
Inhibition of phosphodiesterase 10A mitigates neuronal injury by 
modulating apoptotic pathways in cold-induced traumatic brain injury

Mustafa C. Beker a,b,*, Mehmet O. Altintas c, Enes Dogan b, Cigdem Bayraktaroglu b,  
Buse Balaban b,d, Aysenur Ozpinar b, Nursena Sengun a, Serdar Altunay b, Ertugrul Kilic a,b

a Department of Physiology, School of Medicine, Istanbul Medeniyet University, Istanbul, Türkiye
b Regenerative and Restorative Medical Research Center (REMER), Research Institute for Health Sciences and Technologies (SABITA), Istanbul Medipol University, 
Istanbul, Türkiye
c Department of Physiology, School of Medicine, Ankara Medipol University, Ankara, Türkiye
d Department of Medical Biology, Institute of Health Sciences, University of Health Sciences Turkey, Istanbul, Türkiye

A R T I C L E  I N F O

Keywords:
cAMP
Cold injury
PDE10A
Phosphodiesterase-10A
TAK-063
Traumatic brain injury

A B S T R A C T

Brain injury develops from a complex series of pathophysiological phases, resulting in acute necrotic or delayed 
apoptotic cell death after traumatic brain injury (TBI). Inhibition of apoptotic cell death is critical for the 
treatment of acute neurodegenerative disorders, such as TBI. Here, we investigated the role of phosphodiesterase 
10A (PDE10A) in the development of neuronal injury, particularly in apoptotic cell death. Using the PDE10A 
inhibitor TAK-063, we found that PDE10A inhibition is associated with decreased brain injury, brain swelling, 
and blood brain barrier disruption 48 h after cold-induced TBI. Furthermore, a particularly notable result was 
observed with 3 mg/kg TAK-063, which reduced disseminated neuronal injury. Protein abundance analysis 
revealed that PDE10A inhibition activates survival kinases AKT and ERK-1/-2, which were associated with the 
decreased activation of MMP-9 and PTEN. Additionally, iNOS and nNOS levels significantly reduced in the TAK- 
063 group, playing roles in inflammation and apoptosis. A planar surface immunoassay was performed for in- 
depth analyses of the apoptotic signaling pathways. We observed that inhibition of PDE10A resulted in the 
decreased expression of TNFRSF1A, TNFRSF10B, and TNFRSF6 receptors, particularly inducing apoptotic cell 
death. Moreover, these findings correlated with reduced levels of pro-apoptotic proteins, including PTEN, p27, 
Cytochrome-c, cleaved Caspase-3, Bad, and p53. Interestingly, TAK-063 treatment reduced levels of anti- 
apoptotic proteins or enzymes, including XIAP, Claspin, and HIF1α, without affecting Bcl-x, MCL-1, SMAC, 
HO-1, HO-2, HSP27, HSP60, and HSP70. The findings suggest that PDE10A regulates cellular signaling pre
dominantly pro-apoptotic pathways, and inhibition of this protein is a promising approach for the treatment of 
acute brain injury.
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1. Introduction

Phosphodiesterases (PDEs) play an essential role in the inactivation 
of adenosine 3′,5′-cyclic monophosphate (cAMP) and guanosine 3′,5′- 
cyclic monophosphate (cGMP), which are crucial second messengers 
that actively participate in a wide range of physiological and patho
physiological processes within the central nervous system (CNS), such as 
neuronal development, neuronal injury, neuroplasticity, and DNA 
fragmentation (Delhaye and Bardoni, 2021; Titus et al., 2015). It is well 
known that 21 genes responsible for encoding PDEs formed 11 unique 
PDE families and splice variants (PDE1-PDE11) (Lugnier, 2022). Among 
PDEs, Phosphodiesterase 10A (PDE10A) has recently gained significant 
attention due to its distinct distribution within the CNS.

PDE10A is an enzyme exhibiting dual-substrate specificity, capable 
of hydrolyzing cAMP and cGMP. Its presence is particularly prominent 
in the basal ganglia/striatum, yet it is also found distributed in the 
cortex and various other regions of the brain (Argyrousi et al., 2020). 
Inhibition of PDE10A results in increased levels of cAMP and cGMP, 
activating protein kinase A (PKA) and cGMP/protein kinase G (PKG). 
This activation, in turn, initiates an essential intracellular signal trans
duction pathway. Recent studies also reveal that cAMP has a dual role in 
the cell death processes in a tissue-dependent manner (Insel et al., 
2012). It was shown that agents elevating cAMP, such as forskolin, 
inhibit the activation of apoptosis signaling and promote the anti- 
apoptotic pathway in macrophages (Misra and Pizzo, 2005).

