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AMPA-type glutamate receptor (AMPAR) trafﬁcking is essential for
modulating synaptic transmission strength. Prior studies that have
characterized signaling pathways underlying AMPAR trafﬁcking
have identiﬁed the cAMP/PKA-mediated phosphorylation of GluA1,
an AMPAR subunit, as a key step in the membrane insertion of
AMPAR. Inhibition of ERK impairs AMPAR membrane insertion,
but the mechanism by which ERK exerts its effect is unknown.
Dopamine, an activator of both PKA and ERK, induces AMPAR insertion, but the relationship between the two protein kinases in
the process is not understood. We used a combination of computational modeling and live cell imaging to determine the relationship between ERK and PKA in AMPAR insertion. We developed a
dynamical model to study the effects of phosphodiesterase 4 (PDE4),
a cAMP phosphodiesterase that is phosphorylated and inhibited by
ERK, on the membrane insertion of AMPAR. The model predicted
that PKA could be a downstream effector of ERK in regulating
AMPAR insertion. We experimentally tested the model predictions
and found that dopamine-induced ERK phosphorylates and inhibits
PDE4. This regulation results in increased cAMP levels and
PKA-mediated phosphorylation of DARPP-32 and GluA1, leading to increased GluA1 trafﬁcking to the membrane. These ﬁndings
provide unique insight into an unanticipated network topology in
which ERK uses PDE4 to regulate PKA output during dopamine signaling. The combination of dynamical models and experiments has
helped us unravel the complex interactions between two protein
kinase pathways in regulating a fundamental molecular process
underlying synaptic plasticity.
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T

