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Arrestin-dependent nuclear export of phosphodiesterase 4D
promotes GPCR-induced nuclear cAMP signaling required for
learning and memory
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4Department of Pharmacology, University of California at San Diego, San Diego, CA, 92093, USA

Abstract

GPCRs promote the expression of immediate early genes required for learning and memory.
Here, we showed that B,-adrenergic receptor (B2AR) stimulation induced the nuclear export of
phosphodiesterase 4D5 (PDE4D5), an enzyme that degrades the second messenger cAMP, to
enable memory consolidation. We demonstrated that the endocytosis of B2AR phosphorylated
by GPCR kinases (GRKs) mediated arrestin3-dependent nuclear export of PDE4D5, which was
critical for promoting nuclear cAMP signaling and gene expression in hippocampal neurons for
memory consolidation. Inhibition of the arrestin3-PDE4D5 association prevented f,AR-induced
nuclear cAMP signaling without affecting receptor endocytosis. Direct PDE4 inhibition rescued
B2AR-induced nuclear cAMP signaling and ameliorated memory deficits in mice expressing

a form of the B,AR that could not be phosphorylated by GRKSs. These data reveal how

B2AR phosphorylated by endosomal GRK promotes the nuclear export of PDE4D5, leading to
nuclear cAMP signaling, changes in gene expression, and memory consolidation. This study also
highlights the translocation of PDEs as a mechanism to promote cAMP signaling in specific
subcellular locations downstream of GPCR activation.
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Introduction

Cyclic adenosine monophosphate (CAMP) is an essential secondary messenger for
neurohormonal actions in mammalian cells (1). Spatiotemporal regulation of cAMP signals
targets specific substrates during different cellular responses. For example, when GPCRs are
activated, they can increase ion channel activity at the plasma membrane (PM) and increase
nuclear cAMP signaling to promote gene expression for tissue remodeling and adaptation.
The B2AR is important for hippocampal learning and memory and can transduce nuclear
cAMP signals (2-6). In hippocampal neurons, nuclear cAMP can promote CAMP-response
element-binding protein (CREB)-dependent immediate early gene (IEG) expression (7),
which is considered the molecular basis of hippocampal long-term potentiation, learning,
and memory consolidation (8, 9). However, the mechanism by which receptor stimulation
leads to cAMP signaling in different cellular compartments, such as the nucleus, remains
unclear.

Agonist stimulation of the B2AR promotes phosphorylation of the receptor at different sites
by G-protein receptor kinase (GRK) and protein kinase A (PKA) (10), creating two distinct
subpopulations with different signaling pathways (11-13). The GRK-phosphorylated
subpopulation of B2ARs is essential for receptor endocytosis in fibroblasts and hippocampal
neurons (14, 15). Additionally, the endocytosis of B2AR is necessary for agonist-induced
expression of genes (16-21). On the other hand, phosphodiesterases (PDES) are a family

of enzymes that play a crucial role in refining the spatiotemporal dynamics of local cAMP
signaling by hydrolyzing cyclic nucleotides at different subcellular organelles and structures.
Phosphodiesterase 4D (PDE4D) isoforms are closely linked to B,AR functionally and
physically and are essential for the subcellular cAMP signaling induced by B,AR (22-26).
When B,AR is stimulated, arrestins can recruit PDE4D to the receptor (26). However, the
recruitment of arrestin to the receptor is abolished if the GRK phosphorylation sites of
B2AR are mutated (15). Moreover, inhibiting GRK2 prevents PDE4D interaction with foAR
(27). The dynamic association of PDE4D with the activated BoAR may cause PDE4D to
redistribute inside a cell, which, in turn, creates CAMP microdomains and gradients of
CAMP (24, 28-32). This may facilitate the propagation of cAMP signals into the nucleus to
promote gene expression.

In this study, we identified the PDE4D family member PDE4D?5 as being enriched in the
nucleus of cortical and hippocampal neurons. We demonstrated that stimulation of GPCRs,
such as that of BoAR, could lead to the trafficking of PDE4D5 out of the nucleus. This
process was inhibited in neurons expressing GRKA-B,AR, a mutant receptor that could

not be phosphorylated by GRK, which impaired nuclear CAMP signaling, IEG expression,
and memory consolidation in mice. However, inhibition of PDE4 rescued nuclear signaling
in GRKA neurons, thereby ameliorating the memory deficiency in mice expressing GRKA-
B2AR. Our findings suggest a potential mechanism in which GRK-phosphorylated g,AR
sequesters nuclear PDE4D5, indirectly promoting nuclear cAMP signaling and gene
expression.

Sci Signal. Author manuscript; available in PMC 2023 August 05.
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A subpopulation of GRK-phosphorylated B,AR promotes agonist-induced nuclear cAMP
sighaling and immediate early gene expression.

Stimulation with the B-agonist isoproterenol (ISO) promoted GRK phosphorylation of both
Ser3%5 and Ser3%6 in a subpopulation of B,AR, which underwent endocytosis and displayed
an intracellular distribution in primary hippocampal neurons (Figure 1A), consistent with
our previous report (14). Another subpopulation of B2AR phosphorylated by PKA at

both Ser261 and Ser262 remained at the plasma membrane (PM). We sought to explore

the functional consequences of differentially phosphorylated B,AR subpopulations by
examining subcellular cAMP dynamics assessed with the FRET-based cAMP biosensor
ICUES targeted to the plasma membrane (PM-ICUE3) or the nucleus (NLS-ICUE3) (Figure
1B). First, we determined the effects of pharmacological inhibition of GRKs or PKA on
subcellular cAMP dynamics. Neurons from pB1/B2AR double knockout (DKO) mice were
co-transfected with cAMP ICUE3 biosensors and wild-type (WT) B2ARs to isolate receptor
action. Inhibition of GRKs with paroxetine, but not inhibition of PKA with H89, attenuated
nuclear cAMP signaling but leaving the cCAMP signal at the PM intact (Figure 1C - 1G).
Inhibition of GRKSs also attenuated the expression of IEGs such as ¢cFOS, FOSB, RHOB,
and OL/G2 (figure S1A — S1D). Paroxetine is also a selective serotonin reuptake inhibitor
(SSRI). Fluoxetine, a structurally similar SSRI that does not inhibit GRKSs, did not affect the
ISO-induced cAMP signal or IEG expression (Figure 1D — 1G and figures S1A — S1D).

To independently verify these observations, neurons from p1/p>AR DKO mice were
transfected with WT-p,AR or mutant f,AR with point mutations at both GRK
phosphorylation sites (S355/356A) or both PKA phosphorylation sites (S261/262A).
Utilizing a B>AR active conformation-specific and Gag mimetic nanobody 80 (Nb80) (33),
we showed similar increases in the binding of WT and mutant p,ARs after stimulation
with ISO (figure S1E and S1F). Thus, these point mutations did not prevent p,AR from
achieving an active conformational state and engaging G protein binding to promote cAMP
generation. BoAR stimulation generated equivalent cAMP signals at the PM in DKO neurons
expressing WT, GRKA, or PKAA B,AR (Figure 1H — 1J). Deletion of the GRK but not of
the PKA phosphorylation sites attenuated B,AR stimulation-induced nuclear cAMP signal
(Figure 1H, 1K, and 1L). In agreement, deletion of the GRK but not PKA phosphorylation
sites of BoAR reduced BoAR stimulation-mediated expression of IEGs, suggesting that
phosphorylation of B,AR by GRK was necessary to promote nuclear CAMP signaling and
subsequent gene expression (figure S1G — S1J). Additionally, pretreatment of WT B,AR-
expressing neurons with the endocytosis inhibitor Dyngo4A attenuated cAMP signal in the
nucleus but not at the PM (figure S1K and S1L). Moreover, IEG expression in hippocampal
neurons was inhibited by nuclear but not cytosolic expression of the protein PKA inhibitor
PKI (Figure S1M and S1N). Together, these data indicate that the BoAR-mediated nuclear
cAMP signal requires GRK-mediated phosphorylation at Ser35%/3%6 in B,AR and receptor
endocytosis and that the nuclear CAMP signal affects IEG expression by activating nuclear
PKA.

Sci Signal. Author manuscript; available in PMC 2023 August 05.
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GRK-mediated phosphorylation of B2AR is necessary for agonist-induced nuclear export

of PDE4DS.