Recent research has highlighted the significance of PDE10A as a 
promising therapeutic target in the management of neurodegenerative 
conditions, including ischemic stroke, Huntington's disease (HD), and 
Parkinson's disease (PD) (Beker et al., 2022a; Beker et al., 2022b; Bir
jandi et al., 2021; Garcia et al., 2014; Ito et al., 2018; Niccolini et al., 
2015; Padovan-Neto and West, 2017). Previously, we demonstrated that 
the inhibition of PDE10A reduces brain infarct size, mitigates wide
spread neuronal injury, and improves cerebral microcirculation, neu
rogenesis, angiogenesis, functional recovery, and neuroplasticity in a 
mouse model of ischemic stroke (Beker et al., 2022a; Beker et al., 
2022b). Furthermore, pharmacological inactivation of PDE10A has been 
shown to activate neurotrophic factors, including brain-derived neuro
trophic factor (BDNF), ciliary neurotrophic factor, fibroblast growth 
factor, and mesencephalic astrocyte-derived neurotrophic factor (Beker 
et al., 2022b; Birjandi et al., 2021). Giampà et al. demonstrated that 
PDE10A inhibition increased phosphorylated cAMP response element- 
binding protein (CREB) and BDNF expression in R6/2 mice, a model 
of HD, thereby reducing striatal and cortical pathology (Giampa et al., 
2010). Additionally, PDE10A inhibition mediated by MP10 ameliorated 
behavioral impairments and reversed the loss of dopaminergic neurons 
in the brains of mice induced with 1-methyl-4-phenyl-1,2,3,6-tetrahy
dropyridine, a model of PD (Kim et al., 2021). Moreover, a recent 
study demonstrated that PDE10A inhibition exerts protective effects 
following TBI by reducing neuroinflammation and inhibiting apoptosis, 
partially through the cAMP/PKA/NLRP3 pathway. This inhibition also 
improved learning and memory functions in rats with TBI (Huang et al., 
2022). In another study, PDE10A protein abundance was increased in 
the cortex but decreased in the hippocampus acutely after TBI (Wilson 
et al., 2016).

Although the positive impact of PDE10A inhibition on various 
neurodegenerative disorders is known, its effect on the pathophysiology 
of TBI, particularly on apoptotic cell death, remains largely unknown. 
The present study aims to investigate the neuroprotective role of 
PDE10A inhibition after TBI. For the induction of TBI, animals were 
submitted to cold-induced traumatic brain injury, a commonly used 
animal model that shares essential similarities with cerebral ischemia in 
pathophysiological cascades (Hermann et al., 2001; Kelestemur et al., 
2016). To pharmacologically inhibit PDE10A, we utilized TAK-063, a 
potent, orally bioavailable, and particular inhibitor of PDE10A (Suzuki 
and Kimura, 2018). Immediately after TBI, animals were treated with a 
low dose (0.3 mg/kg) or a high dose (3 mg/kg) of TAK-063 per oral. We 

initially evaluated brain infarct volume, brain swelling, and blood-brain 
barrier (BBB) permeability which was evaluated by Evans blue staining. 
To understand the underlying molecular mechanisms, we analyzed the 
protein abundances of survival kinases p-AKT and p-ERK-1/2, p-PTEN, 
MMP9, iNOS, and nNOS by Western blotting. For in-depth analysis of 
apoptotic signaling pathways, we performed a planar surface immuno
assay to evaluate the expression levels of pro- and anti-apoptotic 
proteins.

2. Material and methods

2.1. Animals and cold-induced traumatic brain injury

Experiments have been conducted under the ethics standards of the 
EU Guidelines on the Care and Use of Laboratory Animals (Directive 
2010/63/EU) in agreement with local guidelines and legislation. The 
study has been approved by local government authorities (Istanbul 
Medipol University, Animal Research Ethics Committee; reference 
number: 03/02/2021-10). We maintained all animals in a controlled 
environment with a consistent 12-hour light/dark cycle, providing them 
unrestricted access to food and water.

The TBI procedure was conducted following a modified version of 
the cold injury-induced trauma model described previously (Kelestemur 
et al., 2016). In brief, 33 male Balb/C mice, aged 8–12 weeks, were 
anesthetized using 1 % isoflurane (30 % O2, with the remaining balance 
as N2O) and placed on a stereotaxic device (WPI Instruments, USA). The 
rectal temperature was controlled between 36.5 and 37.0 ◦C throughout 
the experimental procedures using a homoeothermic blanket. Brain 
injury was induced by applying a liquid nitrogen-cooled copper probe 
with a tip diameter of 2.0 mm (positioned at Bregma 2.0 mm posterior 
and 1.5 mm lateral), directly placed on the skull for 60 s, and removed 
(Ciftci et al., 2020; Kelestemur et al., 2016; Keskin et al., 2017). Then, 
wounds were closed with sutures before anesthesia was discontinued.

To inhibit PDE10A, we used TAK-063 (510331, MedKoo Biosciences, 
USA), which was dissolved in a 1 % (v/v) solution of dimethyl sulfoxide 
(DMSO) in tap water. After animal surgery, mice were randomly divided 
into three groups: vehicle group (100 μl of water containing 1 % DMSO), 
0.3 mg/kg TAK-063 (TAK-063 dissolved in 100 μl of water containing 1 
% DMSO), and 3 mg/kg TAK-063 group (TAK-063 dissolved in 100 μl of 
water containing 1 % DMSO) (n = 11/group). Vehicle, or TAK-063, was 
administered just after TBI per oral. Forty-eight hours after trauma, n =
7 per group animals were deeply anesthetized with 4 % isoflurane (30 % 
O2, remainder N2O) and decapitated. Brains were removed, frozen on 
dry ice, and cut on a cryostat (CM1950, Leica, Germany) into 18 μm 
sections used for infarct volume, brain swelling, neuronal survival, and 
DNA fragmentation analysis. Further tissue was collected from the 
ipsilesional hemisphere of all animals for Western blot and planar sur
face immunoassay analysis (Kilic et al., 2017). In addition, 48 h after 
cold-induced TBI, Evans blue was applied to 4 mice per group for BBB 
integration, and then the mice were sacrificed.

