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Dopamine, a key striatal neuromodulator, increases synaptic
strength by promoting surface insertion and/or retention of
AMPA receptors (AMPARSs). This process is mediated by the
phosphorylation of the GluAl subunit of AMPAR by cyclic
nucleotide-dependent kinases, making cyclic nucleotide phos-
phodiesterases (PDEs) potential regulators of synaptic strength.
In this study, we examined the role of phosphodiesterase 2
(PDE2), a medium spiny neuron-enriched and cGMP-activated
PDE, in AMPAR trafficking. We found that inhibiting PDE2
resulted in enhancement of dopamine-induced surface GluA1l
expression in dopamine receptor 1-expressing medium spiny
neurons. Using pharmacological and genetic approaches, we
found that inhibition of PDE1 resulted in a decrease in surface
AMPAR levels because of the allosteric activation of PDE2. The
cross-regulation of PDE1 and PDE2 activities results in counter-
intuitive control of surface AMPAR expression, making it pos-
sible to regulate the directionality and magnitude of AMPAR
trafficking.

Changes to synaptic strength at corticostriatal synapses reg-
ulate the excitability of MSNs,? resulting in coding for moti-
vated behavior (1, 2). Fluctuations in synaptic strength can
occur by trafficking of AMPARSs in and out of the postsynaptic
membrane in response to neuromodulators such as dopamine
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(DA) (3, 4). This process requires the phosphorylation of
GluA1l-containing AMPARs by cyclic nucleotide-dependent
kinases, making receptor trafficking tightly coupled to local
cyclic nucleotide levels (5-10). 3'-5" cyclic nucleotide phos-
phodiesterases (PDEs), the enzymes that degrade cAMP and
cGMP, are essential in shaping the spatial and temporal dynam-
ics of signaling by maintaining the compartmentalization of
cyclic nucleotides to ensure effective signal propagation to
downstream effectors (11-15) and thus are poised to be signif-
icant regulators of AMPAR trafficking in response to DA
stimulation.

One interesting but underappreciated feature of the PDE
family is that some members display complex cross-regulation,
as there are PDEs whose activities are directly and indirectly
regulated by cyclic nucleotides. Several examples of cyclic
nucleotide control of PDE activity have been reported, such as
allosteric regulation and competitive inhibition by cyclic nucle-
otide binding and phosphorylation by cyclic nucleotide-depen-
dent kinases (16 —18). This leads to instances where cAMP lev-
els can modulate the degradation of cGMP and vice versa,
resulting in counterintuitive downstream responses (19, 20).
Furthermore, it is possible that, when PDEs are pharmacologi-
cally inhibited, these signaling features can result in the cross-
regulation of PDEs, meaning that the modulation of one PDE
activity could affect the activity of an unintended second PDE
regulated by cAMP/cGMDP, causing unanticipated downstream
signaling. There are a few reported examples of cross-regula-
tion of PDE activities controlling cAMP or cGMP output that
lead to counterintuitive signaling in non-neuronal cells, but
whether this occurs in MSNs has not been explored (21-23).

An often overlooked target of cGMP in MSNs is PDE2, a
highly expressed dual specificity PDE (24 —30). PDE2 contains
two N-terminal GAF domains, non-catalytic cGMP binding
regions that act as allosteric regulatory sites. cGMP binding to
the GAF domain of PDE2 induces a conformational change
resulting in an enhancement of the hydrolysis of cAMP (16,
30-34). In MSNs, PDE2 is a significant regulator of cellular
cyclic nucleotides levels and is readily activated by cGMP, mak-
ing it a candidate for cross-regulation by other PDEs (35-38).
However, whether this type of cross-regulation is part of the
cyclic nucleotide signaling repertoire that controls AMPAR
trafficking has yet to be determined. We hypothesize that PDE2
is an effector of cGMP signaling to regulate AMPAR dynamics
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and part of a cross-regulation signaling motif with other PDEs
possessing cGMP degradation activity.

MSNSs express several PDEs families with a wide range of
kinetic properties (24 —30). The complexity of cyclic nucleotide
signaling makes it difficult to intuit the effect each PDEs has on
observed AMPAR trafficking. Here we use a systems pharma-
cology approach, extending our previous computational model
of dopamine signaling and AMPAR trafficking to investigate
the role of cGMP on dopamine-induced AMPAR trafficking
(39). We present a novel mechanism of how cGMP may be
controlling striatal AMPAR trafficking in response to DA via
the cross-regulation of PDEs. We show that increases in cGMP
(either by enhancing cGMP production or decreasing cGMP
degradation) result in PDE2 activation, leading to a reduction in
DA-induced cAMP levels and AMPAR insertion. We also show
that the interplay of PDE1 and PDE2 activities results in the
counterintuitive regulation of cAMP levels and AMPAR
response.

Results

PDE2 Inhibition Enhances Surface GIluAl Levels—MSNs
express a number of PDEs that could potentially affect surface
expression of GluA1-containing AMPAR (24). We have previ-
ously shown the involvement of PDE4 (39) in dopamine-medi-
ated AMPAR trafficking in MSNs. Here we examined the role
of PDE2, a highly enriched striatal PDE, in DA-induced GluA1l
surface insertion using a pHluorin (SEP)-based imaging
approach (40 —42). First, we explored the contribution of PDE2
activity to DA-induced GluA1l surface insertion. After a stable
baseline, we treated neurons with a DIR agonist (A68930,
added at £ = 0 min) and observed an increase in GluA1 surface
insertion (Fig. 1A4). After 10 min, we added the PDE2-specific
inhibitor BAY60-7550, inducing a further increase in surface
GluAl levels. BAY60-7550 alone had no effect on GluA1l sur-
face insertion, indicating that increasing cAMP levels induced
by basal adenylyl cyclase activity may not be sufficient to drive
GluAl surface insertion (Fig. 1B). These data suggest that
PDE2, by increasing cAMP signaling (Fig. 1C), is a regulator of
dopamine-stimulated GluA1 trafficking in D1 MSNs.