Intracellular cAMP microdomains are established in part by various isoforms of
phosphodiesterase (PDE), including PDE4D isoforms associated with oAR (24-26, 30),

to prevent the nonspecific activation of downstream substrates. We tested whether GRK-
phosphorylated p,ARs mobilized the distribution of PDE4D isoforms to facilitate the
nuclear cAMP signal. In WT primary hippocampal neurons, PDE4D5 was enriched in the
nucleus, whereas PDE4D8 and PDE4D9 were mainly distributed in the cytoplasm. (Figure
2A and 2B). In contrast, PDE4B also displayed a cytoplasmic distribution, consistent with a
previous report showing a function of PDE4B at the PM (22) (Figure 2A). The specificity of
the PDE4DS5 antibody was validated using PDE4D knockout and WT MEFs (figure S2A).

We then focused on the effects of BoAR stimulation on the distribution of PDE4D5. We
found that stimulation with 1SO caused the nuclear export of PDE4D5 into the cytoplasm

in WT hippocampal neurons (Figure 2C — 2E). We also examined neurons from GRKA
knock-in mice, which endogenously express the p,AR with an S355/356A mutation

(figure S2B). The hippocampi from GRKA and WT mice had similar morphology, total
abundance of B>AR and PDE4, and cAMP levels (figure S2C — S2H). There was differential
expression of specific PDE4 isoforms in WT compared to GRKA hippocampi (figure S2I
and S2J). We observed that PDE4D5 was enriched in the nucleus in GRKA hippocampal
neurons and remained in this subcellular compartment after stimulation with ISO (Figure
2C - 2E). Moreover, the nuclear export of PDE4D5 was independently confirmed with
immunoblotting of nuclear fractions from mouse brain slices lysed after clenbuterol-induced
B2AR stimulation. WT but not GRKA slices showed a decrease in PDE4D5 in the

nuclear fraction after clenbuterol stimulation (figure S3A). These data indicate that the
phosphorylation of B,AR at the GRK site is necessary for PDE4D5 trafficking out of the
nucleus.

We further assessed whether PDE4DS5 trafficking was induced by the stimulation of other
GPCR in WT neurons. Although stimulation with 1SO promoted robust nuclear export

of PDE4D5, other Gas-PCR agonists such as dopamine, cGRP, and urocortin did not

elicit complete movement of PDE4D out of the nucleus but caused a change in PDE4D5
distribution around the nuclear envelope (figure S3B and S3C). In comparison, some Gaq-
PCR agonists did not elicit the nuclear export of PDE4DS5 (figure S3C). Moreover, whereas
stimulation with 1ISO caused robust increases in IEG expression, dopamine elicited only
small increases in IEG expression, and cGRP and PGEL1 did not affect IEG expression
(figure S3D).

The nuclear export of PDE4 plays a critical role in B2AR endocytosis-dependent nuclear
CAMP signaling.

Aurrestins bind to GRK-phosphorylated p,AR (34) and recruit PDE4D to activated receptors
to attenuate CAMP signaling. We utilized a membrane-permeant peptide derived from
arrestin-3, Pep-arr3, to inhibit arrestin-PDE4 binding. Pep-arr3, but not a mutant control
peptide with multiple charged amino acids replaced by alanine, prevented agonist-induced
PDE4DS5 association with activated p,AR (Figure 3A and 3B). Pep-arr3 but not the control

Sci Signal. Author manuscript; available in PMC 2023 August 05.
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peptide, also blocked 1SO-induced nuclear export of PDE4D5 in WT hippocampal neurons
(Figure 3C and 3D). Consequently, Pep-arr3 but not the control peptide, attenuated p,AR-
mediated nuclear cAMP signaling in WT neurons (Figure 3E — 3G). Pep-arr3 did not
prevent endocytosis of B,AR induced by ISO stimulation (figure S4A). We also utilized
barbadin, an arrestin3-AP2 interaction inhibitor, which allows the formation of the arrestin-
GRK-B2AR complex but prevents arrestin and clathrin-dependent receptor endocytosis (35).
Barbadin prevented the endocytosis of BoAR, nuclear export of PDE4D5, and nuclear
CAMP production upon B,AR stimulation (figure S4A and Figure 3H and 31). Further,

the application of various endocytosis inhibitors blocked nuclear cAMP signals induced by
B2AR in WT neurons (Figure 3J and 3K, figure S4B and S4C). Together, these data support
that GRK phosphorylation and receptor endocytosis are necessary for poAR-induced and
arrestin-mediated nuclear export of PDE4D5, which is critical for cAMP signal propagation
to the nucleus.

Loss of the GRK phosphorylation sites in B>AR causes deficits in gene expression and
memory retention in a Morris water maze paradigm.

We further assessed the functional consequences of the loss of GRK phosphorylation of
B2AR (GRKA mice) in spatial learning and memory using a Morris water maze paradigm
(Figure 4A and figure S5A). WT and GRKA mice learned the maze task with similar

path efficiency to the platform (Figure 4B). Although GRKA mice swam slower than WT
mice (figure S5B), WT and GRKA mice swam similar distances to the escape platform as
indicated by the corrected integrated path length (CIPL, Figure 4C and 4D). These metrics,
which are independent of swim speed, indicated that WT and GRKA mice learned the maze
task despite the differences in latency (time) to escape the platform between groups (figure
S5C). There were no differences during maze training in thigmotaxic behavior between mice
groups indicating similar stress/anxiety responses during training (Figure 4E). In the probe
trial at 24hr after the last training trial, GRKA mice spent less time in the target quadrant
with the previous escape platforms than WT mice (Figure 4F and figure S5D, S5I, and S5J).
WT mice also found the location of the escape platform more quickly and had a shorter
CIPL than GRKA mice, whereas GRKA mice spent more time in the start quadrant (Figure
4G and figure S5D, S5E, S51, and S5J). There were no differences in the times spent in

the thigmotaxic zone, swim speeds, or path efficiencies during the probe trial (figure S5F —
S5H). These data suggest that GRKA mice have a deficit in remembering the location of the
escape platform during the probe trial.

Binned heat maps of probe trial performance indicated that WT mice displayed quick and
precise movement to the target quadrant and perseverated near the vicinity of the target
(figure S51 and S5J). Conversely, GRKA mice were slow to reach the target quadrant and
spent relatively little time in the target area (Figure 4G). GRKA mice also showed greater
initial heading error than WT mice (figure S5K). These data indicate GRKA mice have
poorer memory of the platform location. We also used a working-memory variant of the
Morris water maze (WM-MWM), in which the platform location and start location change
daily (figure S6A). Thus, the WM-MWM teaches mice to find the platform day to day, but
the memory of the previous platform location does not help performance. Over the six days
of training, GRKA and WT mice had similar trial-to-trial performances in the WM-MWM
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(Figure 4H and 41, and figure S6B — S6E). Together, these data suggest that GRKA mice
have intact working memory but impaired long-term memory retention.

We next examined IEG expression because IEG expression may be impaired in GRKA mice
lacking endocytosis following B>AR stimulation (16). WT and GRKA hippocampi were
harvested 1-hour after MWM training ended on day 5 (Figure 5A and figure S7TA — S7F).
MWAM training increased cFOSand FOSB expression in WT mice but not in GRKA mice
(Figure 5B and 5C). RHOB and OL /G2 expression was not changed with MWM training
(figure S7G and S7H). In comparison, in response to acute stress induced by a forced swim
test (FST), both GRKA and WT mice showed increased ¢FOS and FOSB expression (Figure
5D - 5F) and no differences in acute anxiety responses (Figure 5G), suggesting acute
stress-mediated transcriptional regulation of IEGs was not affected by GRK phosphorylation
of B2AR. We also assessed the general activity and anxiety responses of GRKA and WT
mice in an elevated plus maze (EPM) and an open field activity assay. The EPM takes
advantage of instinctual predation avoidance behaviors in mice. GRKA mice spent more
time in the open arms of the EPM than WT mice (figure S8A) but did not show differences
in activity in the EPM (figure S8B and S8C). WT and GRKA mice showed no differences in
general activity in the open field test (figure S8D and S8E). Together, these data indicate no
differences between WT and GRKA mice in the general activity and acute response to stress
but an inverse anxiety response in GRKA mice relative to WT controls.

