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Background: In striatum, cortical glutamatergic and midbrain dopaminergic inputs are integrated via cAMP.
Results: PDE10A, the major cAMP-hydrolyzing enzyme in striatum, is targeted into a signaling complex containing the scaf-
folding proteins AKAP150, PSD95, and the NMDA receptor and released upon phosphorylation.
Conclusion: Targeting of PDE10 is under control of cAMP/PKA activity.
Significance: Phosphorylation-dependent release of PDE10 gives rise to a feed forward mechanism.

Phosphodiesterase 10A (PDE10A) is a dual substrate PDE
that can hydrolyze both cGMP and cAMP. In brain, PDE10A is
almost exclusively expressed in the striatum. In several studies,
PDE10A has been implicated in regulation of striatal output
using either specific inhibitors or PDE10A knock-out mice and
has been suggested as a promising target for novel antipsychotic
drugs. In striatal medium spiny neurons, PDE10A is localized at
the plasma membrane and in dendritic spines close to postsyn-
aptic densities. In the present study, we identify PDE10A as the
major cAMP PDE in mouse striatum and monitor PKA-depen-
dent PDE10A phosphorylation. With recombinantly expressed
PDE10A we demonstrate that phosphorylation does not alter
PDE10A activity. In striatum, PDE10A was found to be associ-
ated with the A kinase anchoring protein AKAP150 suggesting
the existence of a multiprotein signaling complex localizing
PDE10A to a specific functional context at synaptic membranes.
Furthermore, the cAMP effector PKA, the NMDA receptor sub-
units NR2A and -B, as well as PSD95, were tethered to the com-
plex. In agreement, PDE10A was almost exclusively found in
multiprotein complexes as indicated by migration in high
molecular weight fractions in size exclusion chromatography.
Finally, affinity of PDE10A to the signaling complexes formed
around AKAP150 was reduced by PDE10A phosphorylation.
The data indicate that phosphorylation of PDE10 has an impact
on the interaction with other signaling proteins and adds an
additional line of complexity to the role of PDE10 in regulation
of synaptic transmission.

To date, 11 families of phosphodiesterases (PDE1 to PDE11)2

have been identified that are differentially expressed in mam-
malian tissues and cells (1). Phosphodiesterases tightly regulate
cyclic nucleotide signaling by hydrolysis of the second messen-
gers cGMP and cAMP. In the central nervous system, compar-

atively high cyclic nucleotide-degrading activity is found. Here,
many neurons express multiple PDEs with different subcellular
localization and/or substrate specificities.

PDE10 was initially discovered in brain and is capable of
hydrolyzing both second messengers, cAMP and cGMP, but
has higher affinity for cAMP (2– 4). PDE10 contains a tandem
of regulatory GAF domains. cAMP binds to the second of these
GAF domains, GAF-B (5), and activates the enzyme at least
3-fold (6). PDE10 is encoded by one gene (PDE10A) that gives
rise to several splice variants (7, 8) of which PDE10A2 appears
to be the major neuronal form in various species. The highest
expression of PDE10A has been detected in the striatum (6, 9)
where it is restricted to the GABAergic medium spiny neurons
(10 –12). These neurons represent �95% of striatal neurons
and integrate cortical glutamatergic input and midbrain do-
paminergic signaling. They form the major input station for the
basal ganglia that are involved in planning and modulation of
movement pathways and a variety of other cognitive processes.
Dysfunction of striatal circuitry is implicated in the pathophys-
iology of many brain disorders such as Parkinson disease, Hun-
tington disease, schizophrenia, and substance abuse (13–15).

The high expression of PDE10A in medium spiny neurons
suggests an important role in modulation of striatal function
through cAMP degradation and termination of cAMP/PKA
signaling. Consequently, enhancement of cAMP signaling
through PDE10A knock-out or pharmacological inhibition of
PDE10A has been shown to affect locomotor activity and acqui-
sition of conditioned avoidance (16 –19). These results led to
the proposal of PDE10A as a promising target for novel anti-
psychotic therapies.

Here, we describe PDE10A as the major cAMP PDE in stria-
tum. Interaction of PDE10A with a postsynaptic signaling com-
plex is demonstrated by coprecipitation of PDE10 with the scaf-
fold protein AKAP150, PKA as well as PSD95 and NMDA
receptor subunits. Such a complex might put PDE10A into the
position of a “gate keeper” that limits cAMP accumulation at
postsynaptic sites, prevents spreading of synaptic signals into
the cell body, and ensures precisely timed phosphorylation and
thereby regulation of NMDA receptors. We demonstrate PKA-
dependent phosphorylation of PDE10A in striatal slices and
identify protein phosphatase 2A (PP2A) as the responsible
phosphatase. Moreover, phosphorylation of PDE10A2 does not
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alter enzymatic properties but releases PDE10A from the iden-
tified signaling complex.

MATERIALS AND METHODS

Analysis of Subcellular Distribution of PDE10A—All experi-
ments were performed using 3-month-old male mice of the
C57BL/6 strain. After sacrificing the animals, the brain was
quickly removed and the striata from the left and right hemi-
sphere were isolated in less than 2 min. The striata of two mice
were immediately homogenized in 10 volumes (w/v) of ice-cold
lysis buffer (50 mM NaCl, 1 mM EDTA, 2 mM DL-dithiothreitol,
50 mM triethanolamine/hydrochloride, pH 7.4, containing the
protease inhibitors phenylmethylsulfonyl fluoride (0.4 mM),
benzamidine (0.2 mM), and pepstatin A (1 �M)) using a glass-
glass Potter-Elvehjem homogenizer. The lysate was cleared
from nuclei and cellular debris by centrifugation at 800 � g (10
min, 4 °C) and then recentrifuged at 125,000 � g (40 min, 4 °C)
to obtain the cytosolic fraction. Membranes were resuspended
in the original volume of lysis buffer. Equal volumes of all frac-
tions (corresponding to 20 �g of protein in the homogenate)
were applied to SDS-PAGE. Synaptosomal cytosol and mem-
branes were prepared as described (20).

