference test (SPT) was performed on day 56, other behavioral tests were carried out on day 57, and the mice were 

subsequently killed. Enzyme-linked immunosorbent assay (ELISA) assay, biochemical assays, and Golgi staining were performed after behavioral tests. MW, molecular 

weight; OFT, open field test; TST, tail suspension test; FST, forced swimming test.
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were housed in normal conditions and mice in other groups 
were subjected to CUMS. After 6 weeks of CUMS procedure, mice 
were administered (i.p.) with FCPR03 or rolipram once a day for 
14 days (from week 7 to week 8). After the procedure, the sucrose 
preference test (SPT) was performed on day 56. Behavioral tests 
including open field test (OFT), tail suspension test (TST), and 
forced swimming test (FST) were performed on day 57. After 
behavioral tests, on day 58, animals were killed for biochemical 
analysis and Golgi staining. All experiments were performed in 
a blinded manner; the experimenters did not know which mice 
were treated with vehicle, FCPR03, or rolipram.

CUMS Procedure

The CUMS paradigm was adapted as previously described with 
minor modification (Zhou et al., 2010; Liang et al., 2015). Briefly, 
mice were randomly exposed to a variety of unpredictable 
stressors, including (1) 12-hour cage tilt (45°), (2) 30-second tail 
pinch, (3) overnight illumination, (4) 24-hour food deprivation, 
(5) 24-hour water deprivation, (6) 5-minute swimming in water 
at 4°C to 6°C, and (7) white noise for 10 hours. All stressors were 
applied individually and continuously. Mice in the vehicle group 
did not receive any kind of stressor and were housed in normal 
conditions.

Sucrose Preference Test

Experiments were carried out as previously described (Liang 
et al., 2015) with minor modification. On the first day (day 53), 
2 bottles of solution containing 5% sucrose were positioned in 
each cage. Mice were trained to adapt to a 5% sucrose solution 
for 24 hours. On the second day (day 54), one of the bottles was 
replaced with pure water, and the position of the 2 bottles was 
changed during this period (24 hours). Mice were deprived of 
water and food for 24 hours before a 12-hour testing session. 
In the SPT (day 56), each mouse was presented with 1 bottle 
containing 5% sucrose solution, and the other containing pure 
water. Sucrose preference was defined as (weight of sucrose 
solution ingested)/(weight of water ingested + weight of sucrose 
solution ingested) ×100%.

Open Fielf Test

To verify whether the administration of FCPR03 could prompt 
a change of the spontaneous locomotor activity of mice, 
an OFT was conducted to measure the spontaneous activ-
ity of mice. For this, mice were placed in a white wooden box  
(40 cm × 30 cm × 20 cm). The rear number (the numbers of ver-
tical rearing movements within 5 minutes) and crossing num-
ber (the number of times the animal crossed from one square 
to another within 5 minutes) were counted and recorded for 5 
minutes for each animal by use of an open-field experimental 
video analysis system (Smart 3.0, video tracking system, Panlab, 
Barcelona, Spain).

Forced Swim Test and Tail Suspension Test

The FST and TST are widely used approaches for assessing 
depressive-like behaviors in animals. For the FST, mice were 
placed in a clear glass cylinder (10  cm in diameter × 25  cm in 
height) containing fresh water at 25°C. For the TST, mice were 
suspended at 20 cm above the floor using adhesive tape placed 
3 cm from the tip of the tail. Immobility time in both the FST 
and TST was recorded by a camera with a video analysis system 

(Smart 3.0, video tracking system, Panlab, Barcelona, Spain). 
Immobility time during the last 4 minutes was scored.

Enzyme-Linked Immunosorbent Assay

The level of cAMP in the right hippocampus were measured by 
an enzyme-linked immnosorbent assay kit (KGE012B, R&D sys-
tems, Minneapolis, MN) in accordance with the manufacturer’s 
protocols. The cAMP levels were normalized to total protein and 
the samples were assayed in triplicate.