We further examined subcellular cAMP dynamics in WT and GRKA neurons. We observed
a loss of nuclear cAMP signal in GRKA neurons preincubated with the p;AR inhibitor
CGP20712a (CGP) before B2AR stimulation with 1SO (Figure 5H — 5K). CGP did not
affect 1ISO-induced cAMP signal on the PM in WT and GRKA neurons (Figure 5L — 50).
In contrast, selective activation of B1AR with ISO in the presence of the B2AR inhibitor
IC1118551 induced similar cCAMP levels between WT and GRKA neurons (figure S8F

— S8l). In the absence of inhibitors, GRKA and WT neurons showed similar PM and
nuclear cAMP signaling in response to BAR stimulation (Figure 5H — 50). Together,
these data suggest that GRK-mediated phosphorylation of B,AR is necessary for nuclear
cAMP signaling and that loss of this phosphorylation impairs nuclear cAMP signaling and
learning-mediated IEG expression, leading to memory consolidation deficits.

PDE4 inhibition rescues behavioral performance in mice expressing p2AR lacking the GRK
phosphorylation sites.

We further tested whether inhibition of PDE4 could rescue nuclear cAMP signaling

in GRKA mice lacking the GRK-phosphorylated f2AR subpopulation. We found that
inhibition of PDE4 but not of PDE3 rescued nuclear CAMP signaling in GRKA hippocampal
neurons and modestly increased nuclear cAMP signaling in WT neurons (Figure 6A —

6C and figure SOA and S9B). We then examined if inhibition of PDE4 rescued memory
retention in the MWM in GRKA mice. GRKA mice were given the PDE4 inhibitor
roflumilast or vehicle control 1 hour before or 3 hours after MWM testing (figure S9C). All
groups were able to learn the maze task (Figure 6D — 61), although there were differences in
swim speed between groups during maze learning. All groups had similar probe trial escape
latencies, path efficiency, CIPL, thigmotaxis, and swim speeds (Figure 6J and figure S9D —

Sci Signal. Author manuscript; available in PMC 2023 August 05.
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S9G). However, the roflumilast pretreatment group spent more time in the target quadrant
than the other two groups in the probe trial (Figure 6K and figure S9H). Binned heatmaps
from the probe trial suggested that the roflumilast pretreatment group rapidly approached the
target quadrant and spent more time near the target than vehicle-treated mice (figure S9H).
In comparison, mice treated with roflumilast after MWM training followed a pattern similar
to the vehicle group with a similar initial heading error during the probe trial (figure 9l).
These data suggest a partial rescue of memory retention with roflumilast pretreatment and
highlight the essential role of PDE4D5 nuclear export in promoting nuclear cAMP signal
and learning and memory (Figure 6L).

Discussion

Activation of Gag/oi-coupled GPCRs induces cAMP at different subcellular locations

to promote distinct cellular actions. In the nucleus, cCAMP activates PKA- and CREB-
dependent transcription of IEGs such as ¢cFOSand FOSB to promote long-term potentiation
and long-term memory formation (8, 9). The mechanism by which GPCR-induced cAMP
signaling remains localized at the PM versus the nucleus remains incompletely understood.
Endosomal GPCRs are postulated to deliver cCAMP to the nucleus, promoting gene
expression in physiology and disease (36). Conversely, PDEs have a critical role in
regulating subcellular GPCR signaling by preventing the free diffusion of cAMP through
hydrolysis (24, 28-32). Our data provide further evidence to support a potential mechanism
in which endosomal B,AR-dependent export of the nuclear-localized PDE4DS5 is a critical
step in promoting the accumulation of the nuclear cAMP signal and IEG expression in
memory and learning processes. This mechanism is integral to the regulation of GPCR-
induced nuclear signaling and consequently the formation of memory and learning.

Agonist stimulation promotes the trafficking of a subpopulation of GRK-phosphorylated
B2AR to endosomes in hippocampal neurons (14). The endocytosis of this BoAR
subpopulation is mediated by arrestin3 binding to >AR, which is blocked when the

GRK phosphorylation sites of the receptor are mutated (15). In the resting state, foAR
binds to PDE4D8 and PDE4D9 at the PM (25, 37) but not to PDE4D5 because it is

located in the nucleus (38). Agonist stimulation promotes the dynamic association of

B2AR with different PDE4D isoforms, including transient recruitment of arrestin3-mediated
PDE4D3 and PDE4DS isoforms (39-41). The dynamic binding between p,AR and PDE4D
isoforms is consistent with the transient recruitment of arrestin to the activated receptor,
suggesting that temporary export of PDE4D5 from the nucleus permits cCAMP signaling
inside the nucleus for gene expression. Inhibition of GRK prevents PDE4D interaction

with B>AR (27). Our findings demonstrated that mutating the GRK phosphorylation sites
blocked ISO-stimulated receptor endocytosis, nuclear export of PDE4D5, nuclear CAMP
signal, PKA-mediated IEG expression, and long-term memory in an MWM paradigm,

thus confirming the necessity of f2AR endocytosis in promoting gene expression (16).
Additionally, our observations suggested that some Gag-coupled GPCRs caused the nuclear
export of PDE4DS5 in cortical neurons.

Moreover, disrupting the arrestin3/PDE4D interaction using a myristoylated peptide (42)
blocked the nuclear export of PDE4D5 and cAMP signal in the nucleus without affecting
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B2AR endocytosis. These data suggest that the endocytosis of GRK-phosphorylated f,AR
alone is insufficient for the receptor to deliver cCAMP signals to the nucleus and that

nuclear export of PDE4DS to the endosome is also required. In this scenario, endosomal
cAMP signaling is likely suppressed or restricted locally by PDE4D isoforms that are
recruited to GRK-phosphorylated p,AR. However, a subset of endosomal B,ARs without
PDE4D binding may still signal to adenylyl cyclase 9 (43) and promote cCAMP production
to the nucleus. Therefore, we propose that the recruitment of arrestin and PDE4DS5 to
GRK-phosphorylated B,AR on endosomes functionally sequesters PDE4D5, facilitating
cAMP signal propagation from the PM or endosomes to the nucleus. Moreover, a nuclear
but not cytosolic PKI inhibits BoAR-induced gene expression in hippocampal neurons,
supporting the local activation of PKA for gene expression in the nucleus (44). However,
our data do not preclude the diffusion of PKA catalytic subunits from the cytoplasm to the
nucleus, which could promote gene expression in fibroblasts under specific stimulation (45).
Additionally, the local cAMP signals at endosomes may facilitate the activation of ERK and
CaMKII pathways by the cAMP-activated guanine-nucleotide exchange factor EPAC (46,
47), resulting in additional cellular actions.

Arrestin-biased agonists such as carvedilol (48) have positive effects on memory
consolidation (49), extinction (50), and learning in various disease models (51-53).
However, it is yet to be determined whether these effects depend on GRK phosphorylation
of BoAR. Although the arrestin3/PDE4D complex is critical in the formation of fear
memory (54), arrestin3 KO mice display normal memory retention in MWM and EPM
performance. The discrepancy between arrestin3 KO and GRKA mice highlights our gaps
in understanding the exact role of arrestin and GRK phosphorylation in neurons and the
need for further research into the underlying mechanisms. These data, however, collectively
support the notion that GRK phosphorylation and arrestin3-mediated f2AR signaling are
necessary for memory consolidation. Although GRKA-B,AR fails to promote nuclear cAMP
signaling, inhibiting PDE4 rescues nuclear signaling and long-term memory deficits in
GRKA mice. This critical role for PDE4D in B,AR-induced nuclear cAMP signaling is
further corroborated by evidence indicating that inhibiting this enzyme improves memory

in Alzheimer’s models (55-58). Additionally, arrestin2 may work together with arrestin3 to
regulate BoAR and PDE4D isoform localization, thus allowing for fine-tuning of subcellular
cAMP signaling in a cell- and tissue-specific manner (32).

