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1 | INTRODUCTION

| Haruhide Kimura

Summary

The basal ganglia regulates motor, cognitive, and emotional behaviors. Dysfunction of
dopamine system in this area is implicated in the pathophysiology of schizophrenia
characterized by positive symptoms, negative symptoms, and cognitive deficits.
Medium spiny neurons (MSNs) are principal output neurons of striatum in the basal
ganglia. Similar to current antipsychotics with dopamine D, receptor antagonism or
partial agonism, phosphodiesterase 10A (PDE10A) inhibitors activate indirect pathway
MSNs, leading to the expectation of therapeutic potential for the treatment of psy-
chosis. PDE10A inhibitors also activate direct pathway MSNs which may be associ-
ated with cognitive functions. These pathways have competing effects on
antipsychotic-like activities and extrapyramidal symptoms in rodents. Therefore, care-
ful consideration of activation pattern of these pathways by a PDE10A inhibitor is
critical to produce potent efficacy and superior safety profiles. In this review, we out-
line the pharmacological profile of TAK-063, a novel PDE10A selective inhibitor. Our
study revealed that off-rates of PDE10A inhibitors may characterize their pharmaco-
logical profiles via regulation of each MSN pathway. TAK-063, with a faster off-rate
property, could provide a unique opportunity as a novel therapeutic approach to treat-
ment of psychosis and cognitive deficits in schizophrenia. TAK-063 also has a thera-

peutic potential in other basal ganglia disorders.
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are closely related to poor functional outcomes and long-term
prognosis.?™

It is generally acknowledged that psychotic symptoms of schizo-

Schizophrenia is a devastating neuropsychiatric disorder that typi-
cally strikes in late adolescence or early adulthood.! Positive symp-
toms in psychosis, such as hallucinations and delusions, are the most
apparent manifestation of this disorder. These symptoms emerge
episodically and usually trigger the first hospitalization in early adult-
hood. Chronic aspects of the disorder include negative symptoms,
such as social withdrawal, flattened affect, and anhedonia, as well as
pervasive cognitive deficits. Accumulating clinical evidence has indi-
cated that negative symptoms and cognitive deficits in schizophrenia

phrenia are associated with hyperactivity of mesolimbic dopaminergic
projections resulting in excessive stimulation of dopamine D, recep-
tors in the striatum complex.” Indeed, the baseline occupancy of stria-
tal D, receptors by dopamine is higher in subjects with schizophrenia
that in controls,® and typical and atypical antipsychotics with D, re-
ceptor antagonistic activity or partial agonistic activity are primary
medications for the treatment of schizophrenia. However, typical an-

tipsychotics are known to cause extrapyramidal symptoms (EPS) and
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hyperprolactinemia due to excessive antagonism of D, receptors in
the striatum and pituitary gland, respectively.” Although atypical an-
tipsychotics produce a lower incidence of EPS than typical antipsy-
chotics, these drugs are still associated with hyperprolactinemia and
serious metabolic side effects, including weight gain, diabetes, and an
abnormal lipid profile.” Thus, better-tolerated therapeutic agents with
the potential to address multiple symptoms of schizophrenia would be
of considerable therapeutic value.

Phosphodiesterase 10A (PDE10A) is a dual-substrate enzyme that
hydrolyzes both cyclic adenosine monophosphate (cAMP) and cyclic
guanosine monophosphate (cGMP).82° PDE10A is highly expressed in
medium spiny neurons (MSNs) of the mammalian striatum.**3 Striatal
MSNs are divided into the dopamine D, receptor-expressing direct
pathway and dopamine D, receptor-expressing indirect pathway, reg-
ulating behavioral responses on integration of cortical glutamatergic
and midbrain dopaminergic input.”’15 These pathways have compet-
ing effects on the movement such as EPS.% Thus, activation of both
MSN pathways by PDE10A inhibition is thought to be a promising ap-
proach to regulate basal ganglia function and produce an antipsychotic
effect with reducing a risk of EPS caused by excessive antagonism
of D, receptors. However, we found that excess activation of direct
pathway MSNs also canceled antipsychotic-like effects by activation
of indirect pathway MSNs in rodents. Therefore, balanced activation
of the direct and indirect pathways should be carefully considered to
achieve both potent efficacy and better tolerability by PDE10A inhib-
itors. Activation of direct pathway MSNs has been also considered to
be associated with cognitive functions via striato-thalamo-cortical cir-
cuit.'”?° PDE10A inhibitors may have potential therapeutic utility in
the treatment of cognitive impairment associated with schizophrenia.