Western Blot

Western-blot analysis was carried out according to previ-
ously published protocols, with slight modification (Zeng 
et  al., 2016). The left hippocampi of the mice were homog-
enized with radioimmunoprecipitation assay lysis buffer (1× 
radioimmunoprecipitation lysis buffer including 1% protease 
inhibitor cocktail and 1% phosphatase inhibitor cocktail) con-
taining a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, 
MO) and centrifuged at 12 000 g for 10 minutes. Next, the total 
protein concentration was measured using a BCA protein 
assay kit (Thermo Fisher Scientific, Waltham, MA). An equal 
amount of protein was separated by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis. Protein bands were trans-
ferred to polyvinylidene fluoride membranes. Membranes 
were then incubated in TBST containing 5% skim milk for 2 
hours at room temperature to block nonspecific binding sites. 
Following washing with TBST 3 times, the membranes were 
incubated overnight at 4°C with the appropriate primary 
antibodies, including anti-phospho-CREB (1:1000, #9198; Cell 
Signaling Technology, Danvers, CT), anti-CREB (1:1000, #9197; 
Cell Signaling Technology), anti-BDNF (1:1000; SAB2108004, 
Sigma-Aldrich, St.Louis, MO), anti-phospho-Akt (1:1000, 
#9271S; Cell Signaling Technology), anti-Akt (1:1000, #9272; Cell 
Signaling Technology) anti-phospho-GSK-3β (1:1000, #9336; 
Cell Signaling Technology), anti-GSK-3β (1:1000, #12456; Cell 
Signaling Technology), anti-PSD95 (1:1000, ab18258; Abcam, 
Cambridge, UK), anti-synapsin1 (1:1000, ab64581; Abcam), or 
anti-GAPDH (1:10 000, ab181602; Abcam). Membranes were 
subsequently incubated with corresponding secondary anti-
bodies for 2 hours at room temperature. The bands were visu-
alized using a Kodak Digital Science ID (Kodak, Rochester, NY) 
and quantified with the Image J software (National Institutes 
of Health, Bethesda, MD).

Golgi Staining and Dendrite Analysis

Golgi staining were determined by a FD Rapid Golgistain Kit 
(PK401A, FD NeuroTechnologies, Columbia, MD) according 
to the manufacturer’s protocols. In brief, mouse brains were 
removed from their skulls as quickly as possible and rinsed 
immediately in double-distilled water to remove blood from the 
surface. After rinsing, the brains were impregnated into solu-
tions A and B (equal volume) and stored at room temperature 
for 3 weeks in the dark. Brains were then transferred into solu-
tion C and stored at room temperature for 1 week in the dark. 
Brains were subsequently sectioned into 100-μm slices using 
freezing microtome (Leica) and mounted on gelatin-coated 
glass coverslips with solution C.  Following drying at room 
temperature, the slices were incubated in a mixture solution 
(solution D:solution E:distilled water = 1:1:2) for 10 minutes. The 
slices were then dehydrated with 50%, 75%, 95%, and absolute 
ethanol, respectively.
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For quantitative analysis, 10 neurons from the CA1 region in 
the hippocampus were traced using ImageJ. For dendritic spine 
analysis, pyramidal neurons in the CA1 area were imaged under 
bright field illumination with a 100× oil immersion objective. 
Neurons were traced using a laser confocal microscope (LSM880 
with Airyscan; Carl Zeiss, Oberkochen, Germany) connected 
to a desktop installed with the ZEN software. Neurons chosen 
for tracing contained an isolated, fully stained cell body and 
demonstrated as fully stained and completed dendritic arbors 
as possible. The ImageJ software was used to quantify the den-
dritic tracings. The number of dendritic spines was counted 
using the NeuronJ plugin for Image J. The total number of spines 
was counted at a high magnification (×1000). Spine density cor-
responded to the sum of spines along the dendritic length of 
50 μm. Pyramidal neurons from the hippocampal subregion CA1 
were selected for the analysis of spine density (G Wang et al., 
2013). The spines were counted from the apical dendrites. We 
assessed spine density in a 2-dimension manner, which is also 
widely used by other laboratories (Magariños et al., 2011; Allen 
et al., 2015). This method provides a direct comparison of treat-
ment groups when they are assessed in an identical manner. The 
total dendritic length and the number of branching points were 
measured via the Sholl analysis plugin for ImageJ. Specifically, 
neurons were traced under 400× and Sholl creates a series of 
concentric circles around the cell body of the neurons. The 

starting radius was 10.00  µm and the radius interval between 
circles was set as 10 µm per step. The number of dendrite inter-
sects with the concentric circles was counted.

Statistical Analysis

All data are expressed as mean ± SEM, and differences were 
defined statistically significant only when P < .05. Data were ana-
lyzed by 1-way ANOVA followed by Bonferroni posthoc tests. All 
data were analyzed using SPSS version 19.0 (SPSS Inc., Chicago, 
IL). Figures were plotted using the GraphPad Prism 5.0 software.

