Avens Publishing Group

J Cytol Molecul Biol

January 2014 Issue:1, Vol.:1

© All rights are reserved by Chotani et al.,

Delocalization of Endogenous
A-kinase Antagonizes Rap1-Rho-
oL, -Adrenoceptor Signaling in
Human Microvascular Smooth

Muscle Cells

Keywords: Microcirculation;  Arteriole; Resistance  vessel;
Vasoconstriction; Vascular smooth muscle; Signal transduction; cAMP;

Ht31; UK 14,304
Abstract

The second messenger cyclic AMP (cCAMP) plays a vital role in the
physiology of the cardiovascular system, including vasodilation of large
blood vessels. This study focused on cAMP signaling in peripheral blood
vessels, specifically in human vascular smooth muscle (microVSM) cells
explanted from skin punch biopsy arterioles (also known as resistance
vessels) of healthy volunteers. Using these human microVSM we recently
demonstrated cAMP activation of exchange protein activated by
cAMP (Epac), the Ras-related small GTPase Rap1A, and RhoA-ROCK-
F-actin signaling in human microVSM to increase expression and
cell surface franslocation of functional a,.-adrenoceptors (a,.-ARs)
that mediate vasoconstriction. Protein-protein association with the
actin-binding protein filamin-2 and phosphorylation of filamin-2 Ser?'t
by cAMP-RaplA-Rho-ROCK signaling were necessary for receptor
translocation in these cells. Aithough cAMP activated A-kinase in these
cells, these effects were independent of A-kinase, and suggested
compartmentalized A-kinase local signaling facilitated by A-kinase
anchoring proteins (AKAPs). In this study we globally disrupted A-kinase-
AKAP interactions by the anchoring inhibitor decoy peptide Ht31 and
examined the effect on a,.-AR expression, translocation, and function
in quiescent microVSM treated with the adenylyl cyclase activator
and cAMP elevating agent forskolin. The results show that Ht31, but
not the control peptide Ht31-P, reduced forskolin-stimulated Ser**
phosphorylation of A-kinase substrate CREB, reduced a,.-AR mRNA
levels, reduced cell surface translocated receptors, and attenuated
agonist-triggered receptor functional responses. Together, the results
suggest that compartmentalized cAMP signaling elicits a selective
cellular response in microVSM, which may have relevance to arteriole
physiological function and responses.

Abbreviations: AC: Adenylyl Cyclase; A-kinase: Protein Kinase A;
AKAP: A-Kinase Anchoring Protein; ATP: Adenosine Triphosphate;
a,.-ARs: azc—Adrenoceptors; cAMP: 3', 5" Cyclic Adenosine
Monophosphate; CREB: Cyclic AMP Response Element Binding
Protein; Epac: Exchange Protein Activated By Cyclic AMP; FSK:
Forskolin; GAPDH: Glyceraldehyde 3-Phosphate Dehydrogenase;
GTP: Guanosine 5'-Triphosphate; microVSM: Microvascular
Smooth Muscle Cells; RNase protection assays: Ribonuclease
Protection Assays; UK 14,304: 5-Bromo-N-(2-Imidazolin-2-YI)-6-
Quinoxalinamine; IBMX: 3-Isobutyl-1-Methylxanthine

Introduction

The second messenger 3', 5 cyclic adenosine monophosphate
(cAMP) plays a vital role in intracellular signaling in the
cardiovascular system [1]. This molecule is synthesized by activated
adenylyl cyclase from adenosine triphosphate (ATP) in response to
extracellular stimulation by G-stimulatory (G,)-coupled receptors. In
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smooth muscle cells of the vasculature, increased intracellular levels
of cAMP lead to vasodilation of large blood vessels, including aorta
and pulmonary artery [2]. However, in smooth muscle cells derived
from smaller vessels such as arterioles (microvascular smooth muscle
cells or microVSM), cAMP has a unique role in increasing expression
and cell surface translocation of o, -adrenoceptors (a,.-ARs), known
to mediate vasoconstriction [3]. In microVSM cAMP activates both
A-kinase and the Ras-related small G protein Rapl, and signaling
associated with these molecules [3-5].