We observed that GRKA mice had deficits in IEG expression following MWM learning,
whereas both WT and mutant mice had strong IEG expression following FST, which

tests acute stress responses. These data suggest that IEG expression mediated by acute
stress utilizes a different receptor pathway than IEG expression for learning and memory.
This is further supported by the finding that 1 AR-mediated nuclear cCAMP signaling
remained intact in GRKA neurons, consistent with the early finding that ;AR is involved
in behavioral stress responses (59). B1AR and B3AR are both involved in memory (60),
and B1AR resides in various intracellular compartments, including the Golgi, ER/SR, and
nuclear envelope (61-65). Thus, the activation of ;AR on the nuclear envelope may signal
to the nucleus to induce stress responses, even in GRKA mice. Despite its weak interaction
with arrestins 2 and 3 and its minimal, if any, clathrin-mediated internalization (66-69),
B1ARs can catalyze the formation of clathrin-coated structures. These structures accumulate
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arrestins and release them, allowing downstream signaling to occur (70). Additionally,
B2AR could work synergistically with other adrenoceptor subtypes by sequestering nuclear
PDEA4DS to facilitate the nuclear cAMP accumulation and gene expression.

Together, our data support that a subpopulation of GRK-phosphorylated B,AR is necessary
to promote the nuclear export and recruitment of PDE4D isoforms, which is critical for
facilitating receptor-cAMP signal propagation into the nucleus, IEG expression, and long-
term memory in an MWM paradigm. These data highlight a mechanism by which GPCR
stimulation can promote the nuclear export of PDEs to promote a dynamic system that
permits CAMP propagation into the nucleus.

Materials and Methods

Animals

Cell culture

Animals were housed in a UC Davis AAALAC certified vivarium on a 12-hour day/night
cycle (7 am to 7 pm), grouped 3-5 mice per cage, and provided free access to food and
water. B1AR/B,AR double knockout (DKO) mice were obtained from Jackson Laboratories
(Bar Harbor, ME; #003810) to produce P0-P1 postnatal DKO pups. GRKA mice were
developed by Cyagen Mouse Services (Santa Clara, CA) using CRISPR/Cas9 technology to
remove WT B,AR and insert a mutant B,AR gene containing S355A and S356A mutations
(GRKA) into the germline of these mice. Upon receipt, these mice were backcrossed 9 times
to obtain a clean C57BI6/J background. These mice are viable and display normal growth
and breeding. However, these mice are more sensitive to sudden stressors, likely because
the mutant receptors do not desensitize, thereby amplifying the effects of epinephrine or
norepinephrine. Stress indicators (thigmotaxis in the Morris water maze), general activity
(open field), and anxiety responses (elevated plus maze) were presented in this manuscript
to provide a thorough characterization of these mice. GRKA and WT mice (Jackson
Laboratories, Bar Harbor, ME; #000664) were used to produce PO-P1 pups and 70-130-day
old mice for behavioral and biochemical studies. Animals were grouped without blinding
but were randomized during experiments. Groups were spread across multiple cages to
minimize cage effects. Male and female animals were used in behavioral experiments. All
animals were handled according to approved institutional animal care and use committee
(IACUC) protocols (#21993, #20641, and #22371) of the University of California at Davis
and in accordance with NIH and ARRIVE guidelines for the use of animals.

Human embryonic kidney 293 (HEK?293) cells were obtained from American Type Culture
Collection (ATCC, Manassas, VA). Primary mouse hippocampal neurons were isolated and
cultured from early postnatal (P0-P1) wild-type C57BI6/J (Jackson Laboratories), f1AR/
B2AR double knockout (DKO), and GRKA (developed by Cyagen; Santa Clara, CA) mouse
pups as previously described (14). Briefly, pups were decapitated, brains were removed

and placed in ice-cold HBSS, and hippocampi were dissected out under a dissection scope.
Hippocampi were dissociated by 0.25% trypsin treatment in HBSS at 37°C for 16 minutes.
After digestion, hippocampi were moved to cold HBSS containing 25% FBS and gently
mixed, then into HBSS containing 10% FBS and gently mixed, and finally into HBSS
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prewarmed in an incubator containing 5% CO2 at 37°C. Hippocampi were triturated at room
temperature using a Pipet-aid (Drummond) set to slow using a 10 mL serological pipet until
pieces of tissue were no longer visible. The solution was spun down for 4 minutes at 100

xg and the pellet was resuspended in a Neurobasal medium supplemented with GlutaMax
(Thermo Fisher Scientific, Waltham, MA), gentamicin (Promega), B-27 (Thermo Fisher
Scientific, Waltham, MA), and 10% FBS. Neurons were plated on poly-D-lysine-coated
(Sigma-Aldrich, St. Louis MO: #P6407) #0 12 mm glass coverslips (Glaswarenfabrik Karl
Hecht GmbH & Co. KG, Sondheim, Germany; REF 92100100030) for imaging and FRET
at a density of 7500 cells/cm? and 10,000 cells/cm?, respectively.

For cortical gene expression experiments, WT cortical neurons were plated in 6-well
polystyrene plates at a density of 100,000 cells/cm?2. Neurons were transfected using the
Ca?* phosphate method as previously described (14). Briefly, cultured neurons at either 3-5
day in vitro (DIV), 6-8 DIV, or 10-12 DIV were switched to pre-warmed Eagle’s minimum
essential medium (EMEM, Thermo Scientific, MA) supplemented with GlutaMax 1 hour
before transfection. The conditioned media were saved. DNA precipitates were prepared

by 2xHBS (pH 6.96 DKO neurons, pH 7.02 WT and GRKA neurons) and 2 M CaCls,.
After incubation with DNA precipitates for 1 h, neurons were incubated in 10% CO»,
pre-equilibrium EMEM for 20 min, which was replaced with the conditioned media. WT
and GRKA neurons were transfected with PM-ICUE3 using Lipofectamine3000 (Thermo
Fisher Scientific, Waltham, MA) following the manufacturer’s protocol. FRET biosensors
PM-ICUE3 and NLS-ICUE3 have been previously described (71).

Brain Slicing, Fractionation, Western Blot, and cAMP measurement—WT and
GRKA male mice (8-12 weeks) were decapitated and brains placed into ice-cold artificial
cerebrospinal fluid (ACSF; in mM: 119 NaCl, 26 NaHCO3, 1.3 NaH,PO4+2H,0, 3 KCl, 2.5
CaCly+2H,0, 1.3 MgSO,4+7H20 and 11 D-glucose, 305 mOsm/kg, saturated with 95% Oy
and 5% COy; final pH 7.3). About one-third of the rostral and caudal ends of the brain were
trimmed off. Per mouse, a total of 4 400-pum-thick forebrain slices containing hippocampus
were prepared with a vibratome (Leica VT 1000A). Slices were equilibrated in oxygenated
ACSF for 1 h at 32°C before being transferred to incubation chambers and equilibration for
10 min at 32°C in vehicle (ACSF) or clenbuterol (1 M) solutions. Slices were extracted
with hypotonic buffer containing protease and phosphatase inhibitors as above before nuclei
were fractionated with 500 g spin for 5 minutes. Nuclear fractions were rinsed and analyzed
by Western blot.

Hippocampi excised from the brains of handled control animals were used for this study.
Hippocampi were excised, flash-frozen in liquid nitrogen, and stored at —80 °C until use.
Tissue was homogenized in lysis buffer (25 mmol/L HEPES, ph 7.4; 5 mmol/L EDTA; 150
mmol/L NaCl; 0.5% Triton X-100; and protease inhibitors containing 2 mmol/L NazVOy,

1 mmol/L PMSF, 10 mmol/L NaF, 10 pg/mL aprotinin, 5 mmol/L bestatin, 10 ug/mL
leupeptin, and 2 pg/mL pepstatin A). Protein was quantified using a Pierce BSA assay
(ThermoFisher, #23225) and read on a CLARIOStar plate reader (BMG Labtech, Cary,
NC). Equal amounts of protein (50 pg) were resolved on 8% acrylamide SDS-PAGE gels.
Bands were detected using anti-B,AR (Santa Cruz #sc-570 lot# L0809), anti-PDE4 (Abcam
# ab14628), anti-PDE4DS5 (FabGennix # PDE4D5-451AP), anti-PKA Ila (M20, Santa Cruz
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#sc-909), and anti-y-tubulin (Sigma-Aldrich #T7451). Primary antibodies were revealed
with IRDye 800 CW goat anti-mouse 1gG secondary antibody (1:5000 #926-32210, Licor,
NE) or IRDye 800 CW goat anti-rabbit IgG secondary antibody (1:5000 #926-32211,
Licor, NE) using a Bio-Rad ChemiDoc MP Imager (Bior-Rad Laboratories, Hercules,
CA). The optical density of bands was analyzed using Image J software (NIH; https://
imagej.nih.gov/ij/). The arbitrary unit (A.U.) for Western blot signals was defined as the
ratio of the intensity of the protein of interest relative to the intensity of a reference protein
as indicated.