Results

FCPR03 Alleviated Depressive-Like Behaviors in Mice 
Exposed to CUMS

The chemical structure of FCPR03 is illustrated in Figure  1A, 
while the experimental procedure is shown in Figure 1B. Among 
3 PDE4 subtypes (PDE4A, PDE4B, and PDE4C), the PDE4B sub-
type is highly correlated with depressive-like effects (Zhang 
et al., 2017). Hence, we first tested the effects of CUMS on PDE4B 
expression in the hippocampus. As shown in Figure 2A–B, CUMS 
increased the expression of PDE4B significantly (P < .01). We then 
investigated whether FCPR03 could ameliorate depressive-like 

Figure  2. Antidepressant-like effect of n-isopropyl-3-(cyclopropylmethoxy)-4-difluoromethoxy benzamide (FCPR03) in chronic unpredictable mild stress (CUMS)-

exposed mice. Mice were exposed to CUMS for 56 days, and the hippocampus extracts were then homogenized. Western blots were used to assess phosphodiesterase 

4 (PDE)4B protein levels (A); the corresponding quantification data are shown in (B). Data are expressed as mean ± SEM (n = 5). ##P < .01 vs vehicle group. After 2 weeks 

of treatment with FCPR03 (0.5 mg/kg or 1.0 mg/kg) or rolipram (1.0 mg/kg), sucrose preference ratio in the sucrose preference test (SPT) (C) and the immobility times 

in the forced swim test (FST) (D) and tail suspension test (TST) (E) were measured. Data are expressed as mean ± SEM (n = 8). ##P < .01, ###P < .001 vs vehicle group, *P < .05, 

**P < .01 vs CUMS group.
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behaviors in mice. FCPR03 (0.5 and 1.0 mg/kg) were administered 
once a day for 14 days consecutively. The canonical PDE4 inhibi-
tor rolipram was used as a control. The doses of FCPR03 and 
rolipram used in the current study were selected based on our 
previous experiments (Zou et al., 2017). SPT, FST, and TST were 
implemented to assess depressive-like behaviors in the mice. As 
shown in Figure 2C, 1-way ANOVA showed a significant differ-
ence among the experimental groups (F4,35 = 6.588, P = .0005). The 
preference for sucrose solution was significantly decreased in 
the CUMS-challenged mice compared with the vehicle-treated 
mice (P < .001), confirming depressive-like behaviors in these 
animals. Treatment with FCPR03 or rolipram restored sucrose 
preference in CUMS mice. Secondly, as shown in Figure  2D–E, 
1-way ANOVA showed significant effects of FCPR03 on immobil-
ity time in both FST (F4,35 = 7.461, P = .0002) and TST (F4,35 = 6.425, 
P = .0005) in mice (Figure 2D–E). In comparison with mice in the 
vehicle group, the CUMS-induced depressive mice exhibited a 
significant increase in immobility time in FST (P < .0001), while 
FCPR03 at the doses of 0.5 and 1.0  mg/kg reduced the immo-
bility time in comparison with in the CUMS group (P < .05 and 
P < .01). Figure 2E shows the effects of FCPR03 on the immobil-
ity time tested in the TST. The results of this test revealed a 
significantly reduced immobility time of FCPR03 at the dose of 
1.0  mg/kg. The prototype PDE4 inhibitor rolipram produced a 
similar effect regarding immobility time in both FST and TST 

at the dose of 1.0 mg/kg. Third, results presented in Figure 3A–B 
show the effects of FCPR03 on crossing and rearing activity of 
OFT. Statistical analysis by 1-way ANOVA showed no significant 
difference in rearing activity (F4,35 = 2.542, P = .0570) or crossing 
activity (F4,35 = 1.065, P = .3886). We also found that FCPR03 had no 
effect on the distance travelled (Figure 3C) or the average veloc-
ity (Figure 3D) in CUMS-exposed mice. In other words, FCPR03 
produced no significant difference in the total locomotor activ-
ity number as compared with vehicle-treated mice in this test 
(P > .05), suggesting that FCPR03 does not cause sedation in mice. 
Taken together, our results indicate that FCPR03 possesses a 
potent antidepressant-like effect in mice subjected to CUMS.