Extensive investigations and drug discovery research efforts have
been conducted to develop PDE10A inhibitors for the treatment of
schizophrenia. Despite such enormous efforts, so far no PDE10A
inhibitor has reached the market. Therefore, development of a well-
differentiated PDE10A inhibitor was required to further explore the
potential of PDE10A inhibition in clinical studies. In this review, we
describe a pharmacological profile of a novel PDE10A inhibitor TAK-
063 1-[2-fluoro-4-(1H-pyrazol-1-yl)phenyl]-5-methoxy-3-(1-phenyl-
1H-pyrazol-5-yl)pyridazin-4(1H)-one, which has demonstrated potent
antipsychotic-like and pro-cognitive effects in animal models of schizo-
phrenia. TAK-063 also provided a therapeutic potential for other basal
ganglia disorders, such as Huntington’s disease (HD), Parkinson’s dis-
ease (PD), functional impairment after striatal stroke, and addiction.

2 | POTENTIAL THERAPEUTIC APPROACH
FOR PSYCHOSIS BY ACTIVATION OF MSNS

The basal ganglia consists of several functionally related nuclei
involved in cortical-subcortical circuits that modulate motor, cog-
nitive, and emotional behaviors.?! Dysregulation of the dopamine
system in this area plays a critical role in pathophysiology of schizo-
phrenia. Dopamine D, receptors and D, receptors are exclusively
expressed in direct and indirect pathway MSNs, respectively.??
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Current antipsychotics have D, receptor antagonism or partial ago-
nism.23-2¢ D, receptors are coupled with an inhibitory G protein (G)
that impedes the enzyme activity of adenylate cyclase. Adenylate
cyclase synthesizes cAMP from adenosine triphosphate (ATP)?;
thus, activation of the indirect pathway by the blockade of D, re-
ceptors and concomitant upregulation of cAMP level in the indirect
pathway MSNs is thought to be a common mechanism of action of
current antipsychotics, although excessive D, receptor antagonism
in the striatum causes EPS such as Parkinsonism. D, receptors in
direct pathway MSNs are coupled with stimulatory G protein (G,)
and stimulate adenylate cyclase. Cyclic nucleotide levels are an in-
tegral part of the cell signaling cascade and influence excitability
of the MSNs. Thus, upregulation of cyclic nucleotide levels in in-
direct pathway MSNs could be an alternative approach for novel

antipsychotics.

3 | PDE10A AS A PROMISING TARGET FOR
NOVEL ANTIPSYCHOTICS

PDE10A is a dual-substrate PDE?® and has been reported to be ge-
netically associated with schizophrenia and bipolar disorders.??%1
PDE10A is selectively expressed in both direct and indirect path-
way MSNs332; thus, PDE10A inhibition and the resulting eleva-
tion of striatal cyclic nucleotide levels in indirect pathway MSNs
would potentially have the effects of D, receptor antagonism, the
standard treatment for psychosis, along with D, receptor agonism.
Because a recent PET study using a selective PDE10A tracer, [*'c)
IMA107, suggests that patients with schizophrenia have normal
availability of PDE10A in the striatum,®® intracellular signaling
changed by PDE10A inhibition is expected to activate both MSN
pathways, even under disease conditions. Given the competing
effects of both MSN pathways on the striatal output for move-
ment, activation of direct pathway MSNs can lead to a lower EPS
liability caused by excessive activation of indirect pathway MSNs.
Moreover, the MSN-specific expression of PDE10A may result in
lower risks for the nonstriatal side effects associated with current
antipsychotics, such as hyperprolactinemia and metabolic dysfunc-
tion. Recent preclinical studies have proposed PDE10A inhibitors
as a novel type of antipsychotics with a potent efficacy and re-
duced side effect profile.**®” However, we found that D, agonist
and D, antagonist also had a competing effect on antipsychotic-
like activity.>® Thus, the activation pattern of direct and indirect
pathway MSNs by PDE10A inhibitors should be carefully consid-
ered. The direct and indirect pathways are also considered criti-
cal for modulating learning behavior via striato-thalamo-cortical
circuits.'”1® Integrated striatal outputs following inhibition of
PDE10A in both MSN pathways may improve cognitive function
by modifying cortical activity. Accordingly, several PDE10A in-
hibitors have demonstrated improved cognitive function in animal
models.??42 PDE10A inhibitors may also have potential therapeu-
tic utility in the treatment of cognitive impairment associated with
schizophrenia.
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4 | GENERAL PHARMACOLOGICAL
CHARACTERIZATION OF TAK-063