PDE2 Activation Results in a Decrease in Surface GluAl—
Because the pool of cAMP controlled by PDE2 could modulate
surface GluAl levels, we explored whether the cGMP-depen-
dent allosteric activation of PDE2 activity could result in
removal of surface GluAl. However, this cGMP regulation of
PDE2 depends on a number of factors: the cellular levels of
c¢GMP and cAMP, the affinity of cGMP for the allosteric site on
PDE2, the cellular concentration of PDE2, and the catalytic
activity of PDE2. Furthermore, reports that recombinant GAF
domains can bind cGMP with high affinity, the activation con-
stant for PDE2 is much higher (~0.2— 0.5 um) (43, 44). Based on
all of these variables, it is challenging to intuitively predict the
effect of cGMP on PDE2 activity and GluA1 trafficking. In other
words, given the affinity of cGMP for the allosteric site on
PDE2, could biologically relevant changes to cGMP levels affect
PDE2 activity sufficiently to have an impact on GluA1 traffick-
ing? To answer this, we developed a dynamic model of PDE2
regulation of AMPAR trafficking in D1 MSNs by building upon
our previous model (39). The novel connectivity (consisting of a
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FIGURE 1. PDE2 inhibition enhances D1R agonist-induced GluA1 surface
expression. Data are represented as mean = S.E. normalized to baseline. A,
D1R agonist (0.1 um A68930) was added for 10 min, followed by DMSO (gray,
27 cells) or PDE2 inhibitor (1.0 um BAY60-7550, black, 15 cells). ***, p < 0.0001
(repeated measures two-way ANOVA, F, ;5 = 24.23). B, BAY60-7550 alone has
no effect on GIluA1 surface insertion. 1.0 um BAY60-7550 was added after 5
min of baseline. (four cells). C, PDE2 inhibition increases D1R agonist-induced
cAMP production. 0.1 um A68930 was added after 5 min of baseline, followed
by DMSO (gray, 17 cells) or 1.0 um BAY60-7550 (black, 11 cells). *, p = 0.0041
(repeated measures two-way ANOVA, F, ,5 = 9.906).

detailed representation of PDE2 and its regulation by cGMP
and PDELI activity) is depicted in Fig. 24 (16, 30, 31, 34). First,
we constrained any unknown parameters to recapitulate
the PDE2 inhibition increase in GluAl surface insertion
(supplemental Fig. S24) and the cGMP-dependent activation
of PDE2 (supplemental Fig. S2B) (22). Then we used the model
to explore the effect of cGMP activation of PDE2 on surface
GluAl levels. We first probed the contribution of cGMP on
surface GluAl levels by simultaneously varying the concentra-
tion of PDE2 and cGMP. We calculated and plotted the area
under the curve (AUC) from the resulting time course of GluA1
surface insertion (Fig. 2B) as a function of PDE2 and cGMP
concentration (Fig. 2C). The AUC value was color-coded, with
white representing no change from CT (dopamine stimulation
of D1R), red representing an increase in surface AMPAR levels
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FIGURE 2. Allosteric PDE2 activation by cGMP modulates GluA1 surface expression. A, diagram of model topology of PDE1/2 regulation of GluA1 surface
insertion in D1R MSNs. Arrows and plungers indicate activation/production and inhibition/degradation, respectively. Species in red represent pharmacological
agents used. B, cGMP level controls GIuA1 surface insertion by enhancing PDE2 activity. Shown is a simulation comparison of GluA1 surface insertion time
courses. C, varying cGMP and PDE2 concentrations affects GIuA1 surface insertion. cGMP (x axis) and PDE2 (y axis) concentrations were varied from 0.0-1.0 um.
The resulting GluA1 surface insertion time courses were plotted, and the AUC value was calculated. AUC values were color-coded so that an increase over
control (DA alone) is red, a decrease is blue, and a value equal to control is white. D, varying PDE1 and PDE2 concentrations affects GluA1 surface insertion. PDE1
(x axis) and PDE2 (y axis) concentrations were varied from 0.0-1.0 um. AUC values are color-coded.

above CT levels (surface insertion), and blue representing a
decrease in surface AMPAR levels below CT (surface removal).
The resulting simulations show that, because of the activation
of PDE2 by ¢cGMP, an increase in cGMP results in a robust
decrease in surface GluAl (Fig. 2C). Moreover, a decrease in
PDE2 levels (comparable with PDE2 inhibition) can reverse this
effect on surface GluA1. This suggests that the balance between
the cellular cGMP levels and PDE2 activity can determine the
directionality of AMPAR trafficking.

Next we wanted to gain insight into whether inhibiting a PDE
with cGMP degradation activity could activate PDE2 activity
and induce a decrease in surface AMPAR levels. This is an
important question, as enhancing the basal cellular levels of
c¢GMP may not be sufficient to support PDE2 activation. A pos-
sible candidate is PDE1, an MSN-enriched PDE with a prefer-
ence for cGMP (24, 45). We explored the role of PDE1 in
AMPAR trafficking by varying the concentrations of PDE1 and
PDE2 and plotting the AUC of the resulting time courses of
GluA1 surface insertion as a function of PDE2 and PDE1 con-
centration (Fig. 2D). In these simulations, decreasing PDEL1 lev-
els resulted in a loss of surface GluA1. This suggested that inhi-
bition of PDE1 could be a possible mechanism to enhance basal
levels of cGMP and activate PDE2 to decrease surface GluA1l
levels.