FCPR03 Increased Dendritic Complexity and Spine 
Density in Mice Exposed to CUMS

To explore the effects of FCPR03 on the morphology of neuronal 
dendrites in the hippocampus, Golgi staining was used to deter-
mine the dendritic complexity and spine density in the hip-
pocampus in mice. As shown in Figure 4, apparent differences 
were observed in total dendritic length (F4,20 = 62.52, P < .0001) 
and branching points (F4,20 = 10.15, P = .0001) among different 
groups. Our results revealed significant decreases of total den-
dritic length (P < .01) (Figure 4A–B) and branching points (P < .01) 
(Figure  4A,C) in mice subjected to the CUMS procedure when 

Figure 3. Effects of n-isopropyl-3-(cyclopropylmethoxy)-4-difluoromethoxy benzamide (FCPR03) or rolipram in chronic unpredicted mild stress (CUMS)-exposed mice 

in the open field test (OFT). After 2 weeks of treatment with FCPR03 (0.5 mg/kg or 1.0 mg/kg) or rolipram (1.0 mg/kg), the rear numbers (A), crossing numbers (B), distance 

travelled (C), and average velocity (D) were measured. Data are expressed as mean ± SEM (n = 8).
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comparing such with the vehicle group. Treatment with FCPR03 
(1.0  mg/kg) or rolipram (1.0  mg/kg) significantly increased the 
total dendritic length (P < .01) and branching points (P < .01). 
Using 1-way ANOVA analysis, we also compared dendritic spine 
density level among different groups, and we observed signifi-
cant differences in spine density (F4,20 = 17.99, P < .0001; Figure 5). 
Notably, the FCPR03-treated group displayed an increased spine 
density compared with the CUMS group without FCPR03 admin-
istration (P < .01). These results suggest that FCPR03 is effective 
in reversing CUMS-induced decreases of dendritic complexity 
and spine density.

FCPR03 Enhanced the Levels of Postsynaptic Density 
Protein 95 and Synapsin 1 in Mice Exposed to CUMS

To examine the effects of FCPR03 on the expression of synapse 
associated proteins in the hippocampi of CUMS-exposed mice, 
we detected the protein levels of PSD95 and synapsin 1 in the 
hippocampus in mice. As shown in Figure  6, the results indi-
cated that the levels of PSD95 (P < .01) and synapsin 1 (P < .01) 
were decreased in mice subjected to the CUMS procedure vs in 
mice in the vehicle group. Treatment with FCPR03 (1.0 mg/kg) or 
rolipram (1.0 mg/kg) for 2 weeks significantly increased expres-
sion of PSD95 (P < .01) and synapsin 1 (P < .01). These results 

indicate that the antidepressant-like effect of FCPR03 is associ-
ated with the expression of synapse associated proteins, such as 
PSD95 and synapsin 1.

FCPR03 Increased Hippocampal cAMP, 
Phosphorylated CREB, and BDNF Levels in Mice 
Exposed to CUMS

The inhibition of PDE4 is supposed to decrease the degradation 
of cAMP. FCPR03 is a novel selective PDE4 inhibitor. In the present 
study, we then investigated the level of cAMP in the hippocampi 
of mice exposed to CUMS. The results depicted in Figure  7A 
showed that the level of cAMP was decreased in the CUMS group 
vs in the vehicle group (F4,15 = 95.58, P < .0001). However, at doses 
of 0.5 and 1.0 mg/kg, FCPR03 significantly increased the level of 
cAMP in the hippocampus. Increased cAMP activates the PKA/
CREB signaling pathway (Guo et al., 2017). Hence, we then sought 
to detect the level of phosphorylated CREB in mice exposed to 
CUMS. As shown in Figure  7B, we found that CUMS caused a 
significant reduction of phosphorylated CREB, while FCPR03 
reversed the decline of CREB phosphorylation in mice, without 
altering the total CREB level. BDNF is a downstream target of 
CREB. Phosphorylated CREB enhances the transcription of BDNF 
(Guo et al., 2017). Importantly, a deficit of BDNF is involved in the 

Figure 4. n-Isopropyl-3-(cyclopropylmethoxy)-4-difluoromethoxy benzamide (FCPR03) enhanced the dendritic length and total number of dendritic branching points 

in the hippocampus in chronic unpredictable mild stress (CUMS)-exposed mice. After 2 weeks of treatment with FCPR03 (0.5 mg/kg or 1.0 mg/kg) or rolipram (1.0 mg/

kg), Golgi staining was used to assess dendritic length and the total number of dendritic branching points in the hippocampus. Photomicrographs of Golgi staining 

pyramidal neurons in the hippocampus of mice in each group (A), scale bar = 50 μm. The corresponding quantification data of dendritic length and total number of 

dendritic branching points are shown in (B) and (C). Data are expressed as mean ± SEM; n = 3. ##P < .01 vs vehicle group, **P < .01 vs CUMS group.
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pathology of major depression (Kishi et al., 2017). Having known 
that FCPR03 increased the phosphorylation of CREB, we then 
detected the protein level of BDNF in mice exposed to CUMS. We 
found that CUMS suppressed the expression of BDNF in the hip-
pocampus (Figure 7B,D) tissues in mice. Treatment with FCPR03 
at 1.0  mg/kg significantly increased the protein level of BDNF 

(P < .05) in the hippocampus in CUMS-treated mice. As shown in 
Figure 7D, 1 mg/kg of rolipram promoted a similar effect to that 
of 1 mg/kg FCPR03 in the expression of BDNF. These results sug-
gest that the antidepressant-like effect of FCPR03 may involve 
the cAMP/CREB/BDNF signaling pathway in mice exposed 
to CUMS.