he strength of synaptic transmission depends on the number
of AMPA-type glutamate receptors (AMPARs) localized to
the synaptic membrane. The regulated trafﬁcking of AMPARs in
and out of the postsynaptic membrane controls the number of
synaptic AMPARs and is thought to underlie synaptic plasticity
(1). AMPARs are composed of four subunits (GluA1–4), which
assemble as homo- or hetero-tetramers to mediate excitatory
transmissions in the brain. There are a number of intracellular
pathways that regulate signal-initiated trafﬁcking of GluA1containing AMPARs. For instance, PKA and PKG, the cyclic
nucleotide-activated kinases, phosphorylate GluA1 at S845 (2,
3). Phosphorylation of S845 is required for GluA1 synaptic insertion because mutation to A845 prevents GluA1 exocytosis (4).
Dopamine, a modulatory neurotransmitter that increases cAMP/
PKA levels, promotes GluA1 phosphorylation at S845 and
AMPAR insertion into the plasma membrane (3, 5, 6). Additional signaling pathways inﬂuence this process, but the role they
play in dopamine-mediated AMPAR trafﬁcking is not known.
ERK, a downstream effector of dopamine, promotes AMPAR
membrane insertion even though ERK does not directly phosphorylate GluA1 (7, 8). The objective of this study was to identify
the mechanism by which ERK regulates dopamine-mediated
GluA1 membrane insertion. Based on our observation that ERK
inhibition decreases dopamine-mediated GluA1 phosphorylation
at S845, we looked for ERK substrates that could affect cAMP
levels. One possibility was that ERK phosphorylation and
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activation of cytosolic phospholipase A2 (cPLA2) could increase PKC activity, leading to activation of AC5, the main
adenylyl cyclase in the striatum (9). Another substrate of ERK
that could affect GluA1 trafﬁcking is phosphodiesterase 4
(PDE4), a phosphodiesterase phosphorylated and inhibited by
ERK (10). We tested for the involvement of both ERK substrates on GluA1 membrane insertion. We developed a computational model to explore the ERK regulation of dopamineinduced GluA1 membrane insertion. The model predictions were
validated experimentally by monitoring dopamine-stimulated
cAMP levels and GluA1 trafﬁcking by live cell imaging in striatal
primary neurons. The data presented here show that dopamineactivated ERK increases cAMP levels by phosphorylation and
inhibition of PDE4 and results in the elevation of PKA mediated
GluA1 phosphorylation and membrane insertion. Our approach allowed us to unravel the complex interaction between
PKA and ERK pathways within the dopamine-signaling network.
Results
We examined the dopamine-dependent insertion of GluA1 by
monitoring superecliptic pHluorin (SEP) N-terminally tagged
GluA1 in primary striatal cultures. SEP is a pH-sensitive GFP
variant used to monitor exocytosis in real time because its ﬂuorescence is quenched when exposed to the acidic lumen of
endocytic vesicles and recovers upon plasma membrane insertion
(11, 12). Dopamine treatment led to a dose-dependent increase
in GluA1 membrane insertion (Fig. 1A). Regardless of dopamine
concentration, saturation of GluA1 membrane insertion was
seen after addition of forskolin (FK) and 3-isobutyl-1-methylxanthine (IBMX) 30 min after dopamine stimulation. Dopamine
receptors are classiﬁed as D1 or D2 type based on their coupling
to heterotrimeric G proteins (13, 14). D2-type receptors (D2/D3/
Signiﬁcance
ERK activity contributes to AMPA-type glutamate receptor
(AMPAR) membrane insertion, but until now, there was no
clear understanding how this regulation could happen. We
have identiﬁed the motif of ERK inhibiting PDE4 and controlling PKA output as a key step in the dopamine-induced membrane trafﬁcking of GluA1. The signiﬁcance of this regulatory
motif is that it provides a point of integration for ERK activating signals to modulate neuronal excitability by tuning the
trafﬁcking of AMPAR.
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Fig. 1. Dopamine-induced GluA1 membrane insertion depends on ERK activity. (A) Dopamine induces a dose-dependent increase in GluA1 membrane insertion. A concentration of 0.1 (black) or 1.0 (white) μM dopamine was added. ****P < 0.0001 (repeated-measures ANOVA Bonferroni post hoc; n = 9–11). At
30 min, 50 μM FK and 100 μM IBMX (FK + IBMX) were added. (B) ERK inhibition decreases 0.1-μM dopamine–GluA1 membrane insertion. A concentration of
0.1 μM dopamine and 10 μM U0126 (black) were added. *P = 0.013 (repeated-measures ANOVA Bonferroni post hoc; n = 6). (C) Inhibition of ERK decreases
PKA phosphorylation of GluA1. Neuronal lysates were immunoblotted for phospho-GluA1 Ser-845 (PKA phosphorylation site) or phospho-ERK or β-tubulin.
(D) Dopamine-signaling model of ERK regulation of GluA1 phosphorylation and membrane insertion. A diagram of the model topology is shown, depicting
the dopamine signaling to GluA1 membrane trafﬁcking. Filled arrows represent activation/production reactions. Plungers represent inhibition/degradation
reactions. Open arrow represents membrane insertion. (E) Simulations of the time course dopamine-induced dose-dependent GluA1 membrane insertion. At
t = 30, FK/IBMX were introduced. Compare with time course in A. (F) Comparison of experimental dopamine-induced GluA1 phosphorylation (exp) and
simulation (sim) results after 30 min of 0.1- or 1.0-μM dopamine stimulation. *P = 0.0453 (t test; n = 5). (G) Comparison of experimental dopamine-induced
GluA1 membrane insertion (exp) and simulation (sim) results at 30 min of 0.1- or 1.0-μM dopamine stimulation. *P = 0.0006 (Mann–Whitney test; n = 9–11).
(H) Simulated time course of GluA1 membrane insertion after 0.1-μM dopamine stimulation in the presence of ERK (gray) or with no ERK activity (black).

D4R) can activate adenylyl cyclase via interaction with the betagamma subunits of G protein i/o (15). D1R-type receptor (D1/
D5R) agonists induced GluA1 phosphorylation and GluA1
membrane insertion (Fig. S1 A–C), whereas a D2R-type agonist
did not stimulate GluA1 phosphorylation or GluA1 membrane
insertion (Fig. S1 A and D). Hence, we did not consider any
D2R-initiated signals in our study because the data suggest the
predominant involvement of D1/D5R in GluA1 trafﬁcking.
Several computational models have explored the underlying
signaling that controls AMPAR trafﬁcking (16–20). Nakano
et al. speciﬁcally explored the contribution of dopamine signaling
to AMPAR trafﬁcking in striatal neurons (18). Although the
Nakano computational model contained the core signaling steps
of dopamine-mediated AMPAR insertion, it did not agree with
our experimental data. Speciﬁcally, the dopamine dose–response
of GluA1 insertion and the FK/IBMX insertion saturation (Fig.
S2) was not observed in the Nakano simulations, prompting us to
search for additional modes of regulation. One possible missing
regulation in the Nakano model is the ERK-mediated control of
AMPAR trafﬁcking because it is known that hippocampal glutamate-induced AMPAR trafﬁcking is impaired when ERK is
inhibited (21). We conﬁrmed that in striatal neurons ERK inhibition reduced 0.1- and 1.0-μM dopamine-mediated GluA1
insertion (Fig. 1B and Fig. S3A). Also, ERK inhibition decreased
D1R agonist-induced GluA1 insertion (Fig. S3B). We excluded
the possibility of non-dopamine-mediated signaling affecting GluA1
trafﬁcking because inhibiting ERK alone induced no changes in
trafﬁcking (Fig. S3C). Thus, these results show ERK as a regulator of dopamine-mediated GluA1 membrane insertion.
PKA phosphorylation of GluA1 at S845 is crucial for membrane insertion. We investigated whether ERK regulates GluA1
membrane insertion upstream or downstream of PKA phosphorylation of GluA1. Dopamine stimulation induced a dose-dependent
increase in GluA1 phosphorylation and ERK activation (Fig. 1C
and Fig. S3D), without changes to total GluA1 levels (Fig. S3
E and F). Inhibiting ERK with U1026 decreased both 0.1- and
1.0-μM dopamine-induced S845 phosphorylation (Fig. 1C and
2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1311783110