We implemented two parallel approaches to modulate cellu-
lar levels of cGMP to experimentally test whether the predicted
cGMP allosteric activation of PDE2 does indeed regulate
GluAl trafficking: increasing cGMP production by directly
activating soluble guanylyl cyclase using NO donors and inhib-
iting cGMP degradation using the PDE1 inhibitor, MMPX.
Based on the simulation results, we expected that cGMP-acti-
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vated PDE2, because of its substrate specificity, would promote
the preferential degradation of CAMP, resulting in a decrease in
PKA activity and DA-induced GluAl insertion. First, we
increased cGMP levels using S-nitroso-N-acetylpenicillamine
(SNAP), an NO donor. As expected, SNAP treatment of D1
MSNs led to a rapid increase in cGMP (Fig. 3A). SNAP treat-
ment also decreased cAMP levels, and this effect could be
reversed with co-treatment with a PDE2 inhibitor (Fig. 3B),
suggesting that cGMP enhanced the degradation activity of
PDE2 as described previously (36, 37). Furthermore, SNAP
induced the removal of D1-induced surface GluA1l (Fig. 3C),
and co-treatment with a PDE2 inhibitor rescued the SNAP-
induced deficit, suggesting that PDE2 activation by cGMP con-
tributes to the action of SNAP on GluAl trafficking. The
change in cAMP displayed similar temporal dynamics as those
observed with GluA1 trafficking, further supporting the notion
that the mode of action of SNAP on GluAl trafficking is by
augmenting cAMP degradation because of PDE2 activation.
SNAP alone failed to affect surface GluA1 levels, indicating that
G-protein signaling is required for cGMP regulation of GluA1
trafficking.

The Cross-regulation of PDE1 and PDE2 Induces a Decrease
in Surface GluA1 Levels—Based on our simulation results, we
predicted that PDE1 inhibition could enhance basal cGMP lev-
els and activate PDE2, bringing about a reduction of cAMP
levels and GluA1 surface insertion. Indeed, as expected, treat-
ment with the PDE1 inhibitor MMPX increased cGMP levels
(Fig. 4A) with a concomitant decrease in D1R-induced cAMP
levels (Fig. 4B). Co-application of a PDE2 inhibitor reversed the
PDE1 inhibition effect on cAMP (Fig. 4B), suggesting that the
PDE1-induced increase in ¢cGMP resulted in an activation

JOURNAL OF BIOLOGICAL CHEMISTRY 23259



PDE1 and PDE2 Cross-talk Controls AMPAR Trafficking

1 a68930 ’ a68930
200 A : SI\NAQE) \01 20 o g:lﬂ/;lz)+8ay60-7550
150 ° °
N H{ {HHHH 2100- = SNAP
2100 H{HH { 3
= ! - 950
Q@ 50, E 8 =
0__."‘““!!!:5.ii-niﬁiiiliiﬂiﬂﬂ % 0
=0 1P(mins) 20 30 =05 10 20 30
t (mins)
150 B 268930 i, gkjﬂé% +BAY60-7550 \0150‘ D
= SNAP o = SNAP
2100 H% ;100'
- SR - -
< swaguengstet 7 s
of-,mi??ﬁi“'iﬁ222"-:1;;;?;!; J 3 ° iﬁ!ﬁiiﬁ{%&H{iﬂﬂiﬁﬂﬁﬂiﬁi
0 10 20 30 =0 10 20 30
t (mins) t (mins)

FIGURE 3. Increasing cGMP production reduces D1R agonist-induced cAMP levels and GluA1 surface expression by activating PDE2. Data are repre-
sented as mean = S.E. normalized to baseline. A, SNAP significantly increases cGMP levels. 0.1 um A68930 was added after 5 min of baseline, followed by DMSO
(gray, eight cells) or 50 um SNAP (black, eight cells). ***, p = 0.0001 (repeated measures two-way ANOVA, F, ;5 = 27.00). B, increasing cGMP production
decreases D1R agonist-induced cAMP levels via modulation of PDE2. After 5 min of baseline, 0.1 um A68930 was added for 10 min, followed by DMSO (replotted
from Fig. 1 for comparison) or 50 um SNAP (black, 21 cells) or 1.0 um BAY60-7550 + 50 um SNAP (black open square, seven cells). ***, p = 0.0009 (repeated
measures two-way ANOVA, DMSO versus SNAP, F, 55 = 25.84); p < 0.0001 (repeated measures two-way ANOVA, SNAP versus SNAP + BAY60-7550, F, 55 =
74.03). G, increasing cGMP reduces GluA1 surface expression by activating PDE2. After 5 min of baseline, the D1R agonist A68930 (0.1 wm) was added for 10 min,
followed by DMSO (replotted from Fig. 1 for comparison) or 50 um SNAP (black squares, 11 cells) or 1.0 um BAY60-7550 + 50 um SNAP (black open squares, 10
cells). ***, p < 0.0001 (repeated measures two-way ANOVA, DMSO versus SNAP, F, 35 = 26.31). **, p = 0.0061 (two-way ANOVA, SNAP versus BAY60-7550 +

SNAP, F, ;o = 9.50). D, SNAP alone has no effect on GluA1 surface insertion. 50 um SNAP was added after 5 min of baseline (six cells).

of PDE2, and thus the interplay of PDE1 and PDE2 activities
could regulate cAMP levels. Moreover, this cross-regulation of
PDE1 and PDE2 also affected GluAl surface expression, as
PDE1 inhibition resulted in a decrease in GluA1 surface levels
that was rescued by co-application of a PDE2 inhibitor (Fig. 4C).