Cell Culture, Cloning, Transfection, and in Vitro Phosphor-
ylation—HEK293 cells were grown in DMEM with 5% heat-
inactivated fetal calf serum and 1% penicillin/streptomycin at
37 °C in a humidified 5% CO2 atmosphere. Mouse PDE10A2
was cloned into the pcDNA3.1 zeo� vector via NheI/NotI sites
and 8 �g of vector/75 cm2 bottle were transfected into HEK293
cells using the FuGENE6 protocol (Promega). Transfected cells
were harvested 48 –72 h post-transfection, washed twice with
phosphate-buffered saline, resuspended in 0.5 ml of lysis buffer,
and lysed by sonication (two 5-s pulses). Cellular debris was
eliminated by centrifugation (800 � g, 10 min, 4 °C). The lysate
was split for comparative analysis of phosphorylated versus
non-phosphorylated PDE10A2 and preincubated for 10 min
with 5 mM MgCl2, 0.5 mM ATP, 1 �M okadaic acid and
PhosSTOP (Roche Applied Science) in lysis buffer. In vitro
phosphorylation was performed by addition of the catalytic
subunit of PKA (0.5 �g, Jena Bioscience) for 30 min at 37 °C. For
non-phospho control, ATP and PKA were omitted.

Characterization of pPDE10 Antibody—PDE10A2-express-
ing HEK293 cells were homogenized in cell extraction buffer
(50 mM NaCl, 50 mM triethanolamine/hydrochloride, pH 7.4,
containing 0.4 mM phenylmethylsulfonyl fluoride, 0.2 mM ben-
zamidine, 1 �M pepstatin A, and 1 �M okadaic acid) by 15
strokes with a glass-glass Potter-Elvehjem homogenizer. The
cell extract was diluted with PKA buffer (0.5 mM ATP, 3 mM

MgCl2, 0.5 mg/ml of BSA, 2 mM DL-dithiothreitol, 50 mM tri-
ethanolamine/hydrochloride, pH 7.4, final concentrations) and
incubated with or without 0.5 �g (800 units) of PKA (Jena Bio-
sciences, PR-318) for 30 min at 37 °C. An aliquot of the phos-
phorylated sample was saved for Western blot before purifica-
tion of pPDE10 using the Pierce phosphoprotein enrichment
kit (Thermo Scientific) following the suppliers instructions as
follows. The sample was diluted 10-fold with the supplied lysis/
binding/wash buffer containing CHAPS (0.25%) and then incu-
bated with the column for 1 h at 4 °C with gentle agitation.
Flow-through was discarded and the phosphorylated protein

was eluted with 1 ml of supplied elution buffer without CHAPS.
All samples were applied to a 9% SDS gel. For detection, PDE10
antibody (6) and pPDE10 antibody were used. The pPDE10
antibody was generated against phosphorylated amino acids
11–20 of PDE10A2 in rabbits and purified according to the
manufacturer’s protocol (PSL, Heidelberg, Germany).

Assay of PDE Activity—PDE activity was measured by the
conversion of [32P]cyclic nucleotide monophosphate into
[32P]nucleotide monophosphate as described previously (21).
Reaction mixtures contained 0.1 �l of the striatal or HEK cell
homogenates. Substrate concentrations were 0.03 to 1 �M

cAMP or 1 �M cGMP, as indicated. Data are mean � S.E. of at
least three independent experiments performed in duplicates.
PDE10A2 activation by the GAF domain ligand 7-CH-cAMP
(Biolog) was determined at a substrate concentration of 0.03
�M cAMP. To determine the dissociation rate of cAMP from
the PDE10A2 GAF domain, PDE10A2 was preincubated with 3
mM MgCl2 and 10 �M cAMP for 2 min at 37 °C. PDE10A2 was
then diluted 100-fold and PDE activity was determined at var-
ious time points between 0 and 32 min.

Preparation and Incubation of Striatal Slices—Three-
month-old male mice were killed, and brains were removed and
placed in ice-cold Krebs-Henseleit (KH) buffer containing the
following: 118 mM NaCl, 4.7 mM KCl, 2.55 mM CaCl2, 1.2 mM

KH2PO4, 1.2 mM MgSO4, 25 mM NaHCO3, and 27.8 mM D-glu-
cose equilibrated to pH 7.4 by aeration with 95% O2, 5% CO2.
Brain slices (coronal, 300 �m thick) were cut using a Vibroslice
(NVSLM1, World Precision Instruments). The striatum was
isolated and immediately transferred to a nylon net submerged
in KH buffer, kept at pH 7.4 by aeration as described above
(room temperature). After 1 h of recovery, slices were trans-
ferred to incubation chambers containing 10 ml of KH, kept at
37 °C, and equilibrated for a further 30 min. Slices were prein-
cubated with PDE and phosphatase inhibitors for 10 min as
indicated, transferred to new incubation chambers containing
NMDA with or without phosphatase inhibitors as indicated for
an additional 5 min. Slices were instantly frozen in liquid nitro-
gen. For immunodetection, single slices were homogenized in
240 �l of lysis buffer as described above. SDS-PAGE sample
buffer (60 �l, �4) was immediately added and 20 �l of each
sample was applied to electrophoresis.