Fig. S3D), suggesting that ERK controls GluA1 trafﬁcking
by modulating the activity of PKA. Based on these data, we
searched for ERK substrates that could enhance cAMP levels
and increase GluA1 phosphorylation/membrane insertion. ERK
can activate PKC via direct phosphorylation of cPLA2, leading to
the production of arachidonic acid and the activation of PKC (22–
24). PKC phosphorylates AC5 and enhances cAMP production
(9). Thus, inhibiting ERK could potentially lead to a reduction in
cAMP levels by decreasing the cPLA2–PKC-mediated activation
of AC5. If the ERK–cPLA2–PKC loop is regulating cAMP production, cPLA2 inhibition should mimic the effect of ERK inhibition on GluA1 trafﬁcking. However, we ruled out the involvement
of the ERK–PKC loop in GluA1 trafﬁcking because inhibiting
cPLA2 had no effect on dopamine-induced or D1R agonist-induced
GluA1 membrane insertion (Fig. S3 G and H).
Next, we focused our attention on PDE4, an ERK substrate
known to modulate cAMP levels. PDE4 is phosphorylated by
ERK at the C terminus (Ser-579 in the PDE4D3 isoform). This
phosphorylation reduces PDE basal activity by 80% (10). PDE4
can also be phosphorylated at the N terminus by PKA, enhancing
its basal catalytic activity by 200% (25, 26). Given this complex
regulation of PDE4, it is difﬁcult to predict a priori the net effect
of dopamine, an activator of both PKA and ERK, on PDE4
activity and cAMP levels. We developed a compartmental ordinary differential-equation-based model to test whether the
inclusion of the ERK–PDE4–PKA loop could recapitulate the
ERK-mediated regulation of GluA1 phosphorylation and membrane insertion seen in our experimental data. We used the
Nakano model as a starting point of signal ﬂow from D1R/D5R
receptors to GluA1 membrane insertion. We added additional
regulation and used rate constants reported in the biochemical
literature. We constrained unknown parameters in an iterative fashion using input–output relationships of experiments
described in the literature and performed in our laboratory for
this study (SI Text and Dataset S1). Our model includes the
dopamine-induced activation of PKA and ERK, the regulation
of PDE4 by ERK and PKA, and the PKA-mediated insertion of
Song et al.
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Fig. 2. ERK inhibition decreases PKA output. (A) Model topology depicting a
feedback (PKA–ERK–PDE4) motif nested within an inhibitory feedback loop
(PKA–PDE4–cAMP). (B) Simulation of dopamine-induced cAMP percentage
(Left) or membrane GluA1 percentage (Right) at 30 min. Three pertubations
are shown: no ERK activity, addition of BDNF, or no PDE4 activity.