Most of our data that implicate PDE1 and PDE2 activity in
the regulation of AMPAR trafficking were obtained using phar-
macological agents that may have off-target actions. To address
this concern, we expressed mutated forms of PDE2 lacking
c¢GMP regulation (D485A) or catalytic activity (PDE2DN) in
lieu of PDE2 pharmacological inhibition. Mutation D485A
abolishes the ability of the GAF domain to bind cGMP and
displays no allosteric regulation (21). The PDE2DN mutant
consists of two point mutations (D685A and D796A) in the
catalytic region, rendering PDE2 catalytically inactive (21).
Both mutants retain the N-terminal region of PDE2 so that
subcellular targeting signals are intact, and overexpression of
these mutants displaces endogenous local PDE2 from its
subdomain (46). Representative images of expression PDE2
mutants are shown in supplemental Fig. S6. We applied a PDE1
inhibitor while overexpressing mutant forms of PDE2 in D1
MSNss to determine whether the PDE1-dependent regulation
of GluAl trafficking requires PDE2 activity. We found that
expression of either PDE2 mutant prevented the deficit in
GluA1l trafficking observed with PDE1 inhibitor treatment and
allowed GluA1l insertion to reach levels comparable with those
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observed with DIR stimulation (Fig. 4D). To control for the
overexpression of a PDE activity, we overexpressed PDE4A5, a
PDE not enriched in MSNs (47). Overexpression of PDE4A5
did not affect surface GluA1l levels despite having significant
effects on global cAMP levels (supplemental Fig. S7, A and B).
These results support the notion that the rise in cGMP levels
because of PDE1 inhibition is sufficient to activate PDE2 and
decrease local cAMP levels, resulting in a decrease in AMPAR
surface levels.

Based on all of these data, we conclude that increasing cGMP
levels results in a dose-dependent decrease in DI1-induced
cAMP and GluAl surface expression. This is summarized in
Fig. 54, where we relate changes in cGMP levels because of
SNAP or MMPX treatment to decreases in D1-induced surface
GluA1l expression. To further confirm that activation of PDE2
is sufficient to decrease surface GluAl levels, we utilized an
optogenetics approach. Recently, Moglich and co-workers
(48) developed a light-activated PDE2 by replacing the GAF
domains of PDE2 with the photosensor module of Deinococcus
radiodurans bacterial phytochrome (originally named LAPD;
we termed it LA-PDE2 for clarity) . Upon red light exposure, the
photosensors dimerize and induce a conformational change
that results in up-regulation of LA-PDE2 enzymatic activity by
6-fold (similar to the allosteric activation by cGMP). Thus, light
stimulation can result in PDE2 activation independent of
cGMP levels. We tested whether light activation of LA-PDE2
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FIGURE 4.PDE1 inhibition decreases D1R agonist-induced cAMP levels and GluA1 surface insertion by activating PDE2. Data are represented as mean +
S.E. normalized to baseline. A, PDET inhibition increases cGMP levels. 0.1 um A68930 was added after 5 min of baseline, followed by DMSO (replotted from Fig.
3 for comparison) or 10 um MMPX (black, 11 cells). ¥, p = 0.0373 (repeated measures two-way ANOVA, F, ,, = 5.11). B, PDET inhibition by MMPX decreases D1R
agonist-induced cAMP levels. 0.1 um A68930 was added for 10 min, followed by DMSO (replotted from Fig. 1 for comparison) or 10 um MMPX (black, 14 cells)
or 1.0 um BAY60-7550 + 10 um MMPX (black open squares, 11 cells). **, p = 0.0015 (repeated measures two-way ANOVA, DMSO versus MMPX, F, 5, = 12.39). **¥,
p < 0.0001 (repeated measures two-way ANOVA, MMPX versus MMPX + BAY60-7550, F, ,, = 25.61). C, PDET inhibition reduces GluA1 surfacelevels. The D1 R
agonist A68930 (0.1 um) was added for 10 min, followed by DMSO (gray, 12 cells) or the PDE1 inhibitor MMPX (10 wm, black filled squares, 10 cells), or 1.0 um
BAY60-7550 + 10 um MMPX (black open squares, 11 cells). **, p = 0.0016 (repeated measures two-way ANOVA, DMSO versus MMPX, F, ,, = 13.40). ***, p =
0.0005 (repeated measures two-way ANOVA, F, ;o = 17.29). D, expression of PDE2 mutants abolished PDE1 regulation of GluA1 surface insertion. Expression
of PDE2 lacking catalytic activity (PDE2DN, gray squares, 15 cells) or allosteric regulation by cGMP (PDE2D485A, open circles; 14 cells) increases GluA1 surface

insertion in the presence of 10 um MMPX. ***, p < 0.0001 (repeated measures two-way ANOVA, MMPX versus PDE2DN, F, 55 =

measures two-way ANOVA, MMPX versus PDE2D485A, F, ,, = 20.15).

could modulate the levels of surface GluA1 in MSNs to deter-
mine the exclusive contribution of PDE2 activation to AMPAR
function. We overexpressed LA-PDE2 in MSNs to determine
whether exposure to 650-nm light could decrease GluA1l sur-
face expression. MSNs exposed to red light for 2 min resulted in
significant degradation of cAMP (Fig. 54) and was accompa-
nied by removal of surface GluA1 (Fig. 5B). These data support
that PDE2 activation, independent of cGMP signaling, is suffi-
cient to decrease cAMP levels and AMPAR surface expression.