Hippocampi extracted from WT C57BI6/J or GRKA mice aged 70-130 days were
solubilized according to the manufacturer’s protocols (Promega cCAMP Glo Max, V1681,
Madison, WI). cCAMP levels were determined from a dilution curve using a microplate
reader (CLARIOStarPlus, BMG Labtech).

Co-Immunoprecipitation assays

Co-immunoprecipitation assays was carried out with HEK293 cells homogenized in 0.4 mL
of lysis buffer and centrifuged for 30 minutes at 4°C and 16,100 xg. Supernatants were
transferred to fresh centrifuge tubes, and 10 uL Protein A-Sepharose beads (GE17-0780-01,
Millipore, MA) and 1.0 pg of control IgG antibody (sc-66931, SCBT, CA) were added.
Tubes were incubated for 1 hour at 4C to preclear samples. Precleared samples (1 mL) were
incubated with 30 uL Protein A-Sepharose beads and 2 ug of anti-Flag M1 (Sigma-Aldrich,
# F3040) or anti-l1gG antibody (sc-66931, SCBT, CA) at 4°C overnight. After incubation,
beads were rinsed with lysis buffer 3 times. The washed beads were mixed with 30 pL 2x
SDS loading buffer (#161-0747, Bio-Rad Laboratories, CA), subjected to electrophoresis,
and Western blotted for FLAG-B,AR, Nb80, and PDE4DS5. Gel images were taken and
quantified using a Bio-Rad ChemiDoc MP Imager.

Fluorescence Resonance Energy Transfer (FRET)

FRET measurements were performed as previously described (25). Briefly, DKO primary
hippocampal neurons were co-transfected with FLAG-B,AR (WT, GRKA, or PKAA)

and either PM-ICUE3 or NLS-ICUE3 using the calcium phosphate method. WT or

GRKA primary hippocampal neurons were transfected with NLS-ICUE3 using the calcium
phosphate method. Cells were imaged on a Zeiss Axiovert 200M microscope and FRET
measurements were performed as previously described. Briefly, DKO primary hippocampal
neurons were isolated and plated on poly-D-lysine coated glass cover slips. On DIV 7-10,
DKO neurons were co-transfected with FLAG-B2AR (WT, GRKA, or PKAA) and either
PM-ICUE3 or NLS-ICUE3 using the calcium phosphate method overnight. WT or GRKA
primary hippocampal neurons isolated and plated on poly-D-lysine coated glass coverslips
were transfected with NLS-ICUE3 using the calcium phosphate method on DIV 3-7 for
~16 hours. Coverslips were placed into 35 mm recording dishes with glass bottoms (D35-
20-0-N, Cellvis, Mountain View, CA) containing PBS without calcium. Cells were imaged
on a Zeiss Axiovert 200M microscope with a 40x/1.3 numerical aperture oil immersion
lens, DV dual view imaging system (Photometrics, AZ), and a cooled CCD camera using
MetaFluor software. Dual emission imaging of CFP and YFP was acquired simultaneously
with a 420DF20 excitation filter, a 450DRLP dichroic mirror, and two emission filters
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(475DF40 for CFP and 535DF25 for YFP). Acquisition was set to 0.2 s long exposures
every 20 s. Images in both channels were subjected to background subtraction before

ratios of yellow-to-cyan were calculated at each time point. For FRET traces, ratios were
normalized to baseline. Maximum FRET ratios were calculated as % change from baseline
after treatment. All inhibitors were added prior to recording and allowed to incubate except
for PDE inhibitors, which were added concurrently with ISO to avoid any adaptive changes
caused by preincubation.

gRT-PCR analysis

Total RNA was extracted from cells and tissue following treatment and behavioral protocols
using Tri-Reagent (Sigma-Aldrich T9424, St. Louis, MO) according to the manufacturer’s
protocols. Briefly, cells and tissues were homogenized in Tri-Reagent and phase-separated
using chloroform. The clear, aqueous layer was transferred to a fresh tube and precipitated
with isopropyl alcohol. Following precipitation, the RNA pellet was washed twice using
80% ethanol, dried, and mixed with RNAse/DNAse-free water. Genomic DNA was
removed using a DNAse kit (Sigma-Aldrich AMPD1) per the manufacturer’s protocol.
RNA was quantified using a CLARIOStarPlus microplate reader. Reverse transcription

was carried out on extracted RNA using a high-capacity cDNA reverse transcription

kit (Applied Biosystems #4368814) and a thermocycler (\eriti 96-well Thermal Cycler,
Applied Biosystems). gRT-PCR analysis was performed on cDNA using PowerUp SYBR
Green Master Mix (Applied Biosystems, #A25742) and appropriate primers (table S1) using
a QuantStudio3 Real-Time PCR system (Applied Biosystems).

Confocal Microscopy

WT hippocampal neurons were isolated as described above. At DIV 9, cells were transfected
with mEYFP-FLAG-B,AR using the calcium phosphate method described above. The next
day, cells were pretreated with Arr2 peptide (1 uM), mutated control peptide (1 pM),

and barbadin (50 uM) for 30 minutes; CGP20207a (3 uM) for 5 minutes; and with or
without isoproterenol (1 puM) for 30 minutes. Cells were rinsed with ice-cold PBS without
calcium, fixed with 4% paraformaldehyde for 20 minutes, and rinsed with ice-cold PBS
without calcium again. Cells were permeabilized using ice-cold PBS containing 0.2%
Triton-X100 and 2% goat serum for 15 minutes and washed three times with ice-cold PBS
containing 0.05% Triton-X100, 0.2% BSA, and 0.2% goat serum. Coverslips were dried and
mounted on glass slides using anti-fade mounting media containing DAPI (H1500-Vector
Laboratories, Burlingame, CA) and left to dry overnight. Confocal imaging was carried out
using a Leica Falcon SP8 FLIM microscope using a 63x/1.4 oil objective.

WT and GRKA hippocampal neurons were isolated as described above. At DIV 14,

cells were treated with or without 1 pM isoproterenol for 30 minutes. Cells were fixed
and permeabilized as described above. Coverslips were incubated with PDE4D5 (1:50,
Abcam Ab14626, Cambridge, UK) antibody overnight at 4°C. Coverslips were washed
and incubated with goat anti-rabbit 1gG (H+L) Alexa-488 secondary antibody (1:1000,
Invitrogen A-11034, Waltham, MA) in the dark and washed again. Coverslips were
mounted on glass slides using anti-fade mounting media containing DAPI (H1500-Vector
Laboratories, Burlingame, CA) and imaged as described above.
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WT primary cortical neurons were isolated as described above. At DIV 10-14, cells

were treated with or without 1 uM of either adenosine, isoproterenol, 1uM adenosine,
Angll, cGRP, Dopamine, histamine, isoproterenol, PGE1, PEG2, urocortin, or yohimbine
for 30 minutes. Cells were fixed and permeabilized as described above. Coverslips were
incubated with PDE4DS5 (1:50, Abcam Ab14626, Cambridge, UK) antibody overnight at
4°C. Coverslips were washed and incubated with goat anti-rabbit 1gG (H+L) Alexa-488
secondary antibody (1:1000, Invitrogen A-11034, Waltham, MA) in the dark, washed again.
Coverslips were mounted on glass slides and imaged as described above.

Primary hippocampal neurons isolated from B1/p>AR double knockout (DKO) mice at 7—
14 DIV were transfected with cAMP biosensor PM-ICUE3 or NLS-ICUE3 together with
FLAG-tagged human B,AR as described above. Cells were fixed and permeabilized as
described above. Coverslips were dried, mounted on glass slides, and imaged as described
above.

Primary hippocampal neurons isolated from B1/B>AR double knockout (DKO) mice at 7-
14 DIV were transfected with FLAG-tagged human B,AR as described above. Cells were
fixed and permeabilized as described above and incubated with primary antibody against
phosphorylated B,AR (pS261/262 - Clone 2G3 and 2E1, or pS355/356 — clone 10A5, kindly
provided by Dr. Richard Clark, UT Houston) overnight. Cells were washed, incubated with
secondary antibodies for 1 hour at room temperature, and washed again. Coverslips were
dried and mounted on glass slides, and imaged as described above.