Immunoprecipitation of PDE10A—The striata of two mice
were homogenized in 1 ml of ice-cold Nonidet P-40 buffer (150
mM NaCl, 1.5 mM EDTA, 1% Nonidet P-40, 50 mM Tris, pH 7.4,
containing protease inhibitors as above) using a glass-glass
Potter-Elvehjem homogenizer. The lysate was cleared by cen-
trifugation at 800 � g (10 min, 4 °C) and added to Dynabeads
Protein A (Invitrogen) that were loaded with �50 �g of anti-
PDE10A antibody (6) per 10 mg of beads. Incubation was for 1 h
at 4 °C in the absence or presence of the purified antigen
(500 �g). Unspecifically bound proteins were removed by three
washes with PBS and precipitated proteins were eluted by boil-
ing in SDS sample buffer (30 �l/mg of Dynabeads) and loaded
to SDS gels (15–20 �l per lane). One-tenth of the striatal lysate
was applied for input loading.

Immunoprecipitation of Phosphorylated PDE10A—For im-
munoprecipitation of phosphorylated PDE10, striatal slices
from 2 mice were prepared. Phosphorylation was induced by
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incubation of the slices with papaverine (100 �M) and forskolin
(10 �M) for 10 min in the presence of phosphatase inhibitors
(0.5 �M okadaic acid, 5 �M cyclosporin A, 0.2 �M calyculin A).
Slices were pooled and instantly homogenized in 1 ml of Non-
idet P-40 buffer (as above, but additionally containing phospha-
tase inhibitors) before precipitation by PDE10 antibody cou-
pled to Dynabeads (see above).

Determination of Precipitated PDE Activity—AKAP150 and
the NMDA receptor subunit NR2A were precipitated from stri-
ata of 2 mice as described above using 10 �g of antibodies
(AKAP150 sc-6445; NMDA�1 sc-1468, Santa Cruz) per 10 mg
of beads. After washing, 55 �g of Dynabeads with bound pro-
teins/sample were used in PDE assays. Measurements were per-
formed in duplicates. Data represent mean � S.E. of at least
three independent experiments.

Western Blot—Protein samples were separated by SDS-
PAGE and transferred to nitrocellulose membranes (Protran
BA-85, Schleicher & Schuell) using standard procedures. After
blocking (Roti-Block; Carl Roth), proteins were detected using
the following antibodies: PDE10A, AKAP150, and NMDA�1
(see above), NMDA�2 (sc-1469, Santa Cruz), PP2B (sc-6123,
Santa Cruz), and PSD95 (MA1– 046, Thermo Scientific). Anti-
pPDE10A was generated in rabbits against the phosphorylated
N-terminal peptide (amino acids 11–20). Purification of the
antiserum was performed according to the manufacturer’s
instructions (PSL, Heidelberg, Germany). Secondary peroxi-
dase-labeled anti-goat, anti-rabbit, and anti-mouse IgG were
obtained from Sigma. Detection was performed with SuperSig-
nal West Dura chemiluminescent substrate (Pierce) and a CCD
camera (GDS 8000; UVP). Optical densities of Western signals
were measured using the LabWorks 4.0 software (UVP). For
quantification of PDE10 phosphorylation, pPDE10A and
PDE10A in the same sample were measured, normalized to
mean intensity of specific bands on a membrane to account for
intensity variation of different blots, and expressed as pPDE/
PDE ratio.

Phosphorylation of Precipitated PDE10A—Dynabeads (5 mg)
with precipitated proteins were washed three times with PBS
and resuspended in PKA buffer (10 �M cAMP, 0.5 mM ATP, 3
mM MgCl2, 0.5 mg/ml BSA, 2 mM DL-dithiothreitol, 50 mM tri-
ethanolamine/hydrochloride, pH 7.4) containing 1 �M MP-10
and PhosSTOP. In the negative control, cAMP and ATP were
omitted. Incubation was for 10 min at 37 °C. Dynabeads were
washed and proteins were eluted with 100 �l of SDS sam-
ple buffer. Volumes corresponding to 0.75 mg of Dynabeads
were applied per lane of a 9% SDS gel.

Size Exclusion Chromatography of PDE10-containing Com-
plexes from Striatum—For gel filtration chromatography, the
striata of 5 male mice were homogenized in Nonidet P-40
buffer (see above) and centrifuged for 30 min at 20,000 � g
(4 °C). The resulting supernatant was applied to a HiLoad 26/60
Superdex 200pg column. The column was run with 0.68 col-
umn volumes of the Nonidet P-40 buffer containing 25 mM

Tris, pH 7.4. Separation of proteins was followed by online
detection of absorption at 280 nm. Fractions of 1.25 ml were
collected and protein containing fractions were screened for
PDE activity in the absence and presence of MP-10 (0.1 �M).
For calibration, thyroglobulin (660 kDa), immunoglobulin G

(150 kDa), bovine serum albumin (67 kDa), and ovalbumin (43
kDa) were separated on the same column and molecular
weights were calculated using semi-logarithmic regression.

Statistical Analysis—Statistical testing was performed in
Excel using Student’s t test or Holm-Bonferroni’s test (multiple
comparisons of PDE activities with PDE inhibitors). For multi-
ple comparisons of PDE10A phosphorylation, data were log
transformed, homoscedasticity was checked by Levene’s test,
and data were further analyzed by one-way analysis of variance
followed by Bonferroni’s multiple comparisons post hoc tests
using IBM SPSS 22. Differences are reported as significant at
p � 0.05. Data are expressed as mean � S.E. (error bars).