2.2. Determination of infarct volume and brain swelling

To assess brain infarct volume and cytotoxic edema, coronal brain 
sections (n = 7 mice* 3 brain sections) were collected at equidistant 
intervals of 1 mm, stained with Cresyl violet (C5042; Sigma-Aldrich, 
USA), following a previously published protocol (Beker et al., 2015). 
The border between injured and non-injured tissues was delineated 
within the sections using image analysis software (Image J; National 
Institute of Health, USA). The infarct area was quantified by subtracting 
the area of the non-infarcted ipsilesional hemisphere from that of the 
contralesional side. Infarct volume was calculated by the integration of 
these areas. Brain swelling was determined as the volume difference 
between the injured and the non-injured hemisphere and expressed in 
cubic millimeters (mm3) (Yelkenci et al., 2024).
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2.3. Analysis of neuronal survival

Neuronal survival was assessed following a previously described 
protocol (Beker et al., 2019). Coronal brain sections (n = 7 mice* 2 
different brain sections) were fixed using 4 % paraformaldehyde (PFA) 
in 0.1 M phosphate-buffered saline (PBS), washed, and then immersed in 
0.1 M PBS with 0.3 % Triton X-100 (PBS-T) and 10 % normal goat serum 
for 1 h. Subsequently, the sections were incubated overnight at 4 ◦C with 
Cy3-conjugated monoclonal mouse anti-NeuN (MAB377C3; Merck, 
USA). The following day, the sections were exposed to 4′,6-diamidino-2- 
phenylindole (DAPI; 422801, BioLegend, USA). Imaging and analysis 
were performed using a Zeiss LSM 800 confocal laser scanning micro
scope (Carl Zeiss, Germany). Six distinct regions of interest (ROI) within 
the cortex, each measuring 62,500 μm2, were evaluated. The mean 
numbers of NeuN-positive cells were quantified in both the injured and 
non-injured cortex. To determine the percentage of surviving neurons in 
the ipsilesional tissue, the results from the injured cortex were divided 
by the results from the non-injured cortex and multiplied by 100.

2.4. Analysis of apoptotic cell death

Brain sections (n = 7 mice* 2 different brain sections) were fixed 
with 4 % PFA/0.1 M PBS to evaluate the DNA fragmentation. Then, 
sections were labeled using a TUNEL assay kit (In Situ Cell Death 
Detection Kit; Roche, Switzerland) according to the previously described 
protocol (Beker et al., 2015). Sections were counterstained with DAPI. 
Stainings were analyzed using a Zeiss LSM 800 confocal laser scanning 
microscope (Carl Zeiss, Jena, Germany). We quantified the number of 
TUNEL-positive cells in six adjacent ROI within the injured cortex at the 
level of hippocampus, with each ROI measuring 62,500 μm2.

2.5. Analysis of blood-brain barrier (BBB) integrity

Evans blue staining was performed to examine the BBB permeability 
after cold-induced TBI. Evans Blue (E2129-10G; Sigma-Aldrich) was 
prepared at 2 % (w/v) in normal saline. The dye solution (3 ml/kg) was 
administered through the tail vein toward blood flow. One hour after 
injection, the animals (n = 4 per group) were sacrificed by decapitation. 
The whole brain was removed and cut coronally into 2-mm slices using a 
brain matrix, with cutting sites corresponding to − 2 mm AP distance 
from the bregma. Sections (n = 4 mice* 2 images) were analyzed using 
an image analysis system (Image J).

2.6. cAMP quantification using ELISA

To assess cAMP levels in cortical tissues following TBI, samples were 
collected from the injured cortex region. cAMP quantification was per
formed using the Cyclic AMP XP® Assay Kit (4339, Cell Signaling 
Technologies), according to the manufacturer's instructions. Briefly, 
tissue homogenates were prepared, and cAMP levels were measured via 
enzyme-linked immunosorbent assay (ELISA). Absorbance was read at 
450 nm using a microplate reader (MultiSkan™ GO, ThermoFisher 
Scientific), and cAMP concentrations were calculated from a standard 
curve generated with known cAMP concentrations. Data were normal
ized to protein content in each sample (Elibol et al., 2020).

2.7. Western blot

For the Western blot analysis, tissue samples from the injured cortex 
within the same experimental group were pooled. These combined 
samples (n = 7 per group) were then homogenized, sonicated, and 
treated with a protease/phosphatase inhibitor cocktail (5872, Cell 
Signaling Technology) (Beker et al., 2020). Total protein content was 
evaluated using a Qubit 3.0 Fluorometer (Q33216, Invitrogen, Life 
Technologies Corporation, USA) following the manufacturer's in
structions. Equivalent amounts of protein (20 μg) were separated 