GluA1. It also includes the PKA-mediated regulation of dopamine- and cAMP-regulated phosphoprotein of 32 kDa (DARPP32) and its inhibition of protein phosphatase 1 (PP1), the phosphatase that dephosphorylates GluA1 at S845. A diagram of all
of the reactions in the model is shown in Fig. S4. A simpliﬁed
diagram depicting the key components is presented as Fig. 1 D
and E. In our simulations, we compared the phosphorylation and
membrane insertion of GluA1 in response to dopamine with our
experimental data (Fig. 1A). For ease of comparison, all simulated and experimental data were scaled to maximum values
obtained with 1.0-μM dopamine treatment for 30 min. The
simulation results and the experiments showed a similar dosedependent increase in PKA-phosphorylated GluA1 and GluA1
membrane insertion after dopamine stimulation (Fig. 1 F and G).
The simulation results also mimicked the experimental FK/IBMXinduced saturation of GluA1 membrane insertion. With the inclusion of the ERK–PDE4 regulation, the simulations also recapitulated key experimental data, chieﬂy that ERK enhances
the dopamine-dependent trafﬁcking of GluA1 to the membrane.
Inhibiting ERK abolished GluA1 membrane insertion at 0.1 μM
dopamine (Fig. 1H) and reduced membrane insertion at 1.0 μM
dopamine (Fig. S5). These comparisons show that our model
reasonably recapitulates the biochemical dynamics of the dopaminesignaling network controlling GluA1 membrane insertion. The full
model is described in SI Description of Dopamine Signaling Model
and has been deposited at the Virtual Cell web site, http://vcell.org.

BDNF Enhances Dopamine-Induced GluA1 Phosphorylation and
Membrane Insertion. BDNF is one of the main activators of ERK

independently of cAMP in the striatum. When the BDNF pathway
was included in the model, it led to an increase in 0.1-μM dopamine-induced phosphorylation of GluA1 as well as membrane
insertion (Fig. 2B). To further implicate ERK in dopamineinduced GluA1 membrane insertion, we tested whether BDNF
could further increase dopamine-mediated GluA1 membrane
insertion. Stimulation of 0.1 μM dopamine plus BDNF increased
the phosphorylation of GluA1, but the effect was not statistically
signiﬁcant in cotreatments with 1 μM dopamine (Fig. 3 A and B
and Fig. S7A). BDNF cotreatment with 0.1 μM dopamine (Fig. 3
C and D) or a D1R-type speciﬁc agonist (Fig. S7B) increased GluA1
membrane insertion, and, in accordance with the phosphorylation
results, BDNF did not enhance GluA1 membrane insertion at 1.0
μM dopamine (Fig. S7 C and D). Application of BDNF alone was

BDNF
DA 0.1 M - + - - + DA 1 .0 M - - + - - +
P-GluA1
S845

A

GluA1
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models of dopamine signaling have highlighted the importance of
a positive feedback loop between PKA, PP1, and DARPP-32/I1 on
AMPAR trafﬁcking (18, 20). In this study, we propose a unique
regulatory motif involving ERK-mediated regulation of PDE4,
resulting in an increase in the activation of PKA and its downstream effectors. The inclusion of ERK-mediated regulation of
PDE4 leads to a feedback (PKA–ERK–PDE4) motif nested within
an inhibitory feedback loop (PKA–PDE4–cAMP) (Fig. 2A). The
net balance of PKA and ERK activity on PDE4 determines cAMP
and PKA levels. PKA activity induces ERK activation but also
depends on the status of ERK activation over time. When the
PKA–ERK–PDE4 feedback loop is disrupted, as when ERK is
inhibited, ERK regulation of PDE4 activity is lost. Consequently,
the PKA–PDE4–cAMP motif acts as a simple negative feedback
loop to self-dampen cAMP levels and PKA output (Fig. 2A).
The predicted effects of abolishing ERK activity or PDE4 activity
on downstream effectors, such as cAMP levels, PKA phosphorylation, and membrane insertion of GluA1 are shown in Fig. 2B and
Fig. S6 A and B. Inhibiting ERK leads to decreases in cAMP levels,
a decrease in GluA1 phosphorylation, and an ultimate decrease in
GluA1 membrane insertion (Fig. 2B and Fig. S6 A and B). DARPP32, an inhibitor of PP1, is another PKA target that is essential in the
regulation of GluA1 dynamics. The model predicted that ERK
inhibition would decrease PKA-mediated phosphorylation of
DARPP-32 and thus reduce inhibition of PP1 by DARPP-32
(Fig. S6 A and B). BDNF, a known ERK-activating neuro-

C

150

0

10
20
Time (min)

30

DA 0.1 M + BDNF
DA 0.1 M

100
50
0

0

10
20
Time (min)