WT MEF and PDE4D KO MEFs were plated at a density of 20,000 cells per glass coverslip
and allowed to grow to 60,000 cells per glass coverslip. Cells were fixed and permeabilized
as described above. Coverslips were incubated with PDE4D5 (1:50, Abcam Ab14626,
Cambridge, UK) antibody overnight at 4°C. Coverslips were washed, incubated with

goat anti-rabbit 1gG (H+L) Alexa-488 secondary antibody (1:1000, Invitrogen A-11034,
Waltham, MA) in the dark, and washed again. Coverslips were mounted on glass slides and
imaged as described above.

Brain tissues were harvested, cryosliced, and mounted as described below. Mounted slices
were permeabilized using ice-cold PBS containing 0.2% Triton-X100 and 2% goat serum
for 15 minutes and then washed with ice-cold PBS containing 0.05% Triton-X100, 0.2%
BSA, and 0.2% goat serum three times. Slices were dried. Coverslips were mounted and
imaged as described above.

Behavioral analyses

Mice were handled for 5 days prior to maze testing to acclimate mice to technicians

and were moved prior to the start of behavioral tests (Supplemental Figure S5A). For
treatment groups, animals were vehicle gavaged during handling. This handling procedure
and movement to the maze room without testing was conducted for handling control groups
used for gRT-PCR analysis. Before each day of behavioral testing, mice were moved to

the testing room and allowed to acclimate for 1 hour. Sessions were recorded using an
overhead camera, and, where indicated, mice were tracked using AnyMaze Software version
4.99b. Heat maps were generated from raw X and Y coordinate output from AnyMaze
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and processed using RStudio (RStudio, Waltham, MA). Group sizes were determined from
established literature. Treatment groups were pseudorandomly distributed within animal
cages to minimize cage effects. For behavior tasks except working memory Morris water
maze and the FST, 2-3 age matched cohorts were used.

The Morris water maze (MWM) was used to assess spatial learning in memory in rodents.
Using distal cues surrounding the maze, animals learned to locate a submerged, invisible
escape platform. Spatial learning was assessed across repeated trials over several days.
Reference (long-term memory of the learned task) was assessed in a probe trial by removing
the platform and allowing the rodent to freely swim and monitoring their performance with
tracking software (72, 73). The maze consisted of a water tank 110 cm in diameter and a
clear escape platform approximately 10 cm in diameter. Cues (white on black background)
were placed at the four cardinal points of the maze wall. Water was clouded using non-toxic
tempera paint, kept at 2 cm above the submerged escape platform, and maintained at 25 +
2°C. Mice were placed in the maze at a start point in front of one of the maze cues on the
perimeter facing the maze wall. Animals were allowed to swim until they found the platform
or 60 seconds had elapsed. Animals that did not find the escape platform in the time allotted
were guided to the platform, where they remained for 10 seconds. If the animal left before
10 seconds had elapsed, they were returned to the platform and gently held there for 10
seconds. The acquisition phase of the maze consisted of four spatial learning trials that took
place over 5 days using each of the four start points each day in a pseudorandom order. The
probe trial, which assesses memory retention, occurred 24 hours after the last trial. The mice
were again placed in the maze between the triangle and plus-sign maze cues in quadrant 3
(Figure 4A) with the platform removed. The animals swam freely for 60 seconds and were
tracked by an overhead camera and tracking software. The tracking software defined the
thigmotaxis zone as a ring 7 cm in width around the edge of the maze perimeter. A mouse
was excluded from analysis if they spent 90% of their time in the start quadrant during the
probe trial, which was taken as an indicator of floating. Data points were also excluded if
they were detected as an outlier using the ROUT method with Q set to 1% in Prism software
(GraphPad Inc., San Diego, CA). Two WT and one GRKA mice were excluded using these
methods.

Three days prior to maze testing, mice were gavaged using vehicle only (200 uL) to
acclimate all groups to the procedure. Mice were weighed the day before water maze

testing with PDE4 inhibitor therapy was conducted to determine the dosage of the drug.
Roflumilast (Ark Pharm, Inc.; AK110425) was administered at 3 mg/kg. Roflumilast was
dissolved in DMSO and added to vehicle to yield a concentration of 0.4 mg/mL roflumilast
and 10 uL/mL DMSO to vehicle. Gavage volumes based on animal weight and dosage

were rounded to the nearest 50 uL, which allowed for gavage volumes of 200-300 pL.

The vehicle consisted of 0.5% carboxymethylcellulose (Sigma-Aldrich #419338) and 2%
polysorbate 20 (Acros Organics # 23336—0010) dissolved in Milli-Q water. 10 uL of DMSO
per mL of the vehicle was also added to be consistent with roflumilast groups. Roflumilast
and vehicle were made fresh just before administration and were kept in the dark and on ice.
One hour prior to maze testing, roflumilast or vehicle was administered to the pretreatment
and vehicle groups. Three hours after the end of maze testing, the post-treatment group was
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administered roflumilast for the duration of maze learning. Animals were not administered
drugs or vehicles before the probe trial.

The working memory water maze (WM-MWM) was used to assess working memory in
rodents. The procedure used the same maze setup and platform as the standard MWM

with the following changes as described previously (72, 73). Each day, the animals were
placed in the maze at a single start position and a fixed escape platform location (Figure
S6A). Animals performed four 60-second trials each day from this same start position. The
following day, they repeated the same training pattern for a new start position and platform
location. Mice underwent training for 6 days. Mice were monitored using overhead camera
and tracking software. Mice were excluded if they failed to learn the platform location after
6 days of training. One WT and one GRKA mouse were excluded using this method. The
first two runs on the day of testing were excluded due to platform misplacement. Data are
presented as the average of the four daily trials for all six days of learning. For three days
of training, platform locations were close to the start location and for the other 3 days of
training, platform locations were far from start locations (Figure S6A) to eliminate search
pattern and start location-platform location variability effects. Simple linear regression was
used to determine the learning.

The forced swim test (FST) is one of the most commonly used behavioral assays for
assessing depressive-like behavior in rodents with high interlaboratory reliability (74). It is
also an acute stress test (75). It and other acute stress tests induce IEG expression (76). After
acclimation, mice were placed into a clear cylindrical tank 200 mm in diameter, and 300
mm tall with water to a depth of 225 mm held at room temperature (25 + 2 C) with an
opaque barrier surrounding 3 sides and were allowed to swim for a total of 6 minutes. The
procedure was recorded using overhead camera and scored for active and passive behaviors
by a blinded technician.

The elevated plus maze (EPM) Is one of the most widely used assays for assessing anxiety-
like behavior in mice and takes advantage of the natural tendency of mice to explore novel
environments and their aversion for open and elevated spaces (77). The EPM consisted of
open and closed arms arranged in a cross with two open arms and two walled-in, closed
arms. The maze was 1050 mm tall. Each arm was 1180 mm long and 110 mm wide. The
closed arms had walls 180 mm high. The center intersection of the maze measured 110

mm by 110 mm. Prior to testing, the maze was cleaned with 70% ethanol so that all mice
experienced the same scent environment. Mice were placed in the center space facing away
from the technician and allowed to freely explore the maze for 5 minutes. Each trial run
was recorded, and parameters such as distance traveled, number of arm entries, time spent
in each arm, and percent entry into open arm were tabulated using AnyMaze software. After
the end of each trial, the mice were put back in their home cages, and the maze apparatus
was cleaned with 70% ethanol, removing any waste and scent cues. Mice were excluded if
they jumped off the maze apparatus.

The open field activity assay is used to assess general motility and activity. It consisted of an
open-top box with plastic sides measuring approximately 355 mm x 355 mm and 455 mm
tall. AnyMaze tracking software and an overhead camera tracked the animals’ movements
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within the chamber. The mouse was placed in the center of the field, facing away from the

technician, and allowed to freely explore the field for 10 minutes. Upon completion of the

testing trial, the animal was returned to its home cage, and the maze was cleaned with 70%
ethanol, removing any waste and scent cues.