Next we explored the specificity of the PDE1/PDE2 cross-
talk in regulating surface GluA1 levels. First we tested whether
other MSN-enriched PDEs with cGMP and cAMP activity,
such as PDE10A, could have a comparable role to PDE1 (24,
49 -54). Application of the PDE10 inhibitor TC-E5005 did not
affect surface GluA1 levels (Fig. 6A4), suggesting that this cross-
regulation was specific to PDE1 and that modulating any PDEs
with cGMP activity does not result in the activation of PDE2.
Next we tested whether PDE4, a PDE that has been implicated
in AMPAR trafficking, could modulate the deficit in surface
GluA1 expression induced by PDE1 inhibition (38). Treatment
with the PDE4 inhibitor rolipram produced the reported
enhancement in D1-induced GluAl surface expression (Fig.
6B). We reasoned that, if PDE4 controlled the same local pool of
cAMP as PDE2, then co-application of a PDE4 inhibitor could
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27.70).*** p = 0.0002 (repeated

rescue the PDEl-induced deficit in an analogous fashion as
PDE2 inhibition did, as shown in Fig. 4C. However, when rolip-
ram was applied along with a PDE1 inhibitor, it failed to recover
the deficit in surface expression of GluAl induced by PDE1
inhibition alone (Fig. 6C), suggesting that the pool of cAMP
controlled by rolipram cannot overcome the deficit in traffick-
ing of GluA1l induced by PDE2 activation.

The Cross-regulation of PDE1 and PDE2 Results in a Decrease
in Surface GluA1 Levels in Intact Adult Striatal Tissue—So far
we have presented compelling evidence of the cross-regulation
of PDE1 and PDE2 controlling GluA1 surface levels in primary
MSNs. Thus, we explored whether the cross-regulation of
PDE1 and PDE2 occurs in adult tissue using biotinylation
assays to monitor surface GluAl-containing AMPAR. We
treated slices with the D1 agonist A68930 in the presence and
absence of the PDE2 inhibitor BAY60-7550 and determined the
proportion of surface GluA1 versus total GluAl (surface and
intracellular pool of GluA1l). In agreement with our primary
MSNs data, we found that PDE2 inhibition significantly
enhanced D1R-mediated GluAl surface expression (Fig. 7, A
and B).

Next we tested whether the interplay of PDE1 and PDE2 can
affect surface GluAl levels in tissue. Treatment with a PDE1
inhibitor, MMPX, resulted in a significant decrease in D1R-
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FIGURE 5. Activation of PDE2 decreases surface GluA1 levels. Data are
represented as mean * S.E. normalized to baseline. A, increasing cGMP levels
is inversely proportional to surface GluA1 expression in D1 MSNs. The graph
relates cGMP levels induced by SNAP or MMPX (Figs. 3A and 4A) and surface
GIuA1 (Figs. 3C and 4Q). B, LA-PDE2 activation by 650-nm light induces a
decrease in cAMP levels. 12.5 um forskolin was added after a 5-min baseline,
followed by exposure to no light (black circles, 10 cells) or to red light (min
10-12, gray squares, 12 cells). **, p = 0.0011 (repeated measures two-way
ANOVA, F, ,, = 14.65). C, LA-PDE2 activation by 650-nm light induces a
decrease in surface GIuA1 levels. 0.1 um A68930 was added after a 5-min
baseline, followed by exposure to no light (black circles, 12 cells) or to red light
(min 10-12, gray squares, six cells). *, p = 0.0294 (repeated measures two-way
ANOVA, F, 5o = 7.13).

induced GluA1l surface expression (Fig. 7, C and D), and this
was reversed by co-application of a PDE2 inhibitor. These
results further support our MSN culture data and indicate that
the cross-regulation of PDE1 and PDE2 occurs in intact striatal

adult tissue and is part of the signaling repertoire of adult D1
MSNE.

Discussion

We propose PDE cross-regulation as a novel mechanism
shaping cyclic nucleotide control of AMPAR trafficking. Our
computational model simulations indicate that the cGMP acti-
vation of PDE2 is capable of inducing changes in cAMP levels
that are sufficient to decrease AMPAR surface expression.
Despite having activity toward cAMP, PDEL1 inhibition resulted
in a counterintuitive decrease in cAMP levels. Moreover, these
simulations predict that the interplay of PDE1 and PDE2 activ-
ities can alter synaptic strength, as PDE1 inhibition allows basal
c¢GMP levels to accumulate to levels sufficient to activate PDE2,
resulting in the modulation of AMPAR surface expression.
Experiments using SEP-GluA1, cAMP, and cGMP imaging and
biotinylation assays of surface GluA1 in adult intact striatal tis-
sue confirmed these predictions. Co-application of PDE1 and
PDE2 inhibitors resulted in a complete reversal of the deficit in
AMPAR trafficking observed when PDE1 activity was impaired.
There was a quantitative difference between the observed
results of this reversal in the primary neurons and the intact
tissue slices. In primary neurons, this reversal resulted in sur-
face AMPAR levels that surpassed those observed with a D1
agonist alone. In tissue slices, the reversal resulted in levels that
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FIGURE 6. PDE1/PDE2 cross-talk regulation of surface GluA1 levels is not
dependent on PDE10 or PDE4 and is specific for GluA1. Data are repre-
sented as mean * S.E. normalized to baseline. A, PDE10 inhibition has no
effect on D1R agonist-induced GluA1 surface insertion. 0.1 um A68930 was
added for 10 min, followed by DMSO (replotted from Fig. 1 for comparison) or
the PDE10 inhibitor TC-E5005 (10 M, black triangles, seven cells). n.s., p =
0.3658 (repeated measures two-way ANOVA, F, 5, = 0.84). B, PDE4 inhibition
enhances surface GluA1 levels induced by D1R agonist treatment. 0.1 um
A68930 was added for 10 min, followed by DMSO (replotted from Fig. 1 for
comparison) or the PDE4 inhibitor rolipram (10 um, black squares, six cells). **,
p = 0.0019 (repeated measures two-way ANOVA, DMSO versus rolipram, F, 5, =
11.47).C, PDE4 inhibition fails to rescue the PDE1 inhibition-induced decrease
in surface GIuA1 levels. 0.1 um A68930 was added for 10 min, followed by
MMPX (replotted from Fig. 4 for comparison), rolipram (replotted from Fig. 6B
for comparison), or MMPX + rolipram (black triangles, 10 cells).n.s.,p = 0.1708
(repeated measures two-way ANOVA, F, ,, = 2.02).