Our studies on microVSM have revealed a unique and crucial
role of cAMP in increasing gene expression of the G protein coupled
a,.-ARs, activating the RhoA-ROCK pathway and increasing
reorganization of filamentous (F) actin. The a,.-ARs are intracellular
receptors that reside in a silent state in the perinuclear Golgi region,
and upon stimulation with cAMP elevating agents, that mimic
vascular stress or injury responses, translocate to the cell surface,
where these receptors are functional and elicit the biological response
of vasoconstriction [3]. Although cAMP activates both the A-kinase
and the Epac-Rapl pathways in these cells, these effects of cAMP
are A-kinase independent and are predominantly mediated by
Rapl subtype A (RaplA) [3,4]. Indeed, in RaplA-null microVSM
these effects of cCAMP are lost, and can be rescued by introducing
constitutively activated RaplA (RaplA-CA) in the RaplA-null
background. Rap1A-CA increased expression of a, -ARsand activated
the RhoA-ROCK pathway, increasing F-actin [3]. In transiently
transfected human microVSM RaplA-CA transcriptionally increased
expression of luciferase-driven a,_-AR promoter (-1915/+5, relative
to the transcription start site +1) through JNK-c-Jun signaling [6] and
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also increased endogenous microVSM receptor levels [3]. The o, -
ARs associate with the actin binding protein filamin-2 via protein-
protein interaction. RaplA-Rho-ROCK signaling phosphorylates
filamin-2 Ser?'®, which is necessary for receptor translocation to the
cell surface [5]. RaplA therefore, has dual effect on a,.-ARs; it can
transcriptionally increase mRNA expression, increasing intracellular
levels of the receptor [3,4], and can increase cell surface receptor
translocation by activation of RhoA-ROCK-filamin-2 pathway
[5], altogether up-regulating receptor function. These studies
therefore showed that receptor expression (including transcription,
translation) and translocation were separate, independent processes.
The cAMP activated serine-threonine A-kinase however, does not
show this positive effect in microVSM, as pharmacological inhibition
of A-kinase activity by the cell-permeable inhibitor H-89 shows no
effect on a,-AR regulation. The A-kinase however, has the potential
to down regulate a, -ARs. Transient transfection of the A-kinase
catalytic subunit decreased basal a, -AR promoter driven luciferase
activity, whereas the cAMP response element (CRE) driven reporter
activated by the A-kinase substrate CREB was positively activated
[4]. Together, some of the known targets and effects of cAMP on
microVSM are summarized in Table 1.

Arterioles play a vital role in modulating blood flow to tissues
and organs and generate peripheral vascular resistance [7]. Arterioles
have high wall-to-lumen ratio compared to other vessels, with
majority of the components of the wall being the circumferential
smooth muscle cells. The smooth muscle layer allows the arteriole
to vary wall tension and diameter, and consequently resistance of

the vessel. These alterations in resistance contribute to perfusion of
the vascular beds. Further, vascular stress or injury may trigger an
inflammatory response leading to increased release of prostaglandin
E, (PGE,) and prostacyclin (PGL,), activation of G -coupled receptors,
and increased intracellular cAMP. Understanding the role of cAMP
in these arterioles therefore, has relevance to vessel lumen diameter
and blood flow control in physiology and pathophysiology.

In this study, we utilized the Ht31 decoy peptide to see the impact
of delocalized catalytic subunit of A-kinase on microVSM a, -ARs.
Our results suggest that compartmentalized cAMP signaling in
microVSM is necessary for resistance vessel physiological function
and responses.

Materials and Methods
Antibodies

a. Anti-a, -adrenoceptor affinity purified rabbit polyclonal
antibody was custom generated, and recognizes the ~70
kDa mature receptor form that translocates from the Golgi
compartment to the cell surface [8-11].

b. Anti-A-kinase R-II-a subunit (affinity purified rabbit
polyclonal) was purchased from Santa Cruz Biotechnology,
Inc. (Dallas, TX).

c. Anti-human filamin (monoclonal, purified by protein A
affinity chromatography, clone 1.BB.804) was purchased
from US Biological Biochemicals and Biological Reagents
(Swampscott, MA).