Brain Tissue Harvest

Following completion of maze training or handling, animals were anesthetized with
isoflurane, brains removed, and hippocampi excised as previously described. Briefly, tissue
was snap-frozen for biochemical analysis, fixed in 10% buffered formalin phosphate
(SF100, Thermo Fisher Scientific, Waltham MA) at 4°C for histochemical staining, or
placed in TRI reagent (T9424, Sigma-Aldrich, St. Louis, MO) for RNA extraction. After

3 days in formalin, brains were transferred to 30% sucrose and left a minimum of 3 days

to dehydrate at 4°C. Following dehydration, brains were mounted in Tissue Tek OCT
medium (#4853, Sakura Finetek, Torrance, CA), frozen, and cryo-sectioned using a Leica
CM1860 cryostat into 40 UM sections, which were mounted onto tissue-specific glass slides
(Thermo-Fisher #12-550-15, Waltham, MA) for staining.

Cartoon development.

Diagrams were created with BioRender.com.

Data Analysis

Pooled data were represented as means = SEM. Fully blinded analysis was performed with
different persons carrying out the experiments and analysis, respectively. Representative
figures and images reflected the average levels of each experiment. Data were analyzed
using GraphPad Prism9 software (GraphPad Inc., San Diego, CA) and expressed as means

+ S.E.M. as indicated in figure legends. Normality of the data was assessed using two-sided
Kolmogorov—Smirnov test in GraphPad Prism 9. Differences between two groups were
assessed by an appropriate two-tailed unpaired Student’s #test. Differences among three or
more groups were assessed by one-way ANOVA with Tukey’s post hoc test. p < 0.05 was
considered statistically significant. Linearity of learning curves was determined using simple
linear regression with statistically non-linear curves determined at p<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Inhibition of GRK or removal of the BoAR GRK-phosphorylation sitesreduces nuclear

cAMP production

(a) Primary B1/B2AR DKO hippocampal neurons were transfected with FLAG-tagged WT-
B2AR, treated with 1 pM 1SO for 5 minutes, and immunostained with antibodies specific
for BoAR phosphorylated at Ser261/262 (hy PKA) or Ser395/356 (hy GRK). Scale bar, 20

um. (b) Representative images of primary p1/B2AR DKO hippocampal neurons transfected
with the cAMP biosensor ICUE3 localized to the plasma membrane (PM) or tagged to the
nucleus (green) and FLAG-tagged human AR (red). N = 9-20 cells from five independent
experiments. Scale bar, 20 um. (c) Diagram of subcellular cCAMP localization in B1/B2AR
DKO neurons expressing WT-B,AR and ICUE3 biosensors. (d-g) Primary p1/f2AR DKO
hippocampal neurons were transfected with the cAMP biosensor PM-ICUE3 or NLS-ICUE3
and WT or mutant BoAR. Cells were pretreated with H89 (10 uM), paroxetine (Paro, 30
uM), or fluoxetine (Fluo, 30 uM) for 30 minutes before being stimulated with 1 uM 1SO.
Changes in cCAMP FRET ratio were measured. The maximum changes in ICUE3 FRET
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(YFP/CFP) ratio relative to baseline after ISO treatment are plotted. Data represent the
means + SEM of individual N = 11-18 neurons from eight isolations per group. ***p<0.001
compared to no-pretreatment (NT) by 1-way ANOVA followed by Tukey’s test. (h) Diagram
of subcellular cAMP localization in B1/B2AR DKO neurons expressing GRKA-B,AR and
ICUES3 biosensors. (i-j) Primary B1/p>AR DKO hippocampal neurons were transfected with
the cAMP biosensor PM-ICUE3 or NLS-ICUE3 and WT or mutant BoAR (S261/262A,
PKAA, and S355/356A, GRKA). Cells were treated with 1 pM 1SO and changes in ICUE3
FRET(YFP/CFP) ratio were measured. The maximum changes in ICUE3 FRET ratio
induced by ISO are plotted. Data represent the means + SEM of individual neurons from

8 isolations per group. ***p<0.001 compared WT by 1-way ANOVA followed by Tukey’s
test.
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Fig. 2. GRK-phosphorylated BoAR isnecessary for agonist induced PDEA4DS5 trafficking out of
the nucleusin neurons.

(a) Immunofluorescence images of WT primary hippocampal neurons grown to DIV

10-14 and stained for PDE4 isoforms. PDE, Green; DAPI, Blue. Scale bar, 20 um.

(b) Quantification of nuclear PDE4DS5 in immunofluorescent images. Data are presented

as means + SEM of individual neurons from 3 independent isolations per group.
****n<0.0001 compared to WT 4D5 by 1-way ANOVA followed by Tukey’s test. (c and d)
Immunofluorescence images of WT and GRKA primary hippocampal neurons at DIV 10-14
with and without ISO stimulation (1 uM, 30 mins). PDE4D5, Green; DAPI, Blue. Scale bar
20 umin (c) and 20 um in (d). (e) Quantification of nuclear PDE4D5 in immunofluorescent
images. Data are presented as means + SEM of individual neurons from 3 independent
isolations per group. ****p<0.0001 compared WT NT by 1-way ANOVA followed by
Tukey’s test.
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Fig. 3. The BoAR-induced nuclear cCAMP signal requiresreceptor internalization and arrestin/
PDEA4DS5 inter action that facilitates PDE4D5 exclusion from the nucleus.

(a, b) HEK293 cells transfected with WT-B2AR were pretreated with Pep-arr peptide (1 uM,
30 minutes) that disrupts arrestin3-PDE4 binding or control mutant-arr (Mut-arr) peptide
before being stimulated with 1ISO (10 uM, 30 minutes). B2AR immunoprecipitates (IP)
were immunoblotted (IB) for PDE4D5. Data represent the means £ SEM from 5 individual
experiments. ***p<0.001 compared to NT by 1-way ANOVA followed by Tukey’s test. (c)
Primary WT and GRKA hippocampal neurons at DIV 10-14 were pretreated with Pep-Arr
peptide (1 uM, 10 mins), mutant control peptide (1 UM, 10 mins), or barbadin (Barb) 50
UM, 30 mins) before being stimulated with 1 uM 1SO for 30 mins. Cells were stained

with antibodies for PDE4D5 (green) or DAPI (blue). Scale bar = 20 uM (d) Quantification
of nuclear/total PDE4DS5 in primary hippocampal neurons. Data are presented as means
SEM of individual neurons from 3 isolations per group. ****p<0.0001 compared to WT
NT by 1-way ANOVA followed by Tukey’s test. (e) Diagram of FRET experiments. (f, g)
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WT primary hippocampal neurons transfected with the cAMP biosensor NLS-ICUE3 were
pretreated with Pep-arr or mut-arr peptide (1 pM, 10 minutes) and CGP20712a (300 nM,

5 minutes) before baseline recordings were taken. Neurons were stimulated with 1ISO (100
nM, 5 minutes), then 10 uM forskolin (FSK) and 1 uM IBMX. Representative traces show
changes in the FRET ratio in neurons. Dot plots show the maximum changes in FRET ratio
relative to baseline after ISO treatment. Data represent means + SEM, N = 19-28 neurons
from 5 isolations per group. ***p<0.001 compared to NT by 1-way ANOVA followed by
Tukey’s test. (h, i) Primary WT hippocampal neurons were pretreated with barbadin (50 uM,
30 minutes) before being stimulated with 100 nM ISO, then 10 uM forskolin (FSK) and

1 uM IBMX. The changes in the NLS-ICUE3 YFP/CFP FRET ratio were recorded. Dot
plots show the maximum changes in FRET ratio relative to baseline in WT neurons after
ISO treatment. Data represent the means + SEM of individual neurons from 4 isolations
per group. ****p<0.001 compared NT by student’s t-test. (j, k) Primary WT hippocampal
neurons were transfected with the cAMP biosensor NLS-ICUE3. Neurons were treated
with 300 nM CGP20217a (CGP), Dyngo4a (Dyngo, 1 uM, 30 minutes), concanavalin A
(ConA, 25 ug/ml, 30 minutes), or cytochalasin D (CytoD, 10 pM, 30 minutes) before being
stimulated with 100 nM ISO, then 10 uM forskolin (FSK) and 1 uM IBMX. The changes
in the ICUE3 YFP/CFP FRET ratio were recorded. Dot plots show the maximum changes
in FRET ratio relative to baseline in WT and GRKA neurons after 1SO treatment. Data
represent the means + SEM of individual neurons from 4 isolations. ***p<0.001 compared
to NT by 1-way ANOVA followed by Tukey’s test.
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Fig. 4. Transgenic mice lacking the GRK phosphorylation sitesin poAR display defective
memory consolidation in a Morriswater maze paradigm.