Figure 5. n-Isopropyl-3-(cyclopropylmethoxy)-4-difluoromethoxy benzamide (FCPR03) enhanced dendritic spines in the hippocampus in chronic unpredictable mild 

stress (CUMS)-exposed mice. After 2 weeks of treatment with FCPR03 (0.5 mg/kg or 1.0 mg/kg) or rolipram (1.0 mg/kg), Golgi staining was used to assess dendritic spines 

in the hippocampus. Photomicrographs of dendrite fragments with visible spines from mice in each group (A). The corresponding quantification data of dendritic 

spines are shown in (B). Data are expressed as mean ± SEM (n = 3). ##P < .01 vs vehicle group, **P < .01 vs CUMS group.

Figure 6. n-Isopropyl-3-(cyclopropylmethoxy)-4-difluoromethoxy benzamide (FCPR03) enhanced the protein levels of PSD95 and synapsin 1 in the hippocampus in 

chronic unpredictable mild stress (CUMS)-exposed mice. After 2 weeks of treatment with FCPR03 (0.5 mg/kg or 1.0 mg/kg) or rolipram (1.0 mg/kg), the hippocampal 

tissues were homogenized. Western blot was used to assess PSD95 and synapsin 1 (A) protein levels in the hippocampus; the corresponding quantification data are 

shown in (B–D). Data are expressed as mean ± SEM (n = 5). ##P < .01 vs vehicle group, **P < .01 vs CUMS group.
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FCPR03 Enhanced the Phosphorylation of Akt and 
GSK3β in the Hippocampus of Mice Exposed to CUMS

Akt has been shown to inhibit GSK-3β in response to multiple 
growth factors, including BDNF (Zheng et  al., 2012). The inhi-
bition of GSK-3β is also beneficial for the treatment of major 
depression (Chen et al., 2015). In addition, GSK-3β signaling is 
involved in the hippocampal neurogenesis mediated by anti-
depressants (Hui et  al., 2014). To investigate the phosphoryla-
tion of Akt and GSK-3β after treatment with FCPR03 in the mice 
exposed to CUMS, we performed western-blot analysis. As 
shown in Figure  8, CUMS-exposed mice showed a remarkable 
decrease in the phosphorylation of Akt (P < .01) (Figure 8A–B) and 
GSK3β (P < .01) (Figure 8A,C). Treatment with 1.0 mg/kg of FCPR03 
furthermore increased the phosphorylation of Akt (P < .01), and 
the influence on the phosphorylation of GSK-3β was similar 
(P < .01). Moreover, treatment with 1.0 mg/kg of rolipram signifi-
cantly increased the phosphorylation of Akt (P < .01) and GSK-3β 
(P < .01). These results suggest that the phosphorylation of Akt 
and GSK3β is accelerated in the vulnerable hippocampal region 
following treatment with FCPR03 in mice exposed to CUMS.

FCPR03 Activated Akt/GSK3β and CREB/BDNF 
Signaling Pathways in the Prefrontal Cortex in Mice 
Exposed to CUMS

To test whether CUMS and FCPR03 produce similar bio-
chemical changes in other brain regions, we measured the 

phosphorylation of Akt, GSK-3β, and CREB and the level of BDNF 
in the prefrontal cortex in mice subjected to CUMS. As shown 
in Figure  9, CUMS exposure caused a significant decrease in 
the phosphorylation of Akt (P < .01) (Figure  9A–B) and GSK3β 
(P < .01) (Figure 9A,C). Meanwhile, FCPR03 (1.0 mg/kg) remarkably 
reversed the effect of CUMS (P < .01). Similarly, CUMS decreased 
the expression of BDNF (P < .01) (Figure 10A–B) and the level of 
phosphorylated CREB (P < .01) (Figure  10A,C) in the prefrontal 
cortex of mice. FCPR03 treatment restored the levels of both 
phospho-CREB and BDNF (Figure 10). Moreover, treatment with 
the canonical PDE4 inhibitor rolipram (1.0 mg/kg) also increased 
the phosphorylation of Akt (P < .01), GSK-3β (P < .01), and CREB 
(P < .01) and enhanced the expression of BDNF (P < .01) in the pre-
frontal cortex in these mice (Figures 9 and 10). These results sug-
gest that besides the hippocampus, FCPR03 also activates the 
Akt/GSK-3β and CREB/BDNF signaling pathways in the prefron-
tal cortexes of mice exposed to CUMS.