RESULTS

PDE10A Is the Major cAMP PDE in Mouse Striatum—Phos-
phodiesterases are critical regulators of cyclic nucleotide sig-
naling in brain. In striatum, multiple PDEs with different sub-
strate specificities and subcellular localization are expressed
(11, 12, 22–24). Here, we set out to determine the relative con-
tribution of the dual substrate PDE10A for cyclic nucleotide
turnover in striatum. To this end, we measured cAMP and
cGMP hydrolytic activity in striatal homogenates from mouse
in the absence and presence of various PDE inhibitors at sub-
strate concentrations of 0.1 �M cAMP (Fig. 1A) or 1 �M cGMP
(Fig. 1B). Inhibition of PDEs 3, 4, 5, 9, or 11 did not affect cAMP
or cGMP hydrolysis. Inhibition of PDE1 (50 �M vinpocetine) or
PDE2 (0.2 �M Bay 60-7550) reduced the overall cAMP degra-
dation by �10% each. The greatest effect on cAMP hydrolysis
was observed in the presence of two different PDE10 inhibitors:
papaverine (10 �M) inhibited �70%, and the more specific
MP-10 (0.01 �M) inhibited �60% of cAMP hydrolysis (Fig. 1A).
In the following, papaverine was used in some experiments
because of the limited availability of MP-10.

For cGMP turnover, PDEs 1 and 2 are most important as
inhibition of these PDEs resulted in a �35 and �20% reduction
of cGMP degradation, respectively. Although PDE10A is con-
sidered a dual specific PDE, its inhibition by papaverine only
resulted in a slight reduction of cGMP-degrading activity in
striatum (Fig. 1B). Thus, we conclude that PDE10A acts as the
major cAMP PDE in striatum at the substrate concentration
tested and controls most of the cAMP/PKA signal transduction
in medium spiny neurons.

PDE10A Is Primarily Associated to Synaptosomal Mem-
branes in Mouse Striatum—Next we analyzed subcellular local-
ization of PDE10A in mouse striatum. To assess compartmen-
tal localization, mice striata were separated into a cytosolic and
a membrane fraction. Adequate fractionation was ensured by
analysis of cytosolic and membrane marker proteins GAPDH
and PSD95, respectively. As shown by Western immunodetec-
tion, PDE10A was enriched in the membrane fraction approx-
imately �3-fold compared with the cytosolic fraction. These
results are in accordance with several previous reports (10, 25).
In addition, we prepared synaptosomes. As shown in Fig. 1C,
PDE10A distribution in the synaptosomal cytosol and mem-
branes mirrored the distribution in total striatum. We therefore
conclude that PDE10A is present in striatal synapses.
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cAMP-dependent Phosphorylation of PDE10A Occurs in Vivo
and Is Reversed by PP2A/PP1—PDE10A has been shown to be
phosphorylated at Thr-16 by PKA in vitro and in heterologous
expression systems (26, 27). However, evidence for phosphory-
lation to occur in vivo is sparse. To examine PDE10A2 phosphor-
ylation in mouse striatum, we generated rabbit polyclonal anti-
bodies that specifically recognize phosphorylated PDE10A2.
This antibody reacted strongly with heterologously expressed
PDE10A2 only after in vitro phosphorylation by PKA catalytic
subunit (Fig. 2).

In vivo phosphorylation of PDE10A2 was analyzed in mouse
striatal slices. In lysate of untreated slices, phosphorylation of
PDE10A2 was undetectable (Figs. 3A and 4, A and B, first lane).
However, treatment with the adenylyl cyclase stimulator
forskolin or the PDE10 inhibitors papaverine or MP-10 to raise
intracellular cAMP and consecutively stimulate PKA led to a
robust approximately 3– 4-fold increase in phosphorylation
(Figs. 3A and 4, A and B, respectively). This effect was enhanced
by the simultaneous application of the PP2A/PP1 inhibitor oka-
daic acid (1 �M, Fig. 4A, third lane)3 but not by cyclosporin A, a protein phosphatase 2B (calcineurin) inhibitor (Fig. 4B, third

lane).
Next, we tested the effect of NMDA-mediated Ca2� eleva-

tion on PDE10A phosphorylation as Ca2� is known to directly
or indirectly regulate the activity of multiple phosphatases.

3 The bands in the second and third lanes display similar density on the rep-
resentative blot shown, which has been selected because it is representa-
tive for the other statistically significant differences.

FIGURE 1. PDE10A is the major cAMP PDE in striatum. A, cAMP, and B, cGMP PDE activities were determined in lysates of mouse striatum in the absence (total
activity) and presence of specific PDE inhibitors (PDE1, 50 �M vinpocetine; PDE2, 0.2 �M BAY 60-7550; PDE3, 10 �M cilostamide; PDE4, 5 �M rolipram; PDE5 and
-11, 1 �M tadalafil; PDE9, 1 �M PF-04447943; PDE10A, 0.01 �M MP-10 and 10 �M papaverine) with 0.1 �M cAMP (A) or 1 �M cGMP (B) as substrate. Activities are
displayed in percent of total cyclic nucleotide turnover. Shown are mean � S.E. of n � 3 independent experiments performed in duplicates. *, p � 0.0003 (A)
or p � 0.007 (B) using Holm-Bonferroni’s test. C, PDE10 content of cytosolic and membrane fractions derived from striatum (left) and striatal synaptosomes
(right) was analyzed in Western blots (GAPDH, PSD-95: cytosolic and membrane markers, respectively). Shown are representative blots and statistical analysis
(n � 9, *, p � 0.005 (total striatum); n � 3, *, p � 0.01 (synaptosomes) by Student’s t test). Larger sections of Western blots are shown in supplemental Fig. S1.