30

Fig. 3. BDNF enhances dopamine–GluA1 phosphorylation and membrane
insertion. (A) BDNF increases dopamine–GluA1 phosphorylation. BDNF was
followed by 0.1 or 1.0 μM dopamine for 30 min. Cellular lysates were
immunoblotted for phospho-GluA1 Ser-845, GluA1, phospho-ERK, and
GAPDH. (B) Comparison of experimental BDNF enhancement of dopamineinduced GluA1 phosphorylation (exp) and simulation (sim) results after 30
min of 0.1-μM dopamine stimulation. *P = 0.0428 (t test; n = 5). (C) BDNF
increases 0.1-μM dopamine–GluA1 membrane insertion. A concentration of
0.1 μM dopamine (gray) or 0.1 μM dopamine and BDNF (black) were added.
*P = 0.0007 (repeated-measures ANOVA Bonferroni post hoc; n = 9). (D)
Simulated time course of 0.1-μM dopamine-induced GluA1 membrane insertion (gray) or 0.1 μM dopamine and BDNF (black) stimulation.
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trophin, has been implicated in synaptic plasticity. The model
predicted that upon 0.1-μM dopamine treatment, BDNF would
enhance both GluA1 phosphorylation and membrane insertion
(Fig. 2B and Fig. S6 C and D). Inhibition of PDE4 enhanced
cAMP levels, GluA1 phosphorylation, and membrane insertion
at 0.1 μM dopamine (Fig. 2B and Fig. S6 E and F).
Although the inﬂuence of ERK-mediated inhibition of PDE4 on
GluA1 trafﬁcking was difﬁcult to predict a priori, our computer
simulations led to speciﬁc, mechanistic, testable hypotheses.
Based on the simulations, we guided our experimental questions.
If ERK-mediated inhibition of PDE4 is involved in dopamineinduced GluA1 trafﬁcking, then: (i) BDNF should enhance 0.1-μM
dopamine-mediated GluA1 phosphorylation as well as membrane
insertion; also, inhibition of ERK should decrease phosphorylation of other PKA targets such as DARPP-32; (ii) dopamine
should induce the ERK-phosphorylation of PDE4, and thus ERK
inhibition should decrease cAMP levels; and, ﬁnally, (iii) inhibition of PDE4 should increase GluA1 phosphorylation and
membrane insertion by increasing cAMP levels.
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Fig. 4. Inhibition of ERK decreases PKA phosphorylation of DARPP-32. (A)
U0126 decreases dopamine-induced PKA phosphorylation of DARPP-32.
Neurons were treated with or without U0126 followed by varying concentrations of dopamine for 30 min. Cellular lysates were immunoblotted for
phospho–DARPP-32 Thr-34, phospho-GluA1 Ser-845, or phospho-ERK or
β-tubulin. (B) Comparison of densitometry of U0126-mediated loss of dopamine-induced DARPP-32 phosphorylation (exp) and simulation (sim)
results after 30 min of 0.1-μM (Left) and 1.0-μM (Right) dopamine stimulation. **P = 0.0051; *P = 0.0370 (t test; n = 9 for each concentration).

not able to enhance GluA1 membrane insertion (Fig. S7E). We
concluded that ERK activity is solely responsible for the BDNF
effect because inhibition of ERK abolishes the BDNF increase
(Fig. S7F). The model also predicted that other PKA targets such
as DARPP-32 should be regulated by ERK (Fig. S6 A and B).
Indeed, we found that, upon ERK inhibition, PKA-mediated
phosphorylation of DARPP-32 at Thr-34 decreased signiﬁcantly
at both dopamine concentrations tested (Fig. 4 A and B).
Dopamine Induces ERK Phosphorylation of PDE4, and ERK Activity
Increases cAMP. We next explored the dopamine-induced phos-

phorylation of PDE4 by ERK. PDE4 is phosphorylated and inhibited by growth-factor-activated ERK (10). We tested whether
dopamine is able to induce the ERK-dependent phosphorylation
of PDE4B or PDE4D and thus control cAMP levels. After dopamine treatment, PDE4B or PDE4D was immunoprecipitated
and blotted by using a pan phospho-Ser/Thr ERK substrate antibody that recognizes any ERK-phosphorylated substrate. Dopamine treatment induced the ERK phosphorylation of PDE4B
and PDE4D (Fig. 5A), which demonstrates the direct regulation
of PDE4 activity by dopamine-activated ERK. A representative
blot is found in Fig. S8A. We also tested whether ERK inhibition
decreases cAMP levels in response to dopamine using the cAMP
FRET reporter ICUE3 (27). Dopamine induced a dose-dependent