through gel electrophoresis using a 4–20 % Mini-PROTEAN TGX gel 
(4561096, Biorad Life Sciences Research) and subsequently transferred 
to a PVDF membrane utilizing the Trans-Blot Turbo Transfer System 
(1704155, Biorad Life Sciences Research). Following that, the mem
branes underwent a blocking step with a 5 % nonfat milk solution in 50 
mM Tris-buffered saline (TBS) containing 0.1 % Tween (TBS-T) for 1 h at 
room temperature. They were then rinsed in 50 mM TBS-T and subse
quently incubated overnight with the following antibodies: monoclonal 
mouse PDE10 (sc-515023; Santa Cruz Biotechnology), polyclonal rabbit 
anti-phospho-Akt (9275, Cell Signaling Technology), polyclonal rabbit 
anti-Akt (9272; Cell Signaling Technology), polyclonal rabbit anti- 
phospho-PTEN (9551; Cell Signaling Technology), polyclonal rabbit 
anti-PTEN (9552; Cell Signaling Technology), monoclonal rabbit anti- 
phospho-p44/42 MAPK (Erk1/2) (4370; Cell Signaling Technology), 
polyclonal rabbit anti-p44/42 MAPK (Erk1/2) (9102; Cell Signaling 
Technology), polyclonal rabbit anti-MMP-9 (Ab38898, Abcam, UK), 
monoclonal mouse iNOS (sc-7271, Santa Cruz Biotechnology), and 
monoclonal mouse nNOS (sc-5302, Santa Cruz Biotechnology). The 
following day, the membranes were washed with 50 mM TBS-T and 
exposed to horseradish peroxidase-conjugated goat-anti-rabbit (sc- 
2004, Santa Cruz Biotechnology) or goat anti-mouse (sc-2005, Santa 
Cruz Biotechnology) antibodies, both diluted at 1:2500, for 1 h at room 
temperature. This blotting procedure was repeated at least three times 
for consistency. A polyclonal rabbit anti-β-actin antibody (4967, Cell 
Signaling Technology) was employed to verify equal protein loading. 
Blots were developed using the Clarity Western ECL Substrate kit 
(1705060, Bio-Rad, Life Sciences Research) and visualized using the 
ChemiDoc MP System (1708280, Bio-Rad, Life Sciences Research). 
Protein levels were analyzed densitometrically using an image analysis 
system (Image J; National Institute of Health), normalized against 
values obtained from β-actin blots, and expressed as relative values 
compared to the vehicle-treated group.

2.8. Planar surface immunoassay

The mouse apoptosis array kit was used to analyze apoptosis-related 
proteins. From the injured cortical tissues of the vehicle and high dose of 
TAK-063 (3 mg/kg) were collected, processed through homogenization 
and sonication, and then treated with a protease/phosphatase inhibitor 
cocktail (5872, Cell Signaling Technology, USA). We assessed the 
expression profiles of 21 apoptosis-related proteins, including Catalase, 
Heme Oxygenase 1 (HO-1/HMOX1/HSP32), myeloid cell leukemia-1 
(MCL-1), second mitochondria-derived activator of caspases (SMAC/ 
Diablo), X-linked inhibitor of apoptosis protein (XIAP), Fas receptor 
(Fas/TNFRSF6/CD95), Hypoxia-inducible factor-1 alpha (HIF-1α), Heat 
Shock 70 kDa Protein (HSP70/HSPA1A), Tumor protein P53 (p53), 
Tumor Necrosis Factor Receptor I (TNF RI/TNFRSF1A), BCL2 associated 
agonist of cell death (Bad), B-cell lymphoma-2 (Bcl-2), Cleaved Caspase- 
3, Claspin, Heat Shock 60 kDa Protein (HSP60), Bcl-x, Cytochrome c, 
Heme oxygenase-2 (HO-2/HMOX2), cyclin-dependent kinase inhibitor 
p27 (p27/Kip1), Tumor necrosis factor receptor superfamily member 
10B (TNFRSF10B). This analysis was conducted using the Proteome 
Profiler Mouse Apoptosis Array Kit (ARY031, R&D Systems, USA) with 
samples obtained from a total of 9 animals (comprising 3 in the vehicle 
group, 3 in the 0.3 mg/kg TAK-063 group, and 3 in the 3 mg/kg TAK- 
063 group), following the manufacturer's instructions. We visualized 
the array panels using the ChemiDoc MP System (1708280, Biorad Life 
Sciences Research, USA) and quantified protein levels densitometrically 
using an image analysis system (Image J). These values were then 
adjusted based on positive controls and expressed as relative values 
compared to the treated group.

2.9. Statistical analysis

Statistical analyses were conducted using SPSS (version 15, SPSS 
Inc., USA) software. Data were evaluated by one-way ANOVA followed 
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by LSD tests (for PDE10A Western blot, infarct volume, brain swelling, 
neuronal injury, and DNA fragmentation) or independent samples t-test 
(for mouse apoptosis array and Western blot experiments). Data are 
presented as mean ± S.D. values. Throughout the study, p values < 0.05 
were considered statistically significant.

3. Results

3.1. PDE10A inhibition reduces brain injury and swelling and improves 
BBB integrity after TBI

It is a well-known fact that PDE10A is a dual cAMP/cGMP hydro
lyzing enzyme highly distributed in the striatum and cortex (Heckman 
et al., 2016; Kelly et al., 2014). Post-traumatic cerebral infarction and 
brain edema are the most severe insults after TBI. A single oral admin
istration of a low dose (0.3 mg/kg) of TAK-063 did not significantly 
reduce the infarct volume (Fig. 1A). However, the administration of a 
high dose (3 mg/kg) of TAK-063 significantly decreased the infarcted 
area after TBI. Notably, both doses of TAK-063 reduced brain swelling 
dose-dependently (Fig. 1B). To evaluate BBB disruption, we performed 
Evans blue staining (Fig. 1C), and the results demonstrated that the low 
dose did not improve BBB integrity, but the high dose significantly 
improved BBB integrity after TBI (Fig. 1D).