FIGURE 2. Characterization of pPDE10 antibody. Heterologously expressed
PDE10A2 was incubated with ATP (0.5 mM) and MgCl2 (3 mM) in the absence
or presence of PKA (800 units) for 30 min at 37 °C. An aliquot of the phosphor-
ylated sample was saved for Western blot before purification of pPDE10 using
the Pierce phosphoprotein enrichment kit. Samples were analyzed using
PDE10 and pPDE10 antibodies. Graphs depict densitometric analysis of
PDE10 phosphorylation. Shown is the ratio of phospho-PDE10 to PDE10 sig-
nal before and after purification of the phosphorylated protein.
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Indeed, activation of NMDA receptors (300 �M NMDA)
resulted in dephosphorylation of PDE10A2 (Fig. 4, A and B,
fourth lanes). The NMDA-dependent dephosphorylation was
prevented by okadaic acid but not by cyclosporin A (Fig. 4, A
and B, fifth lanes, respectively).

To ensure phosphatase inhibitors were used in concentra-
tions allowing specific inhibition, each slice was additionally
analyzed for phosphorylation of the GluRI subunit of the
AMPA receptor. GluRI Ser-845 is known to be phosphory-
lated by PKA and dephosphorylated by PP2B (28, 29). As
expected, and in contrast to PDE10, GluRI phosphorylation
was slightly enhanced by treatment with cyclosporin A but
not influenced by okadaic acid (Fig. 5). The results demon-
strate that PDE10A2 is endogenously phosphorylated by
PKA and identify PP2A and/or PP1, but not PP2B, as respon-
sible phosphatases.

Phosphorylation Does Not Affect Enzymatic Properties of
PDE10A2—We then asked whether phosphorylation impacts
PDE10A2 enzymatic properties and analyzed phosphorylated
versus non-phosphorylated PDE10A2 with an enzyme ex-
pressed in HEK293 cells and in vitro phosphorylated by PKA.
Stoichiometric phosphorylation was ensured by Western blots
before and after specific enrichment of the phosphorylated
PDE10A. As the pPDE10/total PDE10 ratio was unchanged
after enrichment of the phosphoprotein, we conclude that
PDE10 was fully phosphorylated under our experimental con-
ditions (see Fig. 2). As shown in Fig. 6A, cAMP breakdown of a
substrate concentration of 1 �M cAMP was unaffected by phos-
phorylation. Also, the concentration-dependent activation by
the GAF domain ligand 7-CH-cAMP (6) was unchanged (Fig.
6B). We wondered if phosphorylation might impact dissocia-
tion of cAMP from the GAF domains. Therefore, phosphory-
lated and non-phosphorylated PDE10A2 were incubated with a
high concentration of cAMP (10 �M) to saturate the GAF
domains and then quickly diluted 100-fold. The decline in PDE
activity was then determined in samples drawn at various time
points. As shown in Fig. 6C, there was no difference in cAMP
dissociation from the GAF domains. In conclusion, phospho-
rylation does not appear to play a role in regulation of PDE10A2
activity.

PDE10A Precipitates the cAMP-dependent Protein Kinase—
For further analysis, PDE10A was enriched by precipitating the
enzyme from mouse striatal extracts using specific antibodies
coupled to Dynabeads. In an attempt to phosphorylate PDE10A

FIGURE 3. Phosphorylation of PDE10A and GluRI pS845 is mediated by
PKA. A, mouse striatal slices were prepared as described under ”Materials and
Methods“ and treated without (basal, first and second lanes) or with the
adenylyl cyclase stimulator forskolin (10 �M, third and fourth lanes) for 5 min at
37 °C. Single slices were lysed and phosphorylation of PDE10A and GluRI
pS845 was detected in Western blots using phospho-specific antibodies.
Shown is a representative Western blot. B, cAMP levels in the lysates were
determined by radioimmunoassay. Measurements were performed in dupli-
cate. Shown are mean � S.E. of n � 6 slices of three mice.

FIGURE 4. PDE10A phosphorylation is reversed by PP2A/PP1 inhibition. A
and B, mouse striatal slices were preincubated with PDE10 inhibitors and (A)
PP2A/PP1 or (B) PP2B phosphatase inhibitors as indicated (PDE10, 100 �M

papaverine or 1 �M MP-10; PP2A/PP1, 1 �M okadaic acid; PP2B, 5 �M

cyclosporin A). Subsequently, NMDA (300 �M) was added as indicated and
slices were incubated for an additional 5 min. Phosphorylation of PDE10A2
was detected in lysates of single slices using pPDE10A antibodies and normal-
ized to total PDE10 content. Shown are representative blots and graphs
depicting mean � S.E. values obtained by densitometric analysis (n � 8 slices
of 4 animals for each condition). *, p � 0.05, one-way analysis of variance
followed by Bonferroni’s test. Larger sections of Western blots are shown in
supplemental Fig. S2.
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in vitro, we found to our surprise that phosphorylation did not
require addition of PKA but addition of cAMP and ATP was
sufficient to enhance phosphorylation of the precipitated
PDE10A 2-fold (Fig. 7A). This suggests co-precipitation of PKA
with PDE10A. Indeed, using PKA RII�-specific antibodies, we
found that PKA co-precipitated with PDE10A (Fig. 7B). Precip-

FIGURE 5. PKA-mediated phosphorylation of GluRI Ser(P)-845 and dephos-
phorylation by PP2B. A and B, mouse striatal slices were preincubated with
PDE10 inhibitors and (A) PP2A/PP1 or (B) PP2B phosphatase inhibitors as indi-
cated (PDE10, 100 �M papaverine or 1 �M MP-10; PP2A/PP1, 1 �M okadaic acid;
PP2B, 5 �M cyclosporin A). Subsequently, NMDA (300 �M) was added as indicated
and slices were incubated for an additional 5 min. Phosphorylation of GluRI was
detected using GluRI Ser(P)-845-specific antibodies and normalized to total GluRI
content. Shown are representative blots and graphs depicting mean � S.E. val-
ues obtained by densitometric analysis (n � 8 slices of 4 animals for each condi-
tion). Larger sections of Western blots are shown in supplemental Fig. S3.