Discussion

In this study, we showed that the selective inhibition of PDE4 
by FCPR03 produces an antidepressant-like effect in mice 
exposed to CUMS. This is based on the following observations: 
(1) treatment with FCPR03 restored sucrose preference in the 
SPT and FCPR03 also shortened the immobility time tested in 
both FST and TST, while FCPR03 had no influence on locomo-
tor activity; (2) treatment with FCPR03 significantly enhanced 

Figure 7. n-Isopropyl-3-(cyclopropylmethoxy)-4-difluoromethoxy benzamide (FCPR03) enhanced the level of cyclic adenosine monophosphate (cAMP) and the pho-

phorylated cAMP-response element-binding protein (p-CREB) in the hippocampus in chronic unpredictable mild stress (CUMS)-exposed mice. After 2 weeks of treat-

ment with FCPR03 (0.5 or 1.0 mg/kg) or rolipram (1.0 mg/kg), the hippocampal tissues were homogenized, and an enzyme-linked immunosorbent assay (ELISA) kit was 

used to assess cAMP levels (A), while western blot was used to assess phosphorylated cAMP-response element-binding protein (CREB), total CREB, and brain-derived 

neurotrophic factor (BDNF) (B) levels in the hippocampus. The corresponding quantification data are shown in (C) and (D). Data are expressed as mean ± SEM (n = 5). 
##P < .01, ###P < .001 vs vehicle group, *P < .05, **P < .01 vs CUMS group.
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dendritic length, branching points, and dendritic spine density 
in the hippocampus; (3) inhibition of PDE4 by FCPR03 resulted 
in an increased expression of PSD95, and synapsin 1 in the hip-
pocampi of mice exposed to CUMS; (4) FCPR03 increased the 
level of cAMP, the phosphoylation of CREB, and the expression 
of BDNF in the hippocampi of mice exposed to CUMS; (5) FCPR03 
enhanced the phosphorylation of both Akt and GSK-3β; and 
(6) FCPR03 activated the Akt/GSK-3β and CREB/BDNF signaling 
pathways in the prefrontal cortex in mice exposed to CUMS. 
Thus, the present study provided evidence that FCPR03 exhib-
ited its antidepressant-like activity via its regulation on cAMP/
CREB/BDNF and Akt/GSK-3β and subsequently enhanced spine 
density and dendritic morphology.

CUMS is a widely accepted animal model mimicking the eti-
ology of depression in humans (Zhang et al., 2014; Liang et al., 
2015; Wan et  al., 2017). This animal model is manifested by 
the loss of pleasure in rodents (i.e., manifested by a decline in 
sucrose preference in mice) and prolonged duration of immobil-
ity in FST and TST (Zhang et al., 2014; Liang et al., 2015). In our 
experiment, mice indeed developed depressive-like behaviors 
after the CUMS procedure. Not surprisingly, FCPR03 increased 
the consumption of sucrose and shortened immobility time in 
both FST and TST, while FCPR03 had no influence on the loco-
motor activity. These results confirmed the antidepressant-like 
effect of FCPR03 in mice. Additionally, the antidepressant-like 
effect of FCPR03 was similar to the canonical PDE4 inhibitor 
rolipram. In our previous study, mice were given a single dose 

of FCPR03, and we found that FCPR03 shortened the immobility 
time in FST and TST (ZZ Zhou et al., 2016). In another lipopol-
ysaccharide-induced depressive animal model, FCPR03 addi-
tionally exhibited an antidepressant-like effect (Yu et al., 2018). 
Together with these findings, we verified the antidepressant-
like effect of FCPR03 on different animal models. Importantly, 
as compared with canonical PDE4 inhibitors, FCPR03 does not 
trigger emesis in beagle dogs (ZZ Zhou et  al., 2016). Hence, 
in regards to side effects and drug safety, FCPR03 boasts a 
higher advantage than do canonical PDE4 inhibitors, such as 
rolipram. However, compared with existing antidepressants, 
PDE4 inhibitors have been proven to possess significant antide-
pressant and cognitive enhancement effects (Bolger, 2017). As 
patients with depression usually present cognitive impairments 
(Srisurapanont et al., 2018), the cognitive enhancement property 
of PDE4 inhibitors makes them more advantageous. Moreover, 
because of the lack of anticholinergic effects, PDE4 inhibitors 
may show less anticholinergic and hypotensive side effects. 
Collectively, FCPR03 is a potential compound for the prevention 
and treatment of depression. However, we would like to point 
out that although our study supports the potential application 
of FCPR03, additional experiments, especially systematically 
toxicological studies of the compound, are needed in the future.