3.2. PDE10A inhibition increases neuronal survival and decreases 
apoptotic cell death

To assess neuronal survival, we utilized NeuN staining of coronal 
sections (Fig. 2A). The number of NeuN-positive cells was quantified 
from six different regions of interest within both the cortex of the ipsi
lesional and contralesional hemispheres. Remarkably, both low and 
high doses of TAK-063 significantly improved neuronal survival 
(Fig. 2A). In our investigation of widespread neuronal injury in the ce
rebral cortex, we conducted a terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL) assay (Fig. 2B). While the low dose of 
TAK-063 resulted in a slight reduction in the number of DNA fragmented 
cells, this reduction was not statistically significant. However, it's 
noteworthy that the high dose of TAK-063 significantly reduced the 
number of apoptotic cells after TBI (Fig. 2B). To assess neuronal 
apoptosis, double staining with TUNEL and NeuN was performed, and 
the number of double-stained cells in the injured cortex was counted. 
The results demonstrated that the administration of TAK-063 at doses of 
0.3 mg/kg and 3 mg/kg significantly reduced the number of TUNEL- 
positive neurons compared to the vehicle-treated group (Fig. 2C).

Fig. 1. TAK-063 reduced infarct volume, brain swelling, and BBB disruption after TBI. To evaluate brain infarct volume (A) and brain swelling (B) cresyl violet 
staining was performed. Yellow lines indicate the area of brain infarction and red lines indicate the whole brain area. Notably, TAK-063 decreased brain infarct 
volume and brain swelling in a dose-dependent manner. BBB leakage was determined by perfusing mice with Evans blue dye, which is a widely used tracer to assess 
BBB integrity (C). Notably, a high dose of TAK-063 (3 mg/kg) significantly improved BBB integrity compared to both the vehicle and the low-dose TAK-063 group 
(D). Data are represented as mean + S.D. (n = 7 mice* 3 images for A and B, n = 4 mice* 2 images for C and D). **p < 0.01/*p < 0.05 compared with vehicle-treated 
group, ##p < 0.01 compared with low dose (0.3 mg/kg) TAK-063 treated group. Scale bars 1 mm.
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3.3. A high dose of TAK-063 increases cAMP levels and decreases 
PDE10A abundance, thereby mediating the phosphorylation of survival 
kinases AKT and ERK-1/-2 and inhibiting the abundance of p-PTEN, 
MMP9, iNOS, and nNOS proteins

Compared to the administration of 0.3 mg/kg TAK-063, the 3 mg/kg 
dose significantly reduced apoptotic cell death. Therefore, animals 
treated with 3 mg/kg TAK-063 were selected for the analysis of cell 
survival and apoptosis-related proteins. First, we assessed cAMP con
centrations in the ipsilateral cortex using an enzyme-linked immuno
sorbent assay (ELISA). Results indicated that the higher dose of TAK-063 
led to a notable increase in cAMP levels in the ipsilateral tissue 
compared to the vehicle-treated group (Fig. 3A). As expected, the high 
dose of TAK-063 also significantly decreased PDE10A protein abun
dance (Fig. 3B). PDE10A inhibition increased phosphorylated AKT 
protein levels, regulating signaling processes such as cell survival, 
metabolism, and proliferation (Fig. 3C). Here, we observed that PDE10A 
inhibition decreases PTEN activation, which remains the primary 
negative regulator of the phosphatidylinositol 3-kinase (PI3K)/AKT 
signaling pathway (Fig. 3D). Additionally, enhanced ERK-1/-2 activa
tion was observed in the TAK-063 group, playing a central role in cell 
survival and proliferation (Fig. 3E). Our findings also indicate that TAK- 
063 decreased pro-inflammatory Matrix metalloproteinase-9 (MMP9) 
expression, thus preventing BBB disruption after brain injury (Fig. 3F). 

Moreover, we analyzed the inducible nitric oxide synthase (iNOS) and 
neuronal nitric oxide synthase (nNOS), which increase nitric oxide (NO) 
production and trigger neuroinflammation and apoptosis after acute 
tissue degeneration. Our data reveals that high dose of TAK-063 
significantly decreased iNOS and nNOS (Fig. 3G, H).

3.4. PDE10A regulates apoptosis-related proteins

Using a planar surface immunoassay, we conducted a detailed 
analysis of apoptosis signaling to evaluate the impact of PDE10A inhi
bition (Fig. 4A–B). The results are shown as a heat map in Fig. 4C using 
the online platform (https://www.bioinformatics.com.cn) (Tang et al., 
2023). PDE10A inhibition decreased the expression of pro-apoptotic 
TNFRSF1A, TNFRSF10B, and TNFRSF6 receptors. Furthermore, we 
observed that PDE10A inhibition reduced the levels of pro-apoptotic 
proteins, including Bad, Bcl-2, cleaved Caspase-3, Cytochrome-c, p27, 
and p53. Interestingly, TAK-063 significantly reduced the levels of anti- 
apoptotic proteins or enzymes, including Catalase, Claspin, HIF1α, and 
XIAP. Notably, PDE10A inhibition did not affect the expression or 
activation of Bcl-x, HO-1, HO-2, HSP27, HSP60, HSP70, MCL-1, and 
SMAC. Taken together, these observations suggest that TAK-063 regu
lates cellular signaling predominantly pro-apoptotic pathways (Fig. 5).