Table | : Known targets and effects of cyclic AMP on human arteriolar
vascular smooth muscle cells (microVSM)

microVSM Biological Activity

protein/property

Rap1 *GTP bound, activated
RhoA GTP bound, activated
ayc-adrenoceptors Increased expression
(+) H-89 No effecton expression

Filamin-2 Ser213

CREB-Ser133

(+) H-89

Increased phosphorylation

Increased phosphorylation

Reduced phosphorylation

Stimulation Reference
Forskolin [4]
Forskolin or 131
8-pCPT-2"-O-Me-cAMP
Forskolin,
Isoproterenal, or (4]
Cholera-toxin
Forskolin or [5]

8-pCPT-2"-O-Me-cAMP

Forskolin
[4]

*Abbreviations used are: GTP, guanosine 5'-triphosphate; CREB, cyclic AMP response element binding protein,
substrate for A-kinase; t,c-ARS, asc-adrenoceptors; H-89, N-[2-((p-Bromacinnamyl)amina)ethyl]-5-
isoguinolinesulfonamide, 2HCI, cell permeable, selective A-kinase inhibitor
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d. Anti-human and murine filamin-2 phospho-Ser?'?

specific antibody (rabbit polyclonal, purified by affinity
chromatography) was purchased from Invitrogen (Camarillo,
CA).

e. Anti-CREB and anti-CREB (pSer133) were detected using
the PhosphoPlus® CREB (Ser'*) antibody kit (Cell Signaling
Technology, Beverly, MA).

f. Anti-HA.11
purchased from Covance (Berkeley, CA).

monoclonal antibody (clone 16B12) was

All secondary horseradish peroxidase or alkaline phosphatase
labeled (anti-mouse and anti-rabbit) antibodies were purchased from
GE Healthcare/Amersham (United Kingdom) or Jackson Immuno
Research Laboratories, Inc. (West Grove, PA).

Chemicals:

a. Forskolin: This adenylyl cyclase activator, derived from
Coleus forskohlii and >98% pure, was obtained in powder
form from Sigma (St. Louis, MO). Working stock solutions of
10 mM were made by dissolving in DMSO solvent.

b. UK 14, 304: This synthetic a,-AR agonist was obtained in
powder form from Sigma. Working stock solutions of 5 mM
were made in DMSO solvent.

c. IBMX: this phosphodiesterase inhibitor was obtained in
powder form from Sigma. Working stock solutions of 0.675
M were made in DMSO solvent.

MicroVSM cultures

Human VSM culture: Human arteriolar vascular smooth muscle
cells were used for the studies and were explanted from dermal
arterioles of healthy volunteers as previously described [10]. The
procedures and studies performed on human tissue were approved
by the Biomedical Sciences Institutional Review Board (IRB) of the
Ohio State University.

Immunofluorescence-confocal microscopy and quantitation
of fluorescence

Thistechnique was performedaspreviouslydescribed [3,5]. Briefly,
following treatments live cells were fixed in 3% paraformaldehyde,
permeabilized with 0.1% Triton X-100, and incubated with primary
antibody after blocking with 2% normal goat serum. Alexa Fluor-
labeled secondary antibody (Molecular Probes, Life Technologies,
Grand Island, NY) was utilized for visualization of signal, and
Hoechst stain for visualizing nuclei. Images were captured by random
selection in multiple fields using laser scanning confocal microscopy
(LSM 510, Zeiss, Germany). Cells that were clearly damaged during
the processing and mounting steps were excluded. This approach
provides optical slices of microVSM and allows spatial visualization
of intracellular and cell boundary associated endogenous a, -ARs.
When comparing fluorescence, the highest intensity observed was
used as reference for each set of experiments, and identical settings
and conditions were used to capture and process all images. When
assessing changes in mean fluorescence intensity, the region-of-
interest tool (NIS-Elements AR™ Laboratory Image Analysis System,
Nikon Instruments, Melville, NY) was used for quantitation for each

set of experiments. The quantitation of mean fluorescence intensity
of cell boundary associated a,.-ARs was assessed at four different
regions (chosen at random) of the cell boundary per cell. Previous
studies have established that cell boundary associated receptors are
cell-surface a, -ARs [5]. This approach therefore allows relative
quantitative assessment of receptor trafficking to the cell surface.