matched those obtained with a D1 agonist alone. This differ-
ence may be because of the inclusion of signaling originating
from D2 MSNs in the immunoblots of intact tissue. PDE10
inhibition did not have an effect on GluA1 trafficking, and this
is congruent with a previous report of the role of PDE10 in
cAMP signaling in D1 MSNs (55). We showed that, when in
combination with a PDE1 inhibitor, PDE4 inhibition fails to
rescue the deficit in surface expression of GluAl induced by
MMPX. This points to a high degree of compartmentalization,
as these PDEs may be controlling the trafficking of distinct
pools of cAMP, although the nature of this compartmentaliza-
tion is still unknown.
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1.0 um A68930 + 10 um BAY60-7550. Surface GIuA1 and total GIuAT expression are shown. GAPDH was used as a loading CT. B, densitometry of the
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A68930 + BAY60-7550: **, p = 0.0071; A68930 versus A68930 + BAY60-7550: *, p = 0.0402; n = 7). C, treatment with a PDE1 inhibitor decreases the D1-induced
increase in surface GluA1 expression. Acute mouse striatal slices were treated for 30 min under the following conditions: DMSO, 0.1 um A68930, 1.0 um A68930 +
100 um MMPX, or 1.0 um A68930 + 10 um BAY60-7550 + 100 um MMPX for 30 min. Surface GluA1 and total GluA1 expression are shown. GAPDH was used as
aloading CT. D, densitometry of the immunoblots shown in C. Significance was analyzed using one-way ANOVA followed by Tukey’s post hoc test (DMSO versus
A68930: *, p = 0.0496; DMSO versus A68930 + MMPX: n.s., p = 0.9683; DMSO versus A68930 + MMPX + BAY60-7550: *, p = 0.0438; A68930 versus A68930 +
MMPX: *, p = 0.0336; A68930 versus A68930 + MMPX + BAY60-7550: n.s., p = 0.8937; A68930 + MMPX versus A68930 + MMPX + BAY60-7550: *, p = 0.0347).

In non-neuronal cell types, the activities of PDE2, PDE3 (a There are several considerations that we must point out
c¢GMP-inhibited cAMP PDE), and PDE5 (a cGMP-activated regarding this study. Here we are solely exploring the cyclic
c¢GMP PDE) have the potential to be cross-regulated, leading nucleotide signaling that occurs in D1 MSNs. Whether the
to counterintuitive cAMP/cGMP downstream responses (56).  interplay of PDE1 and PDE2 activities also occurs in D2 MSNs
Because each cell type displays a distinct PDE expression pro- is an active area of research in our laboratory. One aspect that
file, there have been several reports of different PDE combina-  we did not explore is whether Ca®" signaling could modulate
tions partaking in cross-regulation. For instance, in platelets, the net effect of PDE1/PDE2 interplay on AMPAR trafficking.
the interplay of PDE3 and PDES5 activities modulates platelet This is especially pertinent, as PDE1 is a Ca®"/calmodulin-
aggregation, whereas the cross-regulation of PDE2 and PDE3  activated PDE (57-59), and this regulatory feature could poten-
activities affects cellular permeability in endothelial cells (21—  tially disrupt PDE2 cross-activation and affect AMPAR traffick-
23). To our knowledge, our study is the first report of PDE  ing dynamics. We speculate that, under high Ca®>" conditions,
cross-regulation in neuronal signaling. Additionally, the PDE1  PDEL is fully activated, reducing the cGMP pool that controls
and PDE2 combination as a PDE cross-regulatory motif has PDE2 activity and resulting in a less active form of PDE2 and
not, until now, been described as controlling downstream sig-  perhaps modulating surface GluA1 expression. Additionally, it
naling. Our results suggest that the interplay of PDE1 and PDE2  has been reported that high Ca®>* conditions can also suppress
activities is a significant novel feature of MSNss cyclic nucleotide  cAMP production by inhibiting AC5, the main cAMP produc-
signaling and AMPAR trafficking dynamics. These types of tion activity of MSNs (60, 61). More recently, the identification
PDE cross-regulation should be fully characterized, as PDEs of Cdk5 and calmodulin-activated kinase II as additional regu-
show great promise as therapeutic targets for a number of lators of PDE4 activity has highlighted the central role of PDEs
pathologies but have fared poorly in clinical trials. Elucidating in the integration of cAMP/Ca®>" signaling (62, 63). Thus,
the indirect signaling effects of modulating a PDE activity may future extensions of the dopamine-induced AMPAR trafficking
help understand some of the factors that have precluded PDE  model may require inclusion of Ca*>* signaling and its effect on
inhibitors from reaching the clinic. cAMP.
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Furthermore, high Ca>" conditions (such as those induced
by synaptic glutamate stimulation) activate soluble guanylyl
cyclase to produce cGMP accumulation to sufficient levels to
activate cGMP-dependent protein kinase II, leading to the phos-
phorylation and surface insertion of GluA1 (64— 66). DA stim-
ulation alone without an additional Ca®" signal fails to activate
c¢GMP-dependent kinase, resulting in GluA1 trafficking that is
solely PKA-dependent (64). All of this points to a dichotomy in
cyclic nucleotide control of AMPAR trafficking where DA
stimulation alone induces cAMP/PKA-driven GluA1l insertion,
and small increases in cGMP levels can counteract this,
whereas glutamate produces significant Ca®>* signaling that
results in significant cGMP levels to activate cGMP-dependent
protein kinase II and promotes GluA1 insertion (64). Whether
PDE1 and PDE2 play any role in cGMP-dependent protein
kinase II-dependent GluA1 insertion has still to be determined.
Additionally, this type of cGMP signaling dichotomy may
explain some of the discrepancies found when examining the
role of cGMP in corticostriatal synaptic plasticity in in vitro
versus in vivo models (67). For instance, in vivo recordings
display increases in synaptic potentiation in response to
NO/cGMP signaling (67— 69), whereas slice experiments have
demonstrated a contradictory role for the cGMP pathway in
plasticity of corticostriatal synapses. In acute tissue slices,
agents that elevate ¢cGMP levels induce long-term synaptic
depression (LTD), implying a rapid removal of surface AMPAR
(70). Similar to this study, this type of LTD induction is
achieved with intracellular application of non-degradable
c¢GMP analogues, treatment with SNAP, or inhibition of cGMP
degradation using PDE1 inhibitors. It is possible that, in these in
vitro conditions, there is sufficient dopaminergic tone but alack
of adequate glutamatergic/Ca®" signals found in vivo, resulting
in a failure to activate PKG but permitting the activation of
PDE2, giving rise to the rapid removal of surface AMPAR to
promote an LTD state.