increase in cAMP (Fig. S8B). Inhibiting ERK decreased dopamineinduced cAMP levels (Fig. 5B), and this deﬁcit was reversed by
adding the PDE4 inhibitor rolipram (Fig. 5C). Together these
data conﬁrm that activation of ERK by dopamine leads to inhibition of PDE4 and increases levels of cAMP.
PDE4 Modulates Dopamine-Induced GluA1 Phosphorylation and
Membrane Insertion. The simulations predicted, following abla-

tion of PDE4, an increase in the phosphorylation of GluA1 at
0.1 μM dopamine (Fig. 2B). Inhibition of PDE4 enhanced 0.1-μM
dopamine-induced cAMP levels and GluA1 phosphorylation
(Fig. S8C and Fig. 5 D and E). As predicted, PDE4 inhibition
enhanced both 0.1-μM dopamine-induced and D1R agonistinduced GluA1 membrane insertion (Fig. 5 F and G and Fig.
S9A). There was no signiﬁcant effect on GluA1 membrane
insertion at the higher dopamine concentration upon cotreatment with rolipram (Fig. S9B), despite the increase in phosphorylation of GluA1 (Fig. S9C). This result suggests that at high
dopamine concentration, GluA1 membrane insertion is saturated.
Inhibiting PDE4 alone had minimal effect on GluA1 membrane
insertion (Fig. S9D). Rolipram and dopamine cotreatment
rescued the ERK inhibition-induced deﬁcit in GluA1 membrane
insertion (Fig. 5H). This ﬁnding is further supported by the
observation that addition of adenosine 3′,5′-cyclic monophosphorothioate, Sp isomer (Sp-cAMPS), a nonhydrolysable analog
of cAMP and activator of PKA, also partially reversed the ERK
inhibition deﬁcit in 0.1-μM dopamine–GluA1 membrane insertion
(Fig. S9E). This result suggests that when there is a lack of ERK
activity, higher cAMP levels can counteract overactive PDE4.
ERK Regulation of PDE4 Affects PKA/PP1 Balance of GluA1 Membrane
Insertion. We hypothesized a central role for PDE4 and its regu-