PDE4 is a well-identified target for the treatment of depres-
sion (Li et al., 2009; Wang et al., 2014; Bolger, 2017). The inhibition 
of PDE4 by its inhibitors or short hairpin RNA increases the con-
centration of intracellular cAMP, which triggers the downstream 

Figure 8. n-Isopropyl-3-(cyclopropylmethoxy)-4-difluoromethoxy benzamide (FCPR03) enhanced the protein levels of phosphorylated protein kinase B (p-Akt) and 

phosphorylated glycogen synthase kinase-3β (p-GSK-3β) in the hippocampus in chronic unpredictable mild stress (CUMS)-exposed mice. After 2 weeks of treatment 

with FCPR03 (0.5 mg/kg or 1.0 mg/kg) or rolipram (1.0 mg/kg), the hippocampal tissues were homogenized. Western blot was used to assess phosphorylated Akt, total 

Akt, GSK-3β, and total GSK-3β protein levels in the hippocampus (A); the corresponding quantification data are shown in (B) and (C). Data are expressed as mean ± SEM 

(n = 5). ##P < .01 vs vehicle group, **P < .01 vs CUMS group.
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signal cascade, including the activation of PKA and CREB and 
the subsequent production of its downstream target BDNF (Guo 
et al., 2017; Zou et al., 2017). PKA/CREB/BDNF is a defined canoni-
cal pathway responsible for the biological functions of PDE4 (Guo 
et al., 2017). This signaling pathway has been taken into account 
as a common mechanism undertaking antidepressant action of 
different classes of antidepressants (Li et al., 2009; Bolger, 2017). 
In our study, we also found that FCPR03 had a strong effect on 
the activation of this pathway in both the hippocampus and 
prefrontal cortex. Meanwhile, we noticed that Akt and GSK-3β 
were also phosphorylated in the presence of FCPR03. Currently, 
little information is available about the role of PDE4 inhibitors in 
the phosphorylation of GSK-3β. Our recent study reported that 
the inhibition of PDE4 in SH-SY5Y cells increased the concen-
trations of cAMP and Epac, which promotes the phosphoryla-
tion of Akt at Ser473 (Zhong et al., 2018). In this study, we also 
found that FCPR03 increased the concentration of cAMP in the 
brain. Hence, it is highly possible that increased cAMP in the 
hippocampus enhances the level of Epac and the consequent 
activation of Akt. GSK-3β is a direct target of Akt, and the activa-
tion of Akt by Epac may directly phosphorylate and inactivate 
GSK-3β at Ser9. Interestingly, it was reported that the pharma-
cological inhibition of combined PDE4 and GSK-3β in low, sub-
effective doses elicits synergistic, antipsychotic effects (Lipina 
et al., 2012). In this condition, the inhibition of PDE4 by FCPR03 is 
expected to produce its antidepressant-like effect by acting on 
both cAMP/PKA/CREB/BDNF and cAMP/Epac/Akt/GSK-3β signal-
ing pathways. It is noteworthy that we observed the alterations 

of these 2 signaling pathways in this study. Further experiments, 
such as the blockade of these 2 signaling pathways or the knock-
ing down of key proteins involved in these pathways, are still 
needed to verify the essential role of these in the antidepres-
sant-like effect of FCPR03, which will add immense value to the 
present communication. The specific inhibition of PKA and Akt 
will serve a purpose. It is worthwhile to test this idea in future 
research.