FIGURE 6. Enzymatic properties do not differ between phosphorylated
and non-phosphorylated PDE10A. PDE10A2 expressed in HEK293 cells was
phosphorylated by addition of the PKA catalytic subunit to the cell lysate. A,
specific activity of phosphorylated versus non-phosphorylated PDE10A2 was
determined at a substrate concentration of 1 �M cAMP. Phosphorylation of
PDE10A2 was checked by immunodetection. B, cAMP-degrading activity of
phosphorylated (open circles) and non-phosphorylated (closed triangles)
PDE10A2 was determined in the presence of increasing concentrations of the
stimulator 7-CH-cAMP (substrate 0.03 �M cAMP). C, deactivation caused by
dissociation of cAMP from the GAF domains of phosphorylated (open circles)
or non-phosphorylated (closed triangles) PDE10A2 was measured over a
30-min time course. Results represent mean � S.E. of n � 3.
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itation of PKA was prevented when the experiment was carried
out in the presence of the antigen used to generate the PDE10
antibodies.

PDE10A Interacts with AKAP150 —As the phosphorylation
did not affect enzymatic activity, we speculated about an effect
of phosphorylation on subcellular distribution. As shown

above, we found that PKA co-precipitates with PDE10A. Clas-
sically, PKA is tethered to its target proteins by members of the
protein kinase A anchoring protein family (AKAPs) (for review,
see Refs. 30 and 31). In mouse striatum, AKAP150 is highly
abundant (32). Therefore it was tempting to speculate that
PDE10A interacts with AKAP150 that in turn has bound PKA.

To confirm this hypothesis, we immunoprecipitated
AKAP150 from solubilized striatal membranes (Fig. 8A). In the
precipitate, we measured PDE activity at a substrate concentra-
tion of 0.1 �M cAMP and indeed could show that AKAP150
pulls down cAMP-hydrolyzing activity that was inhibited by
MP-10 (Fig. 8B). No PDE activity was precipitated when the
AKAP antibody was omitted.

The results suggest an interaction between PDE10A and
AKAP150. This interaction was confirmed by reverse precipi-
tation using PDE10A-specific antibodies. As shown in Fig. 8C,
AKAP150 co-precipitated with PDE10A, whereas in the con-
trol (omission of first antibody) neither PDE10A nor AKAP150
were detected. Additionally, precipitation of AKAP150 was
abrogated when the experiment was carried out in the presence
of the PDE10A antigen (Fig. 8D). Thus, the results clearly dem-
onstrate a specific interaction of PDE10A with the anchoring
protein AKAP150.

Targeting of the PDE10A/AKAP150 Complex to Glutamate
Receptors—Our findings suggest formation of a signaling com-
plex around AKAP150 that ensures tight spatio-temporal con-
trol of cAMP signal transduction in medium spiny neurons of
the striatum.

Physiologically, the anchoring PKA and PDE10A enables
selective and timed phosphorylation of possible target proteins.
Colledge et al. (33) showed that in rat brain extracts AKAP150
targets PKA to AMPA receptors via the scaffolding protein

FIGURE 7. PDE10A interacts with PKA. PDE10A was precipitated from
lysates of mouse striatum using specific antibodies coupled to Dynabeads. A,
the precipitates were incubated with or without ATP (0.5 mM), MgCl2 (3 mM),
and cAMP (10 �M) and PDE10A2 phosphorylation was detected using
pPDE10A antibodies. Shown are representative blots and mean � S.E. of
pPDE10A/PDE10A ratio after densitometric analysis; n � 3; *, p � 0.005,
Student’s t test. B, immunoprecipitation (IP) of PDE10 was performed in the
absence or presence of the PDE10A antigen used for antibody generation
and PKA RII� was detected by Western blot. Larger sections of Western blots
are shown in supplemental Fig. S4.

FIGURE 8. PDE10A interacts with AKAP150. A, AKAP150 was precipitated from mouse striatal lysate using specific antibodies. For control, the primary
antibody was omitted. B, PDE activity co-precipitated with AKAP150 was determined at a substrate concentration of 0.1 �M cAMP in the absence and presence
of the PDE10 inhibitor MP-10 (1 �M) (*, p � 0.005, Student’s t test, n � 3, n.d., below detection limit). C, PDE10A was precipitated from mouse striatal lysate and
co-precipitated AKAP150 was detected with specific antibodies. One-tenth of the total protein was run in the input lane. For control, the PDE10A antibody was
omitted. D, PDE10A immunoprecipitation (IP) was performed in the absence or presence of purified PDE10A antigen added to the striatal lysate prior to
precipitation. Data are representative of at least three independent experiments. Full Western blots are shown in supplemental Fig. S5.
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SAP97 and NMDA receptors via the scaffold PSD95. We won-
dered if in striatum PDE10A is bound to similar signaling com-
plexes. To test this idea, we analyzed the PDE10A precipitate
for the scaffolding protein PSD95 as well as AMPA receptor
(GluRI) and NMDA receptor subunits (NR2A, NR2B) (Fig. 9).
The GluRI subunit of the AMPA receptor previously shown to
be targeted to AKAP150 via SAP97 was not bound to the com-
plex (Fig. 9A). However, PSD95 and NMDA receptor subunits
NR2A and NR2B were precipitated by PDE10A antibodies, but
not in controls without first antibody (Fig. 9A). Again, the pres-
ence of the PDE10A antigen efficiently blocked the precipita-
tion (Fig. 9B). Thus, PDE10A specifically interacts with a sig-
naling complex that targets PKA to the NMDA receptor. In

light of many publications showing that AKAP150 binds PP2B/
calcineurin (34 –37) it is interesting to note that we could not
detect the phosphatase in the PDE10A precipitate. This might
be explained by a general difficulty of maintaining this very
dynamic, modest affinity interaction (38).