Fig. 2. PDE10A inhibition increases neuronal survival and decreases DNA fragmentation and neuronal apoptosis in the injured tissue. Both low and high doses of 
TAK-063 increased neuronal survival, which was analyzed by NeuN staining after TBI (A). In addition, a high but not low dose of TAK-063 reduced disseminated 
neuronal injury, which was evaluated by the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay kit (B). Notably, both doses of TAK-063 
reduced neuronal apoptosis in the injured cortex (C). Yellow arrows indicate NeuN-positive cells in A, TUNEL+ cells in B, and NeuN + TUNEL positive cells in C. Data 
are represented as mean + S.D. (n = 7 mice* 2 images for A, B, and C). **p < 0.01/*p < 0.05 compared with vehicle treated group. Scale bars 100 μm.
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4. Discussion

PDEs are dual-specific enzymes that regulate cAMP and cGMP signal 
transduction pathways. These second messengers modulate diverse 
signaling pathways through direct interactions with PKA and PKG, 
including cell survival after neurodegenerative disorders (Li et al., 
2024). Among the 11 identified PDEs, PDE10A has emerged as a sig
nificant target in the treatment of neurodegenerative disorders (Ahmad 
et al., 2014; Birjandi et al., 2021; Cardinale and Fusco, 2018). Conse
quently, the current study demonstrated that TAK-063-mediated 
PDE10A inhibition reduces brain injury, brain swelling, and dissemi
nated neuronal injury and improves BBB integrity and neuronal survival 
after TBI in mice. We have also demonstrated that PDE10A inhibition 
increases the phosphorylation of survival kinases Akt and Erk-1/2 and 
decreases pro-inflammatory or pro-apoptotic p-PTEN, MMP-9, iNOS, 
and nNOS analyzed by Western blot. More profoundly, using a planar 
surface immunoassay, we further analyzed apoptosis signaling and 
observed that PDE10A inhibition regulates apoptosis. Decreased 
expression of pro-apoptotic TNFRSF1A, TRAIL-R2, and TNFRSF6 re
ceptors and p27, Cytochrome-c, cleaved Caspase-3, Bad, Bcl-2 and p53 
were observed TAK-063 after TBI. Interestingly, PDE10A inhibition also 
reduced anti-apoptotic known proteins such as XIAP, Catalase, Claspin, 
and HIF1α. However, compared with the vehicle, PDE10A inhibition did 
not affect Bcl-x, MCL-1, SMAC, HO-1, HO-2, HSP27, HSP60, and HSP70 

proteins.
TBI causes significant mortality, morbidity, and disability world

wide. Annually, >50 million new cases of TBI occur (Collaborators, 
2019). TBI can have immediate and enduring impacts on an individual's 
health, encompassing physical, emotional, and psychosocial changes. 
TBI is characterized by two distinct phases: primary injury, resulting 
from mechanical damage during the initial impact, and secondary brain 
damage, which arises from delayed neurochemical processes and 
intracellular signaling pathways. These combined effects contribute to 
the complex and multifaceted nature of TBI's consequences. TBI causes 
rapid energy depletion, disrupting cell membrane potential and 
neuronal depolarization (Akamatsu and Hanafy, 2020; Ren and Lu, 
2019). Therefore, it induces cell death predominantly in the cerebral 
cortex, brain swelling, and BBB leakage.

A well-known inhibitor of PDE10A is TAK-063, which is potent, se
lective, and orally activated (Harada et al., 2015; Suzuki et al., 2015). It 
can easily cross the BBB and increase the cAMP and cGMP concentration 
(Tohyama et al., 2018). It was demonstrated that PDE10A occupancy 
increases in the rat striatum in a dose-dependent manner following oral 
administration of TAK-063, using non-radiolabeled T-773 as a tracer 
(Harada et al., 2015). Additionally, oral doses of TAK-063 up to 3 mg/kg 
did not affect plasma prolactin and glucose levels in rats (Suzuki and 
Kimura, 2018). In addition, studies in the literature have used TAK-063 
at doses ranging from 0.3 to 3 mg/kg for PDE10A inhibition in 

Fig. 3. A high dose of TAK-063 activates pro-survival p-AKT and p-ERK and inhibits p-PTEN, MMP9, iNOS, and nNOS abundance after TBI. ELISA analysis for cAMP 
(A) and Western blotting for PDE10A (B), p-AKT/AKT (C), p-PTEN/PTEN (D), p-ERK-1/-2/ERK-1/-2 (E), MMP-9 (F), iNOS (G), and nNOS (H). A high dose of TAK- 
063 significantly reduced PDE10A protein abundance, increased pro-survival AKT, and decreased p-PTEN, the primary negative regulator of the PI3K-Akt signal 
transduction pathway. In addition, a high dose of TAK-063 increases pro-survival ERK-1/-2 protein expression and decreases MMP9 protein expression, which is 
important for BBB leakage. Moreover, the inhibition of PDE10A significantly decreased iNOS and nNOS protein expression. Representative images of Western blot 
analysis from three independent experiments were given above their corresponding graphs. Data are represented as mean ± S.D. values of three independent ex
periments. *p < 0.05 compared with the vehicle-treated group.