TAK-063 is a novel PDE10A inhibitor with a potent inhibitory ac-
tivity (hPDE10A IC,, = 0.30 nmol/L; Figure 1A) and high selectivity
(>15 000-fold) over other PDE families (PDE1-PDE11) in in vitro as-
says using recombinant human enzymes.35"n’8'42'44 Further assessment
of in vitro selectivity of TAK-063 showed that TAK-063 at 10 pmol/L
did not show more than 50% inhibition or stimulation of 91 target
molecules, except for PDEs.** In vitro autoradiography (ARG) stud-
ies using [*H]TAK-063 and rat or mouse brain sections showed that
[PH]TAK-063 accumulated in the caudate putamen, nucleus accum-
bens, globus pallidus, and substantia nigra, where PDE10A is highly
expressed (Figure 1B).** The selective accumulation of [PH]TAK-063
was mostly blocked by 1 pmol/L of MP-10, a Pfizer's PDE10A selec-
tive inhibitor with different chemical structure. This specific accu-
mulation of [*H]TAK-063 was not observed in brain sections from
PDE10A knock-out mice (Figure 1B). These results demonstrate the
specific binding of [PH]TAK-063 to native PDE10A.

To ensure target engagement to PDE10A in rodent brain after oral
administration, PDE10A occupancy of TAK-063 in the rat brain was
measured using T-773, a PDE10A selective PET tracer,* as a ligand.
TAK-063 was estimated to produce 50% PDE10A occupancy at 0.49
and 0.88 mg/kg p.o. in mice and rats, respectively.3®** PDE10A inhibi-
tion and the resulting elevation of cAMP and cGMP levels (Figure 1C,D)
are known to activate cAMP-dependent protein kinase (PKA) and
cGMP-dependent PKG. Activated PKA and PKG increase the phos-
phorylation of key substrates, such as CAMP response element-binding
protein (CREB) and (z)-a-amino-3-hydroxy-5-methylisoxazole-4-propr
ionic acid (AMPA) receptor GluR1 subunit. To evaluate in vivo PDE10A
inhibition by TAK-063, the effects of TAK-063 on cAMP and cGMP
levels and phosphorylation levels of CREB and GIuR1 were assessed.
Oral administration of TAK-063 increased cAMP and cGMP levels in
the mouse and rat striatum in a dose-dependent manner. The minimum
effective dose of TAK-063 for the upregulation of cAMP and cGMP in
the mouse striatum was 0.3 mg/kg p.0.% TAK-063 dose-dependently
increased phosphorylation levels of CREB and GIuR1 in the mouse
striatum, in the same dose range of TAK-063 that upregulated striatal
cAMP and cGMP levels.®®> Immunohistochemical study also revealed
that TAK-063 activated both direct and indirect pathway to a similar
extent; TAK-063 at 0.3 and 3 mg/kg p.o. increased in the number of c-
Fos expression immunoreactive cells, as a marker of neural activation,
in both direct and indirect pathway MSNs.* These results suggest that
TAK-063 inhibited PDE10A activity and activated downstream cAMP
and cGMP signals in both pathway MSNs in the striatum.

Hyperactivity induced by MK-801, an N-methyl-,-aspartate re-
ceptor (NMDAR) antagonist, is used as a model for acute psychosis
based on the NMDAR hypofunction hypothesis of schizophrenia47
and is often applied to evaluate the antipsychotic-like effects of
PDE10A inhibitors in rodents.*®4? TAK-063 (0.3 mg/kg p.o.) produced
>70% suppression of MK-801-induced hyperactivity in mice and rats
at doses that resulted in 26% and 38% PDE10A occupancy, respec-
tively (Figure 1E,F).%® To assess whether the pharmacological effects
of TAK-063 are altered after chronic treatment, we examined striatal
molecular marker responses and antipsychotic-like effects of TAK-063
after repeated administration in mice. Upregulation of striatal cCAMP/
cGMP levels and the antipsychotic-like effect of TAK-063 (0.5 mg/kg
p.o.) were not attenuated after 15 days of pretreatment with TAK-063
in mice.® These effects did not differ from those seen after adminis-
tration of a single dose. These results suggest that the antipsychotic-
like effects by TAK-063 are maintained after repeated administration.

The potential side effects profile of TAK-063 was characterized
in rats using the current antipsychotics haloperidol, olanzapine, and
aripiprazole as controls. TAK-063 did not affect plasma prolactin or
glucose levels at doses up to 3 mg/kg p.o. TAK-063 at 3 mg/kg p.o.
elicited a weak cataleptic response compared with haloperidol and
olanzapine.35 Overall, TAK-063 showed superior profile compared
with these antipsychotics in rats.