(a) Diagram of Morris water maze (MWM) testing paradigm. The red arrow indicates the
probe start point. Black arrows indicate pseudorandomized training start points. (b) Path
efficiency to escape platform. Number of days of training had a significant effect (p<0.0001)
but group or interaction of day and group did not have an effect, according to 2-way
repeated ANOVA analysis between two groups. (c) Distance swum to the escape platform
during maze training. Number of days of training had a significant effect (p<0.0001) but
group or interaction of day and group did not have an effect, according to 2-way ANOVA
analysis between two groups. (d) Corrected integrated path length (CIPL), an index of the
efficiency of the path taken by the animal to get from starting position to the escape platform
normalized for the swim speed to the escape platform. A value of 0 indicates a straight line
from start to finish and indicates optimal performance. Number of days of training had a
significant effect (****p<0.0001) but group or interaction of day and group did not have
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an effect, according to 2-way ANOVA analysis between two groups. (€) Thigmotaxis (or
proportion of time spent close to maze walls) during testing. Number of days of training,
group, or interaction of day and group did not have a significant effect, according to

2-way ANOVA analysis between two groups. (f) Percent time spent in the target quadrant,
quadrant 1, during the probe trial. (g) Escape latency (time to first platform entry during the
probe trial. Data represent the means = SEM of individual mice. *p<0.05 and **p<0.01 by
student’s t-test. N = 11 WT mice and N = 10 GRKA mice for all behavioral metrics b-g.

(h, i) Performance metrics (distance traveled and CIPL) between WT and GRKA mice in
the WM-MWM across 4 daily trials. Number of trials had a significant effect (p<0.05 for
distance traveled between group and p<0.001 for CIPL) but group or interaction of trials
and group did not have an effect, according to 2-way ANOVA analysis. Learning curves are
significantly non-linear according to linear regression analysis (p<0.05). Data represent the
means + SEM of individual mice. N =5 WT and GRKA mice in WM-MWM. *p<0.05 and
**p<0.01 by student’s t-test.
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Fig. 5. Transgenic mice expressing B2oAR lacking the GRK phosphorylation sites show impaired
learning-induced |EG expression.

(a-c) Transcriptional changes relative to WT control were assessed by gRT-PCR analysis

of hippocampi from mice trained on the MWM. Data represent the means + SEM of
individual mice. cFOS. n=11 WT mice for control (Con); n=7 WT mice for MWM; n=6
GRKA mice for Con; n=8 GRKA mice for MWM. FOSB: n=9 WT mice for Con; n=8

WT mice for MWM; n=6 GRKA mice for Con; n=9 GRKA mice for MWM. *p<0.05,
**p<0.01 compared to control by 1-way ANOVA followed by Tukey’s test. (d) Diagram

of FST procedure and RNA isolation from hippocampi at 1 hour after FST exposure. (e, )
Transcriptional changes relative to WT control (con) were assessed by gRT-PCR analysis.
(g9) Time spent immobile in the FST. Control groups reflect animals that were handled and
moved to the maze room in the same manner as tested animals but were not exposed to
behavioral paradigms. Data represent the means + SEM of individual mice. cFOS. n=11
WT mice for Con; n=7 WT-mice for FST; n=6 GRKA mice for Con; n=7 GRKA for FST.
FOSB: n=6 WT mice for Con; n=7 WT mice for FST; n=6 GRKA mice for Con; n=7
GRKA mice for FST. *p<0.05, **p<0.01, ****p<0.0001 compared to control by 1-way
ANOVA followed by Tukey’s test. (h - 0) Primary WT or GRKA hippocampal neurons were
transfected with the cAMP biosensor NLS-ICUE3 or PM-ICUE3. Neurons were pretreated
with 300 nM CGP20712a (CGP, 5 minutes) before being stimulated with 100 nM 1SO, then
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with 10 pM forskolin (FSK) and 1 uM IBMX. The changes in YFP/CFP FRET ratio were
recorded. Dot plots show the maximum FRET response (YFP/CFP) ratio relative to baseline
in WT and GRKA-KI neurons after ISO treatment. Data represent the mean £ SEM, N =7
=17 neurons isolated from 4 mice per group. ** p<0.01 compared to WT by Student’s t-test.
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Fig. 6. Inhibiting PDE4 partially recoversmemory retention in the Morriswater mazein
transgenic mice expressing B2AR lacking the GRK phosphorylation sites.

(a) Diagram of FRET experiments. (b,c) Primary GRKA hippocampal neurons transfected
with the cAMP biosensor NLS-ICUE3 were stimulated with 100 nM 1SO and 100 nM
cilostamide (PDE3i) or 100 nM rolipram (PDE4i), then with 10 uM forskolin (FSK) and 1
UM IBMX. Representative traces show changes in the FRET ratio in GRKA neurons. Dot
plots show the maximum changes in the NLS-ICUE3 FRET ratio relative to the baseline in
GRKA neurons after ISO treatment. Data represent the mean = SEM, N = 10 —16 neurons
from 4 isolations per group. *p<0.05 compared to NT by 1-way ANOVA followed by
Tukey’s test. (d — i) Distance traveled (d), swim speed (e), escape latency (f), CIPL (g),
thigmotaxis (h), and path efficiency (i) in the MWM performance of GRKA mice treated
with vehicle (N = 14 mice) or the PDE4 inhibitor roflumilast (3 mg/kg). Mice were treated
with roflumilast 1 hour prior to the start of maze testing (pre, n=16 mice) or 3 hours after the
completion of maze testing (post, n=12 mice). Number of days of training had a significant
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effect (p<0.0001) but group or interaction by day and group did not have a significant
effect, according to 2-way ANOVA analysis of distance traveled, thigmotaxis, or pathway
efficiency among groups. Number of days of training (p<0.0001) and group (p<0.001) had
significant effects but interaction between day and group did not have a significant effect,
according to 2-way ANOVA analysis of escape latency among groups. Number of days of
training (p<0.0001) and group (p<0.01) had significant effects but interaction by day and
group did not have a significant effect, according to 2-way ANOVA analysis of CIPL among
groups. Number of days of training (p<0.0001), group (p<0.001) and the interaction between
day and group (p<0.01) had significant effects, according to 2-way ANOVA analysis of
swim speed among groups. (j) Escape latency for the probe trial. (k) Percentage of time in
target quadrant following maze learning during the probe trial. Data in (j) and (K) represent
the means £ SEM of individual mice. *p<0.05, **p<0.01 compared pretreatment group

by 1-way ANOVA followed by Tukey’s test. (I) Stimulation of B,AR promotes GRK and
PKA-mediated phosphorylation of the receptor. The GRK-phosphorylated ,AR complex
undergoes endocytosis, which subsequently sequesters PDE4D isoforms on endosomes,
facilitating the ability of the cAMP signal to reach the nucleus and promote IEG expression.

Sci Signal. Author manuscript; available in PMC 2023 August 05.



	Abstract
	Introduction
	Results
	A subpopulation of GRK-phosphorylated β2AR promotes agonist-induced nuclear cAMP signaling and immediate early gene expression.
	GRK-mediated phosphorylation of β2AR is necessary for agonist-induced nuclear export of PDE4D5.
	The nuclear export of PDE4 plays a critical role in β2AR endocytosis-dependent nuclear cAMP signaling.
	Loss of the GRK phosphorylation sites in β2AR causes deficits in gene expression and memory retention in a Morris water maze paradigm.
	PDE4 inhibition rescues behavioral performance in mice expressing β2AR lacking the GRK phosphorylation sites.

	Discussion
	Materials and Methods
	Animals
	Cell culture
	Brain Slicing, Fractionation, Western Blot, and cAMP measurement

	Co-Immunoprecipitation assays
	Fluorescence Resonance Energy Transfer FRET
	qRT-PCR analysis
	Confocal Microscopy
	Behavioral analyses
	Brain Tissue Harvest
	Cartoon development.

	Data Analysis
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.