lation by ERK in GluA1 phosphorylation and trafﬁcking dynamics. Both model and experiments suggest that ERK regulation of
PDE4 is essential for GluA1 membrane insertion at 0.1 μM dopamine. However, at higher dopamine concentrations, BDNF and
PDE4 inhibition do not enhance GluA1 membrane insertion. We
examined the model to understand this dichotomy. Simulation
of 0.1 μM dopamine showed that the majority of PDE4 is in the
ERK-phosphorylated (PDE4–ERK) or the double-phosphorylated
(PDE4–ERK–PKA) form, with the PKA-phosphorylated form
(PDE4–PKA) representing only 15.6% of total PDE4 levels
(Fig. 6A). Inhibiting ERK shifted the distribution of each
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were immunoblotted for phospho-GluA1 Ser-845 and GAPDH (loading control). (E) Rolipram enhances 0.1-μM dopamine-induced GluA1 phosphorylation.
Comparison of experimental rolipram effect on 0.1-μM dopamine-induced GluA1 phosphorylation (exp) and simulation (sim) results is shown. *P = 0.0172
(t test; n = 5). (F) PDE4 inhibition increases 0.1-μM dopamine–GluA1 membrane insertion. A concentration of 0.1 μM dopamine (black) or 0.1 μM dopamine
plus 10 μM rolipram (gray) was added. *P = 0.006 (repeated-measures ANOVA Bonferroni post hoc; n = 4–11). (G) Simulated rolipram enhancement of 0.1-μM
dopamine-induced GluA1 membrane insertion. (H) Rolipram recovers U0126 effect on dopamine–GluA1 membrane insertion. A concentration of 0.1 μM dopamine,
10 μM rolipram, and 10 μM U0126 (gray) was added. A 0.1-μM dopamine–GluA1 membrane insertion experiment (black) from Fig. 1A and 0.1 μM dopamine
with U0126–GluA1 membrane insertion experiment (red) from Fig. 1B are replotted along with Sp-cAMPS results (repeated-measures ANOVA Bonferroni post
hoc; P = 0.0047; n = 13).
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Fig. 6. Model predicts that ERK regulates GluA1 phosphorylation and
membrane insertion by modulating PKA/PP1 activity ratio. (A) Simulation
results showing distribution of four different PDE4 states at 30 min after
treatments of 0.1 μM dopamine, 0.1 μM dopamine and U0126, or 0.1 μM
dopamine and BDNF. Nonphosphorylated PDE4 percentage (white), PKAphosphorylated PDE4 percentage (black), ERK-phosphorylated PDE4 percentage (light gray), and ERK/PKA double-phosphorylated PDE4 percentage
(dark gray) are shown. (B) Simulation results showing percent of total activities of AC, PDE4, and PKA at 30 min after treatments of 0.1 μM dopamine, 0.1 μM dopamine and U0126, or 0.1 μM dopamine and BDNF.
Active AC percentage (black), PDE4 activity percentage (gray), and PKA
activity percentage (white) are shown. (C ) Model topology depicting
uncoupled ERK. (D) Simulation of dopamine-induced active PKA (Left), active PP1 (Center), and GluA1 membrane insertion (Right) against varying concentrations of active ERK and dopamine. All values were scaled to
maximum values obtained with 1.0 μM dopamine after 30 min color-coded
to represent low (blue) and high (red) concentrations. Arrows indicate
concentration of active ERK concentrations when ERK is inhibited (U0126
treatment) or BDNF is added. The box represents basal to dopamine-activated concentrations of active ERK. (E) Simulation results of the ratio of
active PKA and PP1 at 30 min after treatments of 0.1 μM dopamine alone or
with U0126 or BDNF.
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activity and output, beyond what is seen with dopamine treatment alone (black box, Fig. 6D). At 1 μM dopamine, increasing
ERK activation beyond levels that occur with dopamine treatment alone does not further enhance PKA activation or output (Fig. 6D, black arrow). Results show that at 0.1 μM dopamine, inhibiting ERK decreases the ratio of active PKA to active
PP1 ([PKA]/[PP1]), promoting the dephosphorylation of GluA1.
Upon BDNF cotreatment, the balance between PKA and PP1
changes, and PKA phosphorylation is promoted (Fig. 6E). At
1.0 μM dopamine, the BDNF effect on [PKA]/[PP1] is negligible
(Fig. S10B).
Discussion
Existing models of GluA1 membrane trafﬁcking do not account
for experimental observations that ERK plays a key role in this
process. ERK activity is required for AMPAR insertion because
its inhibition prevents GluA1-mediated insertion in response to
glutamate or dopamine stimulation (8, 21). Several studies have
reported the essential contribution of ERK to synaptic plasticity.
For example, the use of speciﬁc ERK inhibitors or the expression
of dominant negative Ras occludes hippocampal long-term potentiation, a form of synaptic plasticity, and impairs learning and
memory (7, 28–30). However, the ERK substrates that mediate
synaptic plasticity events are still unknown.
Here we identify PDE4 as a key ERK substrate in GluA1
membrane insertion. We developed a dynamical computational
model to examine our central hypothesis that dopamine-activated ERK inhibits PDE4, which results in increased cAMP/
PKA levels and enhanced GluA1 phosphorylation at S845 and
membrane insertion. We show that the ERK–PDE4 loop enhances dopamine-induced PKA output by preventing the PKA–
PDE4 negative feedback loop from decreasing cAMP/PKA levels (Fig. 2A). When the ERK–PDE4 feedback loop is abolished,
as in our U0126 cotreatment experiments, the PKA–PDE4
negative feedback loop maintains low PKA activity.
Several lines of evidence support our conclusion that ERKmediated regulation of GluA1 membrane insertion occurs via
PDE4 inhibition. First, ERK inhibition results in a decrease in
phosphorylation of GluA1 by PKA (Fig. 1C). The U0126-mediated
deﬁcit in GluA1 membrane insertion is rescued by increasing
cAMP via Sp-cAMPS or rolipram treatment (Fig. 5H and Fig.
S9E). We also show that ERK inhibition decreases dopamineinduced cAMP levels (Fig. 5B), and this decrease is rescued by
rolipram treatment (Fig. 5C). We demonstrate that BDNF, an
activator of ERK, can enhance GluA1 phosphorylation and
membrane insertion (Fig. 3 B and C). Finally, we show that ERKmediated signaling leading to phosphorylation and that inactivation
of PDE4 enhances GluA1 membrane insertion (Fig. 5A).
The ERK–PDE4 motif could signal in other receptor systems
that induce the simultaneous activation of PKA and ERK, such as
the beta-adrenergic receptor in the hippocampus (28, 31). This
motif could also be a potential point of integration for Gs-coupled receptors and ERK activating agents such as growth factors,
chemokines, and cytokines in many tissues and cell types. This
type of integration could regulate PKA and potentially EPAC1–
Rap1 output and thus play a role in a number of processes such as
cytoskeletal reorganization, secretion, and metabolic control.
Phosphodiesterases, the main modulators of cellular cAMP
levels, are key players in AMPAR trafﬁcking, given the essential
role of PKA-mediated phosphorylation of GluA1 in the membrane insertion of AMPARs. Here, we identiﬁed PDE4 as a
regulator of GluA1 phosphorylation and membrane insertion.
The PDE4 family is encoded by four genes—designated as
PDE4A, PDE4B, PDE4C, and PDE4D—and each gene is expressed as multiple isoforms that are all sensitive to rolipram
inhibition (32). However, only the PDE4B, PDE4C, and PDE4D
isoforms are phosphorylated and regulated by ERK. We have yet
to identify all of the PDE4 isoforms involved in dopamine-induced
GluA1 trafﬁcking, but based on our immunoprecipitation data,
the long isoforms of PDE4B and PDE4D appear to be implicated
because they are ERK phosphorylated following ERK signaling
PNAS Early Edition | 5 of 6
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phosphorylated PDE4 species such that PDE4–PKA is the predominant form of PDE4 (Fig. 6A) and resulted in a threefold
increase in total PDE4 activity (Fig. 6B). The topology of the
PKA–ERK–PDE4 loop provides a point of integration in
allowing other extracellular signals, such as the BDNF, to signal
through ERK and enhance PKA output independently of cAMP.
In the simulations, BDNF treatment increased the ratio of both
PDE4–ERK and PDE4–ERK–PKA to PDE4–PKA and PDE4
(Fig. 6A) and led to a decrease in total PDE4 activity (Fig. 6B).
Similar effects are seen with simulated dopamine treatment at
1.0 μM (Fig. S10A). Because PKA activity also depends on the
amount of active adenylyl cyclase, and that changes in a dopaminedependent manner, we plotted the proportions of active AC and
total PDE4 activity along with the proportion of active PKA
values obtained at steady state. BDNF increased the ratio of AC
to PDE activity and led to increases in PKA at 0.1 μM dopamine
(Fig. 6B), but the effect was lost at higher dopamine concentrations, suggesting that PKA reaches maximum activation despite further increases in cAMP levels (Fig. S10A). This effect is
further illustrated in Fig. 6 C and D, where we modulated levels
of active ERK by uncoupling it from its upstream activators (Fig.
6C). We plotted the resulting steady-state levels of active PKA
and its downstream output, namely, active PP1 and membrane
GluA1 levels in response to different dopamine concentrations.
At 0.1 μM dopamine, modulation of active ERK by reducing it
to levels comparable with U0126 treatment or increasing it to
levels seen with BDNF treatment has a drastic effect on PKA