5 | COMBINATION STUDY OF TAK-063
AND ANTIPSYCHOTICS IN RODENTS

Activation of indirect pathway MSNs via promotion of cAMP produc-
tion is the principal mechanism of action of current antipsychotics with
D, receptor antagonism. We confirmed that TAK-063 activated both di-
rect and indirect pathway MSNs by measuring the induction of genes as
pathway-specific markers: enkephalin for the indirect pathway and sub-
stance P for the direct pathway (Figure 1G).% The activation of indirect
pathway MSNs through the distinct mechanism of action of these drugs
raises the possibility of augmented pharmacological effects by combina-
tion therapy. We evaluated the potential of combination therapy with
TAK-063 and current antipsychotics, such as haloperidol or olanzapine.
Combined treatment with TAK-063 (0.1 mg/kg p.o.) and either haloperi-
dol (0.3 mg/kg p.o.) or olanzapine (3 mg/kg p.o.) at subeffective doses
produced a potent antipsychotic-like effect on MK-801-induced hyper-
activity in rats. TAK-063 at this dose did not exacerbate plasma prolactin
levels and cataleptic response from antipsychotics in rats. Thus, TAK-
063 may produce augmented antipsychotic-like activities in combina-

tion with antipsychotics without exacerbating side effects in rodents.>

FIGURE 1 (A) Chemical structure of TAK-063; (B) Selective binding of [PH]TAK-063 to native phosphodiesterase 10A (PDE10A) in the

brain measured by in vitro autoradiography study. Caudate putamen (white arrow); nucleus accumbens (black arrow); substantia nigra (black
arrowhead); wild type (WT); PDE10A knockout (KO); (C, D) Elevation of cAMP and cGMP levels in the mouse (C) and rat (D) striatum 60 min
after administration of TAK-063 (n = 8). Antipsychotic-like effects of TAK-063 on MK-801-induced hyperactivity in mice (E) rats (F) (n = 6-8).
Data are presented as mean + SEM. **P < 0.01 vs control by Aspin-Welch test or Student’s t-test. #P < 0.025 vs the vehicle-treated group by
one-tailed Williams’ test. 8P < 0.025 vs the vehicle-treated group by one-tailed Williams' test; (G) Activation of direct and indirect pathway MSNs
by TAK-063 (1 mg/kg p.o.) in the rat striatum (n = 4-5). Data are presented as mean + SEM. *P < 0.05, **P < 0.01 vs vehicle by Student’s t-test.
SEM, standard error of mean. Reproduced from Harada et al,* and Suzuki et al®®
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6 | EFFECT OF TAK-063 ON
CORTICAL ACTIVITY

The striatum and frontal cortex are highly interconnected via neu-
ronal circuitry.’**? Augmented striatal outputs following inhibition
of PDE10A may modulate cortical activity. To evaluate the effects
of TAK-063 on cortical activity, electroencephalography (EEG) and
pharmacological magnetic resonance imaging (phMRI) studies were
conducted. NMDAR antagonist ketamine-induced increase in gamma
power was dose dependently and significantly suppressed by TAK-063
in rats and monkeys.>® In phMRI study, TAK-063 (0.3 and 3 mg/kg i.p.)
inhibited the cortical increases in blood oxygenation level-dependent
(BOLD) signal induced by ketamine. Reduction in this cortical activa-
tion is consistent with findings in EEG studies and indicates an effect
of TAK-063 on frontal cortical functions. Immunohistochemical study
also supports this idea: TAK-063 at 0.3 and 3 mg/kg p.o. increased c-
Fos expression in subregions of the medial prefrontal cortex, anterior
cingulate cortex, and prelimbic cortex in rats where the specific bind-
ing of [*H]TAK-063 was not observed in the ARG study.**>® These
data suggest that TAK-063 modulates activities of cortical regions

through activation of neuronal circuits in rats and monkeys.

7 | EFFECTS OF TAK-063 ON COGNITIVE
FUNCTIONS IN RODENTS

Activation of direct pathway MSNs has been considered to be associ-
ated with cognitive functions via striato-thalamo-cortical circuit.'7-2°
We evaluated TAK-063 in various cognitive domains using naive and
drug-perturbed rodents. In naive rats, TAK-063 at 0.1 and 0.3 mg/kg

p.o. improved time-dependent memory decay in object recognition.