BDNF is a potent neurotrophin maintaining the morphol-
ogy and neural plasticity of neurons (Finsterwald et  al., 2010; 
Kojima and Mizui, 2017). Deficits in the synaptic plasticity are 
involved in the pathological process of depression (Li et  al., 
2009). Chronic stress elevates the level of serum corticosterone, 
which leads to reduced hippocampal BDNF levels and neuro-
genesis (Li et al., 2009; H Wang et al., 2015). Antidepressants such 
as tricyclic antidepressant oxazine and the selective 5-HT reup-
take inhibitor fluoxetine increase neurogenesis in the dentate 
gyrus of the hippocampus (Malberg et  al., 2000). Interestingly, 
the antidepressant-like effect of these drugs was attenuated 
when neurogenesis or neural plasticity was blocked (Santarelli 
et al., 2003), suggesting that amelioration of the depressive-like 
behaviors may be mediated by the stimulation of neurogenesis 
and neural plasticity in the hippocampus (Santarelli et al., 2003). 
After adulthood, neurogenesis takes place at an extremely slow 
rate, and neural plasticity occurs through learning, exercise, and 
antidepressants use after injury (Kraus et al., 2017). Numerous 
studies have shown that CREB and BDNF play a key role in the 
regulation of neurogenesis, neuronal plasticity, and survival 

Figure 9. n-Isopropyl-3-(cyclopropylmethoxy)-4-difluoromethoxy benzamide (FCPR03) enhanced the protein levels of phosphorylated protein kinase B (p-Akt) and 

phosphorylated glycogen synthase kinase-3β (p-GSK-3β) in the prefrontal cortex of chronic unpredictable mild stress (CUMS)-exposed mice. After 2 weeks of treatment 

with FCPR03 (0.5 mg/kg or 1.0 mg/kg) or rolipram (1.0 mg/kg), the prefrontal cortex tissues were homogenized. Western blot was used to assess phosphorylated cAMP-

response element-binding protein (CREB) and brain-derived neurotrophic factor (BDNF) protein levels in the prefrontal cortex (A); the corresponding quantification 

data are shown in (B) and (C). Data are expressed as mean ± SEM (n = 5). ##P < .01 vs vehicle group, **P < .01 vs CUMS group.
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(Guo et  al., 2017; Kishi et  al., 2017; Sheldrick et  al., 2017). Our 
results showed that FCPR03 increased the levels of synapsin 
1, and PSD95, which are important proteins in the preserva-
tion of the generation, morphology, and functions of synapse 
(Dorostkar et al., 2014; Kandimalla et al., 2016).

The formation and elimination of dendritic spines rely on 
the normal expression of synaptic proteins (Lee et  al., 2012; 
Moutin et al., 2012). In our studies, we also found that the den-
dritic length, branching points, and dendritic spine density 
were reduced under CUMS, while FCPR03 significantly restored 
the morphological alterations. Dendritic spines play a pivotal 
role in neuronal communication and neuroplasticity. Chronic 
stress impairs the density and organization of spines, while 
changes in dendrite morphology contribute to the behavioral 
deficits caused by chronic stress (Licznerski and Duman, 2013). 
Currently, little is known about the mechanisms underlying 
the atrophy of dendritic spines and branching in response to 
chronic stress (Licznerski and Duman, 2013), but it is possible 
that the inhibition of neurotrophic factor (e.g., BDNF) levels, 
PKA/CREB/BDNF and Akt/GSK-3β signaling, and synaptic protein 
synthesis could contribute to the effects of stress. It is largely 
believed that BDNF controls the dendritic length and branching 
of neurons (McAllister et al., 1996; Finsterwald et al., 2010), while 
CREB mediates the positive effects of BDNF on dendritic length 
and complexity (Finsterwald et al., 2010). In our study, it is pre-
dictable that the morphological alterations caused by FCPR03 
are produced by the enhanced expression of synaptic proteins. 
Furthermore, mechanically, FCPR03 regulates cytoskeleton 

dynamics and modulates dendritic morphology through the 
activation of the PKA/CREB/BDNF and Akt/GSK-3β signaling 
pathways. Of note, one of the limitations of this study is that 
the sample for western-blot analysis was taken from the entire 
hippocampus, which is a large and heterogeneous region, even 
in the mouse brain. Hence, to identify specific involved brain 
regions, protein analysis is better performed in hippocampal 
subregions, such as CA1, CA3, and DG.

 In conclusion, CUMS caused a series of depressive-like 
behaviors, including the reduction of sucrose intake and 
increased immobility time in FST and TST in mice. This proce-
dure also inhibited the cAMP/PKA/CREB/BDNF signaling path-
way and attenuated the phosphorylation of both Akt and GSK3β. 
FCPR03 produced beneficial effects on the stressed mice by 
improving sucrose consumption and reducing immobility time 
in FST and TST. These behavioral changes were accompanied by 
amelioration of CUMS-induced alterations in mice. Our results 
suggest that FCPR03 exhibited an antidepressant-like effect, at 
least partially, due to its ability to the activation of the cAMP/
PKA/CREB/BDNF and Akt/GSK-3β pathways.
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