Collectively, the simulations and experimental validation
presented here shed light on how the interplay of PDE1 and
PDE2 activities gives rise to cross-talk between cAMP and
cGMP signaling, resulting in control of DA-induced AMPAR
trafficking. These results suggest that PDE2 regulates forward
trafficking and/or maintenance of AMPAR on the plasma
membrane in D1 MSNs. Our work shows how PDEL1 inhibition
results in unintended and counterintuitive downstream signal-
ing. Future extensions of this quantitative framework will allow
analysis of more complex signaling, such as the inclusion of
Ca®" signals that can regulate PDE1 and PDE4 activity and
¢GMP and cAMP production. Furthermore, our mechanistic
representation of cyclic nucleotide signaling in MSNs provides
a quantitative framework to explore how targeting the interplay
of PDE1/PDE2 activities could modulate the magnitude and
directionality of synaptic responsiveness. This approach could
have therapeutic value in a number of striatal pathologies char-
acterized by hyperactivation of D1 signaling, such as levodopa-
induced dyskinesia.

Experimental Procedures

This study conforms with the Guide for the Care and Use of
Laboratory Animals by the National Institutes of Health (pub-
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lication no. 85-23, revised 1996). All experimental protocols
were approved by the Institutional Animal Care and Use Com-
mittee of the Icahn School of Medicine at Mount Sinai.

Cell Culture and Transfection—HEK-293T cells (ATCC) were
maintained in Dulbecco’s modified Eagle’s medium (Life Technol-
ogies) supplemented with 10% fetal bovine serum (Life Technolo-
gies) and 1% penicillin-streptomycin (Life Technologies).

Live-cell Imaging—Primary MSNs were obtained as de-
scribed previously (39). To monitor GluA1l trafficking, MSNs
(days in vitro 7-16) were transfected with PCI-SEP-GluR1.
pCI-SEP-GluR1 was a gift from Robert Malinow (Addgene
plasmid 24000) (42). pCI-SEP-GIuR1 and pmCherry (Clon-
tech) plasmids were transfected using Lipofectamine 2000 (Life
Technologies). In some experiments, MSNs were also trans-
fected with pcDNA3-PDE2-D485A-mcherry or PDE2DN-
mcherry plasmids (21) (kindly provided by Manuela Zaccolo) in
addition to the SEP-GluA1l plasmid. For cAMP imaging, neu-
rons were transfected with the pICUE3 plasmid (71) (kindly
provided by Jin Zhang). To monitor intracellular cGMP levels,
we used FlincG3. The plasmid pTriEx4-H6-FGAm (FlincG3)
was a gift from John Garthwaite (Addgene plasmid 49202). 24 h
after transfections, MSNs were incubated with Neurobasal
medium containing nifedipine (10 um, Sigma-Aldrich) and
tetrodotoxin (1 uMm, Tocris) for 1 h to control for depolarization
and calcium-mediated signaling. MSNs were then mounted
into an imaging chamber maintained at 32 °C and continually
perfused with 1X Hanks Buffered Saline Solution (Life Tech-
nologies) medium containing 25 mm HEPES, 10 mm glucose,
and 0.5 mMm Trolox (Sigma-Aldrich). MSNs were imaged on an
inverted Axio-Observer Z1 microscope (Zeiss) with an auto-
mated stage using AxioVision 4.8 software using a Plan-
Apochromat X40/1.3 oil objective and a quantEM electron-
multiplying charge-coupled device camera (Photometrics)
illuminated by a Colibri controlled LED system (Zeiss). For
SEP-GluAl, FlingG3, or mCherry channels, images were
acquired every 1 min with the following filters: excitation (ex)
LED 470 nm and emission (em) 527/54 nm for SEP-GluA1l and
ex LED 590 nm and em 615 nm for mCherry. For cAMP mea-
surements, images from the Cerulean and FRET channels were
acquired every 1 min with the following settings: ex LED 455
nm and em 475/40 nm for Cerulean and ex LED 455 nm and em
535/25 nm for FRET. There have been reports of experimental
conditions changing the cellular pH of neurons, affecting the
interpretation of SEP-trafficking data and putting into question
the utility of SEP-based approaches (72). Because of this con-
cern, we ruled out any nonspecific effects pharmacological
agents may have on intracellular pH that may affect SEP fluo-
rescence using non-tagged cytoplasmic SEP (supplemental Fig.
S1). Only compounds that did not affect non-tagged SEP fluo-
rescence were further employed. To differentiate between D1
versus D2 MSNs, we treated the neuron with the D1 agonist
A68930, followed by an agonists targeting adenosine A2A
receptors, a Gs-GPCR subtype exclusively expressed in D2
MSNs. This type of sequential drug treatment allowed us to
identify D1 versus D2 MSNs, and in this study we concentrate
on signaling of D1 MSNs. After 10 min of receptor stimulation
and depending on the experimental conditions, DMSO or the
following treatments were added: the PDE1 inhibitor 8-me-
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thoxymethyl-3-isobutyl-1-methylxanthine (MMPX, 10 um,
Tocris), the PDE2 inhibitor 2-[(3,4-dimethoxyphenyl)methyl]-7-
[(1R)-1-hydroxyethyl]-4-phenylbutyl]-5-methyl-imidazo[5, 1-f]
[1,2,4]triazin-4(1H)-one (BAY60-7550, 1 um, Cayman Chemi-
cals), or the NO donor SNAP (50 uMm, Tocris). These pharma-
cological treatments were applied at concentrations utilized in
previous studies. The adenylyl cyclase activator forskolin (FK,
50 wMm, Tocris) and the nonspecific PDE inhibitor isobutylm-
ethylxanthine (IBMX, 100 um, Tocris) were added after 20 min
to saturate the response and assess the health of the neuron. In
the case of the cGMP measurements, SNAP (50 uM) and IBMX
(100 M) were used to saturate the response. We analyzed the
resulting time series of images as follows. All images were
background-corrected. Only measurements from dendritic
segments were used. Dendritic fluorescent intensities for SEP-
GluAl were normalized to corresponding mCherry fluores-
cence intensities. The ratios of donor to acceptor dendritic
intensities were calculated for FRET experiments. All time
points were scaled to FK/IBMX or SNAP/IBMX and normal-
ized to the baseline and are presented as time courses of aver-
aged percent change of basal levels. Any cell that lacked a stable
baseline, displayed photobleaching, or did not display a robust
D1 or FK/IBMX response was not included in our dataset. All
time courses are presented as averages of the mean of multiple
cells (obtained from at least three independent preparations of
primary neurons) and corresponding standard error.