TAK-063 at these doses also increased accuracy rate, and TAK-063
at 0.3 mg/kg p.o. reduced impulsivity in a five-choice serial reaction
time task in naive rats. NMDAR antagonists such as phencyclidine and
MK-801 were used to induce working memory deficits relevant to
schizophrenia in animals.>* TAK-063 at 0.3 mg/kg p.o. attenuated both
phencyclidine-induced working memory deficits in a Y-maze test in
mice and MK-801-induced working memory deficits in an eight-arm ra-
dial maze task in rats. An attentional set-shifting task using subchronic
phencyclidine-treated rats was used to assess the executive function.”®
TAK-063 at 0.3 mg/kg p.o. reversed cognitive deficits in extradimen-
sional shifts.*? These findings suggest that TAK-063 has a potential to
ameliorate deficits in multiple cognitive domains impaired in schizo-
phrenia. Pro-cognitive effects of TAK-063 in these domains were ob-
served at around 0.3 mg/kg p.o. TAK-063 at this dose also showed a
potent antipsychotic-like effect in rodents.®> Thus, TAK-063 may im-
prove multiple symptomatic domains, that is, positive symptoms and
cognitive deficits, in schizophrenia at similar dose levels.

8 | BALANCED ACTIVATION OF DIRECT
AND INDIRECT PATHWAYS BY TAK-063 IS
ASSOCIATED WITH EFFICACY IN PPI AND
METH-INDUCED HYPERACTIVITY

Unlike current antipsychotics, MP-10 did not show antipsychotic-like
effects in widely used animal models, for example, MP-10 did not sup-
press methamphetamine (METH)-induced hyperactivity and did not
improve prepulse inhibition (PPI) in rodents (Figure 2A,B).%8 Using the
same experimental protocols, we confirmed that TAK-063 produced
significant antipsychotic-like effects in these experimental paradigms
(Figure 2A,B),%8 although both TAK-063 and MP-10 can increase

FIGURE 2

(A) Antipsychotic-like effects of haloperidol, TAK-063, MP-10, and compound 1 on methamphetamine (METH)-induced

hyperactivity in rats (n = 4-6) and (B) low prepulse inhibition in C57BL/6J mice (n = 6-15). Data are presented as mean + SEM. *P < 0.05,

**P < 0.01 vs control by Aspin-Welch test. #P < 0.05 vs the vehicle-treated group by two-tailed Williams' test. §P < 0.05 vs the vehicle-treated
group by two-tailed Shirley-Williams test; (C) Effect of SKF82958 (SKF, 1, 3, and 10 mg/kg i.p.) on the antipsychotic-like effect of haloperidol
(HAL, 0.3 mg/kg p.o.) in METH-induced hyperactivity in rats (n = 5). *P < 0.05, **P < 0.01 by Aspin-Welch test. #P < 0.05 by two-tailed Williams’
test; (D) Activation of the direct and indirect pathways by TAK-063, MP-10, and compound 1 (n = 6). Data are presented as mean + SEM.

§P < 0.05 vs the vehicle-treated group by two-tailed Williams' test for substance P (SP) expression. #P < 0.05 vs the vehicle-treated group by
two-tailed Williams’ test for enkephalin (Enk) expression; (E) Ratio of SP mRNA to Enk mRNA after PDE10A inhibition. PDE10A occupancy

at each dose used is shown below the dose. The values in the graph represent expression ratio of SP to Enk (SP/Enk) relative to that of the

vehicle-treated group. Data are presented as mean = SEM (n = 6). #P < 0.05 vs the vehicle-treated group by two-tailed Williams' test; (F) Effects
of TAK-063 and MP-10 on dopamine release in the striatum of wild-type (WT) and PDE10A knockout (KO) mice (n = 3-5); (G) Off-rate from
phosphodiesterase 10A of TAK-063, MP-10, and compound 1, measured by in vitro autoradiography study (n = 3); (H) Comparison of sensitivity
to binding inhibition by cyclic nucleotide monophosphates (c(NMPs) between TAK-063 and MP-10 (n = 4). Data are presented as mean + SEM.
Data were analyzed by two-way analysis of variance followed by Aspin-Welch test (**P < 0.01). SEM, standard error of mean. Reproduced from
Suzuki et al;®® (1) Schematic representation showing the hypothetical mechanisms of action underlying the different properties of fast and slow
off-rate PDE10A inhibitors. Fast off-rate and competitive PDE10A inhibitor TAK-063 was more sensitive than slow off-rate competitive inhibitor
MP-10 to binding inhibition by cyclic nucleotides. In indirect pathway MSNs with lower levels of intracellular cAMP, the fast off-rate inhibitor
(TAK-063) and the slow off-rate inhibitors (MP-10, compound 1) provide similar levels of PDE10A inhibition, that is, similar levels of enkephalin
mRNA induction, while direct pathway MSNs with higher levels of intracellular cAMP, the fast off-rate inhibitor (TAK-063) shows milder PDE10A
inhibition than that by the slow off-rate inhibitors (MP-10, compound 1), that is, different levels of substance P mRNA induction. Differential
activation pattern of MSNs may also affect cortical activity through the striato-thalamo-cortical circuit. cAMP, cyclic adenosine monophosphate;
DA, dopamine; Enk, enkephalin; GABA, gamma-aminobutyric acid; GPe, external segment of globus pallidus; GPi, internal segment of globus
pallidus; MSNs, medium spiny neurons; PDE10Ai, PDE10A inhibitor; SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulata;
SP, substance P; STN, subthalamic nucleus; VTA, ventral tegmental area
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cellular cAMP/cGMP content in the striatum and suppress hyperac-
tivity induced by MK-801 in rodents.