Conversely, we examined if PDE10A co-precipitates with
NMDA receptors. As depicted in Fig. 9C, antibodies against the
NMDA receptor subunit NR2A precipitated cAMP PDE activ-
ity that can be attributed to PDE10A as the PDE10 inhibitor
MP-10 reduced the activity by 50%. In control precipitations
without NR2A antibody, cAMP-degrading activity was below
the detection limit. Our results indicate that PDE10A exists in a
highly ordered multimeric protein complex.

PDE10A Almost Completely Exists in High Molecular Weight
Complexes—To estimate the fraction of PDE10A that is tied to
the signaling complexes described above, we fractionated solu-
bilized striatal membranes by size exclusion chromatography.
Elution of PDE10A was followed by measuring cAMP PDE
activity in the absence and presence of MP-10 (0.1 �M) (Fig.
10A) and in Western blots using PDE10-specific antibodies
(Fig. 10B). As shown, virtually all PDE10A catalytic activity
migrated in fractions that correspond to a molecular mass
above 450 kDa indicating that very little of the enzyme exists as
single protein (i.e. PDE10A homodimer). Additionally, catalytic
activity is tracked by the intensity of the PDE10A bands in
Western blots.

Formation of PDE10A Protein Complexes Is Regulated by
Phosphorylation—The PDE10A containing protein complexes
described above were detected under basal conditions, i.e. low
cAMP. To evaluate if phosphorylation of PDE10A affects its
interaction with the signaling complex, we performed immu-
noprecipitation experiments under phosphorylating condi-
tions (PDE10 inhibition, forskolin, and phosphatase inhibitors).
Effective phosphorylation of PDE10A in the treated sample was
verified and amounts of precipitated PDE10 were comparable
with those under non-phosphorylating conditions (Fig. 11).
Interestingly, precipitation of interacting proteins was clearly
reduced by phosphorylation. Quantification of signal intensi-
ties normalized to PDE10 in the same lane revealed a �60%
reduction of AKAP150 binding to phosphorylated PDE10. For
the co-precipitated NMDA receptor and PSD95, a 75% reduc-
tion was determined. Thus, phosphorylation of PDE10 reduces
the affinity of PDE10 to the signaling complex suggesting that
phosphorylation of PDE10 releases the enzyme from the AKAP
and NMDA receptor-containing signaling complex.

DISCUSSION

Striatal medium spiny neurons integrate glutamatergic input
from the cortex and dopaminergic input from the substantia
nigra. The second messenger cAMP is the key mediator of dopa-
minergic input in these neurons. PDE10A, a phosphodiesterase
with clear preference for degradation of cAMP (6), has been
shown to be primarily expressed in medium spiny neurons by in
situ hybridization and immunological techniques (9, 10, 39).
Furthermore, subcellular fractionation indicated that the pro-
tein was associated with synaptosomal membranes (10). Here,
we confirmed the association of PDE10A with synaptosomal
membranes of the striatum. By analyzing cAMP-degrading

FIGURE 9. The PDE10A-precipitated protein complex contains PSD95 and
the NMDA receptor. A, PDE10A was immunoprecipitated (IP) from striatal
extracts and co-precipitated proteins were detected in Western blots. One-
tenth of the total protein was run in the input lane. For control, the PDE10A
antibody was omitted. B, PDE10A immunoprecipitation was performed in the
absence or presence of purified PDE10A antigen added to the striatal lysate
prior to precipitation and co-precipitated proteins were detected in Western
blots. Larger sections of Western blots are shown in supplemental Fig. S6. C,
NR2A subunit of the NMDA receptor was immunoprecipitated from mouse
striatal lysates and cAMP PDE activity in the precipitate was determined in the
absence (gray bar) or presence (black bar) of the PDE10A inhibitor MP-10
(1 �M). For control, the NR2A antibody was omitted. Data are representative
of three independent experiments. *, p � 0.01, Student’s t test; n.d., below
detection limit.
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activity, PDE10A was found to be the major cAMP PDE in this
tissue being responsible for more than 60% of overall cAMP-
degrading activity at the substrate concentration tested (see Fig.
1). Accordingly, inhibition of PDE10A enhanced phosphoryla-

tion of GluR1, an established target of PKA, indicating a cAMP
increase (see Figs. 4 and 5). Furthermore, inhibition of PDE10A
led to phosphorylation of PDE10A itself, which was previously
only detectable after enrichment of PDE10A (27). Because
forskolin likewise induced PDE10A phosphorylation, the phos-
phorylation can be ascribed to PKA as already suggested by
others (25, 27). Here, we answered two open questions: (i)
which phosphatase is responsible for PDE10A dephosphory-
lation and (ii) what are the functional consequences of PDE10A
phosphorylation.