Surface GluA1 Biotinylation in Tissue Slices—250-um-thick
coronal slices were obtained using a Leica vibratome from 3- to
5-month old C57BL/6 mice (The Jackson Laboratory). Signa-
ture anatomical landmarks (e.g. the anterior commissure, cor-
pus callosum) were used to identify the striatum. Slices were
allowed to recover for 1 h at room temperature in oxygenated
ACSF (119 mm NaCl, 2.5 mm KCI, 1 mm NaH,PO,-H,0, 26.2
mM NaHCO,, 1.3 mm MgCl,, 2.5 mm CaCl,, and 11 mm glu-
cose). After recovery, slices were treated for 30 min in oxygen-
ated ACSF at room temperature with 1 um A68930 in the pres-
ence and absence of 10 um BAY60-7550 or 100 um MMPX.
Following the drug treatment, the slices were rapidly chilled by
washing three times with ice-cold ACSF and incubated with 1.0
mg/ml sulfo-NHS-SS-biotin (Thermo Scientific) for 45 min on
ice. Tissue slices were washed with ice-cold ACSF, followed by
washes with cold 100 mm glycine and flash-frozen on dry ice.
When frozen, the striata were carefully dissected from each
slice. Striatal tissue was mechanically dissociated in radioim-
mune precipitation assay lysis buffer (10 mm Tris (pH 7.4), 150
mM NaCl, 1.0 mm EDTA, 1% Triton-X-100, 0.1% SDS, and 1%
sodium deoxycholate) supplemented with protease and phos-
phate inhibitors (Thermo Scientific). The protein concentra-
tion of each lysate was calculated using Bradford reagent
(Bio-Rad). Protein lysates were incubated overnight with
streptavidin-coated Dynabeads (Life Technologies) at 4 °C to
isolate biotinylated surface proteins. Biotinylated proteins were
eluted from streptavidin beads with radioimmune precipitation
assay buffer containing 1 X SDS-PAGE reducing sample buffer
with DTT at 95 °C for 5 min. Eluted proteins were resolved by
SDS-PAGE as described previously (39, 73). Nitrocellulose
membranes were incubated with anti-GluA1 N-terminal anti-
body (MAB2263, EMD Millipore). GAPDH (2275, Trevigen)
SASBMB
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staining was used as loading control, normalized to Ponceau S
staining as recommended in Ref. 74. Full images of the repre-
sentative immunoblots are shown in supplemental Fig. S8.

Dynamical Modeling—We expanded our previous computa-
tional model of dopamine-induced AMPAR trafficking (39) by
adding the following reactions: basal production of cGMP by
soluble guanylyl cyclase from GTP, degradation of cAMP and
c¢GMP by PDEL, allosteric activation of PDE2 by cGMP, and
degradation of cAMP and cGMP by PDE2. The model was ini-
tially developed in VCell and was exported to MATLAB (Math-
works) for ease of computing and optimization. All simulations
were conducted using the ordinary differential equation solver
of MATLAB, ODE15s, with relative and absolute tolerance set
to le—6. The initial concentrations and kinetic reaction param-
eters for the reactions listed above are provided in the (supple-
mental Tables S1 and S2). The full MATLAB scripts are avail-
able upon request. As we have done in our previous work (39,
75, 76), most of the model parameters were obtained from the
literature. Unknown parameters were constrained using pub-
lished data, such as the cGMP-dependent activation of PDE2
(22), or data generated by us, such as the cAMP or surface
GluAl increases because of PDE2 inhibition (supplemental Fig.
S2 or Fig. 1A). Sensitivity analysis was performed as described
in (supplemental Figs. S3-S5).
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