Given our concept that PDE10A inhibitors would produce similar
antipsychotic-like effects to those of current antipsychotics with bet-
ter safety profiles based on D, receptor antagonism plus D, receptor
agonism, this pharmacological profile of MP-10 was contrary to our
expectations. One of the major differences between PDE10A inhibi-
tion and D, receptor antagonism is activation of the direct pathway
MSNs. PDE10A inhibitors are known to activate both direct and indi-
rect pathwa\ys.37'46 These pathways are considered to have competing
effects on movement.*® In fact, activation of the direct pathway by a
D, agonist SKF82958 reduced cataleptic response induced by a D,
antagonist haloperidol.3> Importantly, we found that excess activation
of the direct pathway by SKF82958 also canceled the antipsychotic-
like effects of haloperidol in METH-induced hyperactivity model in
rats (Figure 2C).%8 Thus, understanding of activation pattern of these
pathways caused by PDE10A inhibitors is critical. Gene expression
analysis of pathway-specific markers suggested that TAK-063 and
MP-10 activated the indirect pathway to similar extent; however,
MP-10 induced more excessive activation of the direct pathway than
TAK-063 did (Figure 2D).38 Calculation of the ratio of substance P
mMRNA to enkephalin mRNA after administration of these compounds
(Figure 2E) also revealed that MP-10, but not TAK-063, induced a sig-
nificant increase in the relative expression of substance P (substance
P/enkephalin, P < 0.05) at 85% and 95% occupancies (30 and 100 mg/
kg, respectively). This excessive activation of the direct pathway by
MP-10 might counteract its pharmacological effects of D, antagonism.

We also observed that SKF82958, MP-10, but not TAK-063,
induced dopamine release in the rat striatum and that the MP-10-
induced striatal dopamine release was absent in PDE10A knockout
mice (Figure 2F). Thus, dopamine release by excessive activation of
the direct pathway may be associated with pharmacological profiles of
these PDE10A inhibitors.

To gain insight into the difference between TAK-063 and MP-10,
we assessed the binding kinetics of these compounds. ARG studies re-
vealed that TAK-063 showed faster off-rate from PDE10A in rat brain
sections compared with MP-10 (Figure 2G). D, receptors are coupled
with G; and inhibit adenylate cyclase in the indirect pathway, whereas
D, receptors, predominantly expressed in the direct pathway, are cou-
pled with G, and stimulate adenylate cyclase. Thus, when stimulated
by dopamine, cAMP levels in the direct pathway can be higher than
those in the indirect pathway. In fact, an immunohistochemistry study
suggested that cAMP levels in the direct pathway were higher than
those in the indirect pathway.*® Both TAK-063 and MP-10 bind to the
substrate-binding site in the catalytic domain of PDE10A; 43,56 thus,
cAMP and cGMP can compete with TAK-063 and MP-10 at this do-
main. Under conditions with higher intracellular cyclic nucleotide con-
centrations induced by PDE10A inhibition and/or dopamine increase,
the binding of these compounds to PDE10A possibly differs depend-
ing on their off-rates. In general, competitive enzyme inhibitors with
faster off-rates to the target enzyme are more readily inhibited by
lower concentrations of enzyme substrates (ie, cyclic nucleotides for
PDE10A) than those with slower off-rates. In fact, TAK-063 was more