in a dopamine-dependent manner (Fig. 5A). Agents that increase
AMPAR membrane insertion, such as rolipram, can potentially enhance synaptic strength and contribute to synaptic
plasticity. Indeed, rolipram treatment facilitates long-term potentiation and memory formation (33). PDE4D knockout animals
also show enhanced memory in spatial tasks (34). Furthermore,
rolipram is able to rescue memory deﬁcits induced by ERK inhibition (35).
Although our data show a clear role for PDE4 in GluA1 phosphorylation and membrane insertion, it is likely that there are
other PDE families that have yet to be implicated in the regulation of GluA1 S845 phosphorylation and AMPAR trafﬁcking.
An additional player may be PDE10, which also regulates GluA1
S845 phosphorylation in vivo (36); however, the effect of PDE10
inhibition on AMPAR membrane insertion has yet to be explored.
Our data suggest that PDE4 is not the only ERK substrate that
modulates AMPAR trafﬁcking. Sp-cAMPS cotreatment is only
able to partially rescue the deﬁciency caused ERK inhibition,
suggesting that non-PKA events may also be at play in the ERK
regulation of AMPAR trafﬁcking. BDNF and rolipram enhance
0.1-μM dopamine-mediated GluA1 insertion, but fail to increase
1.0-μM dopamine-mediated GluA1 insertion. Surprisingly, rolipram
enhances the phosphorylation of S845 at both dopamine concentrations. The nature of this discrepancy remains unknown.
We show that ERK promotes the phosphorylation of Thr-34
on DARPP-32 by PKA. Previous studies have demonstrated a
positive role for ERK activity in the metabotropic glutamate mGlu5
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