In striatum, three phosphatases are relevant, PP1, PP2A, and
the Ca2�-stimulated PP2B (calcineurin). Under PKA-activat-
ing conditions, a combined PP2A/PP1 inhibitor increased
PDE10A phosphorylation. This suggests dephosphorylation of
PDE10A by PP2A, because PKA activation has been shown to
indirectly inhibit PP1 activity via phosphorylation of the stria-
tum-specific DARPP32 at Ser-34 (40). However, dephosphory-
lation of PDE10A by PP1 cannot be excluded but would imply
incomplete inhibition of PP1 by DARPP32. A second line of
evidence for the involvement of PP2A in PDE10A phosphory-
lation emerges from our observation that NMDA-induced Ca2�

increases induced dephosphorylation of PDE10. In striatum,
the PR72 subunit of PP2A is highly expressed and mediates
Ca2� activation of PP2A (41). Furthermore, the PP2A/PP1
inhibitor abolished Ca2�-induced dephosphorylation. Involve-
ment of the second Ca2�-activated phosphatase PP2B (cal-
cineurin) can be excluded, because the PP2B inhibitor did not
affect Ca2�-induced dephosphorylation. Last, the observation

FIGURE 10. PDE10A migrates in high molecular weight complexes. A, solubilized striatal membranes were subjected to size exclusion chromatography
(Superdex 200pg HiLoad 26/60). Eluted fractions were tested for PDE10A by measurement of cAMP PDE activity (0.1 �M cAMP) in the absence (closed circles)
and presence of MP-10 (0.1 �M, open circles). B, Western blots of eluted fractions using PDE10-specific antibodies. Input was diluted 50-fold; numbered fractions
were 1.25 ml each starting with 121 ml. Shown is a representative experiment of n � 4.

FIGURE 11. PDE10A phosphorylation reduces precipitation of the protein
complex. PDE10A was precipitated from homogenates of mouse striatal
slices either untreated (non-phospho) or preincubated (phospho) with
papaverine (100 �M), forskolin (10 �M), and phosphatase inhibitors (0.5 �M

okadaic acid, 5 �M cyclosporin A, 0.2 �M calyculin A). Precipitated PDE10 and
pPDE10 were analyzed in Western blots. Co-precipitation of proteins under
both conditions was analyzed in Western blots, densitometrically quantified,
normalized to PDE10A content in the same lane, and expressed as fractional
precipitation (phospho/non-phospho). Shown are representative Western
blots and mean � S.E. of n � 3 independent experiments. Larger sections of
Western blots are shown in supplemental Fig. S7.
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that the PP2B inhibitor did not abolish NMDA-induced
dephosphorylation of PDE10A also argues against the involve-
ment of PP1, because the Ca2�-activated PP2B dephosphory-
lates DARPP32 at Ser-34 leading to PP1 activation (42, 43). In
summary, the results provide evidence that PP2A is the phos-
phatase responsible for dephosphorylation of PDE10A in
striatum.

Our second aim was to elucidate the functional conse-
quences of PDE10A phosphorylation. In two previous reports
the impact of phosphorylation on subcellular localization of
the enzyme was analyzed. Kotera et al. (25) were the first to
show that phosphorylation of the striatal PDE10A isoform,
PDE10A2, regulates subcellular localization. The authors
hypothesized that membrane association of the enzyme was
caused by either N-glycosylation or association with AKAP
proteins. In a later study, Charych et al. (27) identified palmi-
toylation as the underlying mechanism of plasma membrane
association of PDE10A and suggested irreversible N-palmi-
toylation of the enzyme. Furthermore, PKA-mediated phos-
phorylation of the enzyme prevented palmitoylation and
membrane trafficking but did not cause redistribution of the
already palmitoylated enzyme from the membrane. Conse-
quently, phosphorylation of PDE10A at the site of PDE10A
synthesis was discussed as a switch irreversibly directing
PDE10A to either the cytosolic or membrane compartments
(27).

Because multiple PDE families are regulated by phosphory-
lation (PDEs 1A, 3, 5, and 4 (44 –49), for review about PDE4
phosphorylation see Ref. 50) or have been reported to be phos-
phorylated (PDEs 7 and 11 (51, 52), for review, see Ref. 53) we
studied the impact of phosphorylation on enzymatic properties
with recombinantly expressed enzyme. However, the phosphor-
ylated and the non-phosphorylated enzymes did not differ in
catalytic activity, activation, or dissociation of cAMP from the
GAF domain (see Fig. 6). Hence, phosphorylation does not reg-
ulate PDE10A2 activity.

Although in vitro phosphorylating the endogenous, immu-
noprecipitated striatal PDE10A, we found PKA to be present in
the precipitate. Our hypothesis of PDE10A being part of a larger
signaling complex was confirmed by co-precipitation of the
multidomain scaffold protein AKAP150. AKAPs play pivotal
roles by assembling cAMP generator and effector molecules
(PKA, PDEs). In the striatum, AKAP150 is highly expressed and
targeted to dendritic spines (54). In the rat brain, AKAP150 is
linked to the NMDA receptor via PSD95 (33). In line, the
PDE10A precipitate contained NMDA receptor subunits
NR2A and NR2B and the postsynaptic protein PSD95 giving
rise to the assumption of a large multiprotein complex. As co-
precipitation of the interacting proteins was reduced under
phosphorylating conditions, we conclude that affinity of
PDE10A to the signaling complex is reduced by phosphoryla-
tion. Thus, a model emerges in which the unphosphorylated
PDE10A is targeted to membranes in dendritic spines by palmi-
toylation and subsequently integrates into complexes contain-
ing AKAP150 and PKA. In case cAMP synthesis exceeds the
cAMP-degrading activity of the enzyme, PKA is activated and
phosphorylates PDE10. Thereupon, PDE10A is released from
the complex but is still bound to the membrane by palmitoyla-

tion allowing lateral diffusion. Functionally, release of PDE10A
should result in steep cAMP increases once a certain cAMP
concentration is exceeded.
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