M.C. Beker et al.                                                                                                                                                                                                                                Molecular and Cellular Neuroscience 131 (2024) 103977 

6 



Fig. 4. High dose of TAK-063 decreases pro-apoptotic Bad, Bcl-2, cleaved caspase-3, TNFRSF6, HIF-1α, p27, p53, TNF, TNFRSF10B, and XIAP protein expression in 
the injured cortex. A map of the apoptotic proteins detected by the antibody array (A). Representative images for mouse apoptosis signaling array (B). Protein 
analysis for TNFRSF1A, TNFRSF10B, TNFRSF6, Bad, Bcl-2, cleaved Caspase-3, Cytochrome-c, p27, p53, Catalase, Claspin, HIF1α, XIAP, Bcl-x, HO-1, HO-2, HSP27, 
HSP60, HSP70, MCL-1, and SMAC in the ipsilesional tissue. Inhibition of PDE10A significantly decreased apoptotic Bad, cleaved caspase-3, cytochrome c, SMAC, 
TNFRSF6, p27, TNF R1, and TNFRSF10B protein expression. However, PDE10A inhibition slightly but not significantly reduced the anti-apoptotic Bcl-2 and Bcl-x 
protein expression. Noted that PDE10A inhibition also decreased the p53 and HIF-1α protein expression, a master regulator of hypoxia/ischemia. The data shows the 
result of three independent experimental replicates as a heat map. **p < 0.01/*p < 0.05 compared with vehicle treated group.
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laboratory animals (Beker et al., 2022a; Beker et al., 2022b). Therefore, 
0.3 mg/kg (low dose) and 3 mg/kg (high dose) TAK-063 were preferred 
for PDE10A inhibition in the current study.

TAK-063 has been studied for potential therapeutic applications in 
various neurological and psychiatric disorders due to its effects on 
critical intracellular signal transduction pathways. A recent study 
demonstrated that TAK-063 enhanced motor recovery following striatal 
ischemic injury in a dose-dependent manner, correlated with increased 
axonal neuroplasticity in the motor system and increased BDNF 
expression (Birjandi et al., 2021). Furthermore, our recent study 
revealed that the pharmacological inhibition of PDE10A activates the 
PI3K/Akt intracellular signaling pathway and upregulates pro- and anti- 
inflammatory cytokines/chemokines after transient focal ischemia. We 
also demonstrated that these effects attenuate brain damage in a mouse 
model of cerebral ischemia. (Beker et al., 2022a). In the current study, 
the increase in brain damage volume following TBI likely reflects a 
combination of primary mechanical injury and secondary injury pro
cesses such as excitotoxicity, oxidative stress, and inflammation. How
ever, treatment with TAK-063 significantly mitigated these effects by 
reducing brain damage volume, thereby indicating its potential to 
counteract these secondary injury processes. The observed brain edema, 
which typically exacerbates damage by increasing intracranial pressure 
and leading to further neuronal death and functional impairments, was 
also significantly reduced by TAK-063 in a dose-dependently manner. 
Additionally, TAK-063 treatment helped maintain BBB permeability, 
suggesting that the high dose of TAK-063 effectively preserves the 
integrity of the tightly regulated barrier. This preservation likely pre
vents the infiltration of harmful substances into the brain parenchyma, 
thereby reducing the risk of exacerbating neuroinflammation and tissue 
damage.

We also assessed the effects of PDE10A inhibition on neuronal sur
vival and DNA fragmentation. Following TBI, TAK-063-increased cAMP 
and cGMP levels, which in turn enhanced neuronal survival. It is widely 
recognized that cAMP and cGMP signaling play critical roles in neuronal 
survival, metabolism, and axonal growth (Boczek et al., 2019). One 
possible mechanism by which TAK-063-induced cAMP and cGMP levels 
could promote neuronal survival is through the activation of the PI3K/ 
AKT signal transduction pathway. Notably, while a low dose of TAK-063 
did not significantly reduce the number of apoptotic cells in the ipsile
sional cortex, a high dose of TAK-063 did decrease the number of DNA- 
fragmented cells in this region. Importantly, both doses of TAK-063 
significantly decreased the overall number of apoptotic neurons in the 
ipsilesional cortex.

To explore the mechanism responsible for TAK-063-induced recov
ery following TBI, we conducted a Western blot analysis to examine 
signal transduction pathways associated with neuronal survival and BBB 
integrity. PDE10A inhibition has been reported to promote dopamine- 
mediated cAMP/PKA, PI3K/AKT, ERK, and nNOS/cGMP/PKG 
signaling (Hsu et al., 2011; Padovan-Neto et al., 2015; Polito et al., 
2015). Our findings demonstrated that PDE10A inhibition decreased the 
phosphorylation of PTEN, a key negative regulator of the PI3K/Akt 
signaling pathway, which controls critical cellular functions such as 
survival, proliferation, and metabolism (Kilic et al., 2017; Shi et al., 
2019). Additionally, PDE10A inhibition increased the levels of phos
phorylated Akt and ERK proteins. This increase is likely due to elevated 
cAMP and cGMP levels following PDE10A inhibition, which activate 
downstream signaling molecules like PKA and PKG-both upstream reg
ulators of the PI3K/AKT and MEK/ERK pathways. These pathways, in 

turn, promote AKT and ERK phosphorylation, enhancing cell survival 
and reducing apoptosis. Although PDE10A does not directly phosphor
ylate AKT or ERK, its inhibition triggers a cascade of signaling events via 
cAMP and cGMP, leading to the observed increase in AKT and ERK 
phosphorylation. These findings are consistent with previous studies 
suggesting that the neuroprotective effects of PDE10A inhibition are 
mediated through enhanced survival signaling pathways. Future studies 
should investigate the molecular intermediates involved, with a partic
ular focus on inhibiting the PI3K/Akt and MEK/ERK pathways using 
selective inhibitors. This would help clarify the precise role of PDE10A 
in modulating these pathways and its contribution to neuronal survival.