sensitive than MP-10 to binding inhibition by higher concentrations
of cyclic nucleotides in rat brain sections (Figure 2H), although TAK-
063 and MP-10 had similar binding affinity to PDE10A; Ki values of
TAK-063 and MP-10 were 3.2 and 4.3 nmol/L, respectively.38 We
hypothesized that when PDE10A occupancy is getting higher, the re-
leased dopamine stimulates the G,.-coupled D, receptor to produce
cyclic nucleotide in the direct pathway. Under the conditions with
higher concentrations of cyclic nucleotides, MP-10, but not TAK-063,
causes sustained PDE10A inhibitory activity and inhibits the degrada-
tion of cyclic nucleotides. This synergistic upregulation of the cyclic
nucleotide levels by slower off-rate PDE10A inhibitors would lead to
the excessive activation of the direct pathway. Supporting this idea,
compound 1, a slower off-rate PDE10A inhibitor from TAK-063 chem-
ical series, showed MP-10-like pharmacological profile (Figure 2).%
Pharmacological profiles of D, antagonist haloperidol and PDE10A
inhibitors are summarized in Table 1.

Taken together, off-rate from PDE10A may characterize the phar-
macological profile of PDE10A inhibitors. PDE10A selective inhibitors
with slower off-rate may cause excessive activation of the direct path-
way, and this excessive activation in turn may cancel antipsychotic-like
effects produced by their D, antagonism. Besides antipsychotic-like
effects, differential activation pattern of MSNs may also affect other
pharmacological properties of PDE10A inhibitors. Interestingly, dif-
ferent from TAK-063, MP-10 did not significantly inhibit ketamine-
induced increase in EEG gamma power and did not produced
cognitive improvement in novel object recognition task in rats.%”4%%3
Differential activation pattern of MSNs may affect the modulation of
cortical activity by PDE10A through the striato-thalamo-cortical cir-
cuit. TAK-063, with a balanced activation of direct and indirect path-
ways through faster off-rate, would provide a unique opportunity for
further evaluation of PDE10A inhibition as a therapeutic strategy for

schizophrenia.

9 | THE PHYSIOLOGICAL ROLE OF
PDE10A AND ITS RELEVANCE IN BASAL
GANGLIA DISORDERS

Besides schizophrenia, the basal ganglia circuit is involved in a variety
of neurological diseases like neurodegenerative diseases, such as HD
and PD, functional impairment after striatal stroke, the movement dis-
orders, and also psychiatric conditions like addiction.>’ Accumulating
preclinical and clinical evidence supports that PDE10A could be a po-
tential therapeutic target for diseases of the basal ganglia.>®

In patients with HD and PD, loss of PDE10A levels associated with
disease progression and severity was demonstrated with a PDE10A-
specific PET tracer.>’%2 Impairment of cyclic nucleotide signaling
has been observed during disease progression of HD and PD, and
restoration of this signaling pathway is under investigation as a po-
tential treatment paradigm for these conditions.%® For example, acti-
vation of CREB has been suggested to mediate the resistance to cell
death in particular neuronal populations in animal models of HD via
brain-derived neurotrophic factor (BDNF) production.®* Supporting
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TABLE 1 Pharmacological profiles of D,
antagonist haloperidol and PDE10A
inhibitors

Off-rate from PDE10A

Activation of direct
pathway MSNs

Activation of indirect
pathway MSNs

Striatal dopamine
release in rodents

Effect on METH-

induced hyperactivity

in rodents

Effect on low PPl in
C57BL/6 mice

611
C N S Neuroscience & Therapeutics _Wl L EYJ_

D, antagonist PDE10A inhibitor

Haloperidol TAK-063 MP-10 Compound 1
N.D. Fast Slow Slow

- + ++ ++

+ + + +

N.D. = i 1

+ + - -

+ + - -

-, no significant effect; +, significant effect; ++, significant effect on substance P mRNA induction and
significant increase in the expression ratio of substance P mRNA to enkephalin mRNA (substance P/
enkephalin); MSN, medium spiny neuron; N.D., not determined; METH, methamphetamine; PPI, pre-

pulse inhibition. Data from Suzuki et a

the hypothesis of a beneficial effect of elevated cAMP/cGMP lev-
els on neural protection, PDE10A inhibition by TAK-063 and TP-10
(developed by Pfizer)®* showed beneficial effects in the R6/2 mouse
model of HD,***® whereas Roche’s PDE10A selective inhibitor did
not lead to disease modifying effects in this mouse model (Prinssen
et al, presented at CHDI's Annual HD Therapeutics Conference 2017).
Regulation of neural network and its underlying molecular mechanism
is complex; thus, pharmacological profile of compounds targeting the
same molecule could be different. Careful consideration of the envi-
ronment around the target and characterization of detailed properties
of compounds would be needed for more understanding of their ther-
apeutic potential. In addition to HD, PDE10A has been also discussed
as a therapeutic target in PD.%° The efficacy of PDE10A inhibitors
for reversing L-DOPA-induced dyskinesia in a rat model of PD was
recently reported.®’ Even though changes in PDE10A levels are ob-
served in HD and PD, it is not clear whether loss of PDE10A is part of
the underlying pathology that is causative for the development of the
disease or if it is an adaptive change due to reduced cyclic nucleotide
levels. Further studies are needed to evaluate a potential beneficial
effect of PDE10A inhibition in HD and PD.