TBI leads to BBB disruption, the protective and selective barrier 
between the brain and the intravascular compartment (Nian et al., 
2020). To support the effects of TAK-063 on BBB leakage, which was 
assessed by Evans blue staining, we analyzed MMP9 protein expression 
by Western blotting. We showed that PDE10A inhibition decreased the 
MMP9 protein expression, which prevented BBB disruption after brain 
injury. Furthermore, we analyzed the iNOS and nNOS protein expres
sion, which can contribute to neuroprotection and neurotoxicity, 
depending on factors such as the type and severity of injury. Studies 
reported that iNOS-derived NO production exacerbated brain injury and 
BBB integrity after neuronal injury, such as TBI and stroke (Parathath 
et al., 2007; Wang and Han, 2018). A notable finding is that PDE10A 
inhibition decreased iNOS and nNOS protein abundance, and it is sug
gested that the severity of neuronal injury was reduced.

To analyze the effects of PDE10A inhibition on apoptosis, we per
formed a planar surface immunoassay of ipsilesional cortical brain tis
sue. For this, we chose a high dose of TAK-063, which increased 
neuronal survival and reduced DNA fragmentation more effectively than 
a low dose. PDE10A inhibition reduced the expression of cytochrome c- 
and SMAC, a mitochondrial protein that triggers cytochrome c release 
and disrupts the mitochondrial membrane potential during apoptosis. 
Therefore, the cleaved caspase-3 protein expression level was reduced 
by TAK-063 administration. BCL-2 family proteins (BAD, BCL-2, and 
BCL-xL) are important programmed cell death pathway regulators. 
PDE10A inhibition reduced the pro-apoptotic BAD protein level. Inter
estingly, PDE10A inhibition slightly but not significantly decreased anti- 
apoptotic Bcl-x and Bcl-2 protein expression. Further analysis showed 
that PDE10A inhibition also reduced the protein expression of TNFR2 
and TNFRSF10B, which are involved in both apoptosis and immune 
system regulation. These receptors play a crucial role in modulating 
immune responses, particularly in inflammation and the activation of 
Nuclear Factor kappa B (NF-κB), which is key to immune cell survival 
and function (Capece et al., 2022). Compelling evidence indicates that 
TAK-063 led to a reduction in the level of HIF-1α, a master regulator of 
hypoxia/ischemia, which is essential in neuronal repair mechanisms, 
inflammation, apoptosis, BBB integrity, and the immune system's 
adaptation after brain injury (Khan et al., 2017; Yang et al., 2017). 
According to our data, the inhibition of PDE10A by TAK-063 reduced 
HIF-1α protein expression. Moreover, inhibition of PDE10A also reduced 
the level of the tumor suppressor p53, which plays an essential role in 
DNA repair and apoptosis. These findings suggest that the proteins 
analyzed in our study not only play a role in the cellular response to 
injury but also significantly contribute to the regulation and execution of 
immune responses during TBI.

Considering the results obtained in this study, TAK-063-mediated 
PDE10A inhibition emerges as a promising strategy for reducing brain 
injury, swelling disseminated neuronal injury, and promoting increased 

Fig. 5. Scheme outlining the role of PDE10A inhibition by TAK-063 in regulating neuronal survival in the injured brain after TBI. When PDE10A is active in A) and 
inhibited by TAK-063 in B), phosphorylation of survival kinases AKT and ERK-1/2 are increased in TAK-063, which is associated with the increased activation of 
MMP-9 and PTEN. Furthermore, pro-apoptotic iNOS and nNOS levels are decreased in TAK-063. We observed that inhibition of PDE10A resulted in reduced 
expression of TNFRSF1A, TNFRSF10B, and TNFRSF6 receptors, inducing particularly apoptotic cell death. These results were also associated with reduced pro- 
apoptotic proteins, such as PTEN, p27, Cytochrome-c, cleaved Caspase-3, Bad, and p53. Interestingly, TAK-063 treatment reduced anti-apoptotic proteins or en
zymes, XIAP, Claspin, and HIF1α. Bcl-x, MCL-1, SMAC, HO-1, HO-2, HSP27, HSP60, and HSP70 were not affected by TAK-063.
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neuronal survival after TBI in mice. Moreover, our findings highlight 
that PDE10A inhibition is associated with decreased pro-apoptotic 
protein expressions and increased survival kinases AKT and ERK-1/-2. 
The current results also indicate that PDE10A inhibition regulates 
apoptosis signaling and profoundly stimulates anti-apoptotic proteins. 
However, further studies are necessary to elucidate the direct or indirect 
effects of PDE10A inhibition on cell death or apoptosis signaling.
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