Recovery of function after stroke involves molecular signaling
events that are mediated by cAMP and cGMP pathways, including ax-
onal sprouting, dendritic spine plasticity, and neurogenesis.68 Recent
study demonstrated that inhibition of PDE10A by TAK-063 improved
recovery of function after striatal but not cortical stroke, which was
probably associated with induction of BDNF in the affected striatum
(Birjandi et al, presented at Society for Neuroscience Annual Meeting
2016, Poster 607.20/AA8).

Interestingly, PDE10A is also genetically implicated in movement
disorders. Recent human genetic studies reported that mutations
in PDE10A caused childhood-onset chorea.®””® These studies in-
dependently found evidence that nonsynonymous mutations in the

human PDE10A gene underlie a hyperkinetic movement disorder.

|38

cAMP signaling in MSNs is crucial for normal activity of basal gan-
glia circuitry and that disruptions thereof play an important role in the
pathophysiology of movement disorders.

The nucleus accumbens, as part of the ventral striatum, is
well characterized for its influence mediating reward circuitry and
addiction-related behavior.”! Thus, PDE10A inhibition has been sus-
pected to influence reward behavior and proposed to be beneficial in
the management of substance abuse and addictions. In line with this
idea, PDE10A inhibitors such as MP-10 and TP-10 were reported to
prevent morphine- and alcohol-induced addictive behaviors, respec-

tively, in rats.”%7®

10 | PHARMACOLOGICAL PROFILES OF
TAK-063 IN CLINICAL STUDIES

The phase 1 clinical studies for TAK-063 instituted a comprehensive
translational development strategy based on preclinical findings. Clinical
results were generally consistent with those of the preclinical studies.
The main findings in humans included confirmation of target engage-
ment in the PET study,”* the pharmacological effects of TAK-063 on
fMRI BOLD (ketamine-challenge), and pharmacodynamic effects on
EEG and cognition in subjects with schizophrenia (Macek et al, pre-
sented at the 5 Biennial Schizophrenia International Research Society
Conference 2016). A recent phase 2 study evaluated the efficacy and
safety of 20-mg daily TAK-063 vs placebo in subjects with acutely
exacerbated symptoms of schizophrenia (ClinicalTrials.gov Identifier:
NCT02477020). TAK-063 was safe and well tolerated. Although the
primary endpoint was not met in the study, change from baseline in
the Positive and Negative Syndrome Scale total score at week 6, the
effects of TAK-063 on secondary endpoints, such as changes in Clinical
Global Impression-Severity scores, and the standardized effect size of

0.308 were suggestive of antipsychotic activity (Macek et al, presented
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at American Society of Clinical Psychopharmacology Annual Meeting
2017, Poster W63). Although the interpretation of these results is con-
founded by a relatively high placebo effect, a lack of dose ranging, and
an active reference, TAK-063 exhibited some evidence of efficacy in
patients with an acute exacerbation of schizophrenia. Further clinical
studies are needed to evaluate the full potential of TAK-063 for the

treatment of schizophrenia.

11 | CONCLUSIONS

Herein we have outlined the pharmacological profile of TAK-063,
a highly potent, selective, and orally active PDE10A inhibitor. TAK-
063, but not other PDE10A selective inhibitors such as MP-10 and
compound 1, produced potent antipsychotic-like effects in multiple
rodent models. These findings suggest that the antipsychotic-like ef-
ficacy of TAK-063 may be attributable to its unique pharmacological
properties, resulting in balanced activation of the direct and indirect
striatal pathways (Figure 2l). In addition to antipsychotic-like efficacy,
TAK-063 enhanced cognitive function associated with schizophrenia
in rodent models.*?> TAK-063 may provide an opportunity for further
evaluation of PDE10A inhibition as a novel therapeutic strategy for
psychosis and cognitive deficits in schizophrenia. Besides schizophre-
nia, recent preclinical and clinical studies support additional therapeu-

tic potentials of PDE10A inhibitors in several basal ganglia disorders.
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