Relative F-actin levels in microVSM were assessed by utilizing
fluorescently labeled phalloidin (Molecular Probes, Alexa Fluor®-488
phalloidin). Nuclei were visualized with Hoechst stain. When
comparing fluorescence in unstimulated and stimulated cells, the
highest intensity was used as reference and all images were captured
and processed with identical settings and conditions. All images
were processed and presented in their original state, without editing
or modifications. Changes in mean fluorescence intensity were
quantitated by using the region-of-interest tool, NIS-Elements AR™
Laboratory Image Analysis System (Nikon Instruments Inc.).

Adenovirus constructs Ht-31 and Ht-31-P

Recombinant adenovirus encoding HA-tagged Ht31 peptide
(Ad-HA-Ht31, . ; Ht31) or HA-tagged Ht31P (proline-substituted
derivative) (Ad-HA-Ht31P, . Ht31-P) generated as
previously described [12]. The A-kinase R subunits are anchored
by protein-protein interactions to A-kinase anchoring proteins
(AKAPs), conferring distinct intracellular localization and specificity
of signaling. The AKAPs contain a conserved amphipathic helix of 23
residues (amino acids 493-515) that binds the RII subunit [13-15].
In in vitro and in vivo studies, expression of a peptide containing
these conserved residues (referred to as anchoring inhibitor
Ht31) leads to competition with R subunit binding or endogenous
A-kinase holoenzyme binding, globally delocalizing A-kinase
from all AKAPs and decreasing local availability of the catalytic
(C) subunit which is associated with the R subunit [12,13,16-19].
Indeed, cAMP can induce catalytic activity of A-kinase without R-C
subunit dissociation [20]. The proline substituted peptide (Ht31-P)
has two proline substitutions of hydrophobic residues (amino
acids 499 (Ala) and 507 (Ile)). These prolines disrupt the secondary
structure of the amphipathic helix necessary for RII subunit binding
[12]. The expression of Ht31-P therefore, does not block A-kinase/
AKAP interaction and serves as a negative control. MicroVSM viral
transductions were optimized using equivalent numbers of virus
particles per cell (of each peptide; multiplicity of infection, MOI)
for transduction as previously described [3,10]. Peptide expression
and stability were confirmed by Western blot analysis using anti-HA
antibody directed against the peptide amino terminus tag (~88 hours
after transduction). Although both peptides were overexpressed, the
effects observed were specific to Ht31, as in control studies increasing
MOTI of transduction of Ht31-P compared with Ht31 showed no
effect on A-kinase delocalization. These observations were consistent
with previous studies that confirmed and established in vivo peptide
stability and specificity [12]. All virus work was performed according
to NIH Guidelines and Institutional Biological & Chemical Safety
Committee (IBCSC) guidelines and approved protocols.

(RNase)

were

Quantitative ribonuclease
(qQRPA)

protection assays

This assay was developed to quantitate a,-AR subtype expression
in human tissue and explanted microVSM. The reliability and
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specificity of this assay has therefore been established in previous
studies [4,10]. These assays were performed as previously described
using an internal control for the housekeeping gene glyceraldehyde
3-phosphate dehydrogenase (GAPDH)[4,10,21]. The a,.-AR was
detected as a 348 nucleotide protected fragment, and the GAPDH as
a 433 nucleotide protected fragment. The data were normalized to
GAPDH.

Western blotting

This was performed as previously described [3]. Samples were
separated on 10% pre-cast gels (Criterion™ Tris-HCI, Bio-Rad
Laboratories, Hercules, CA) and immunoblotted for P-CREB and
CREB. The results for P-CREB were normalized to total CREB
expression, which was used as control for sample loadings. The
images were scanned for quantitation using Quantity One software
(Bio-Rad Laboratories).

Measurement of intracellular cAMP

The intracellular cyclic AMP levels in human microVSM
transduced with Ht31-P or Ht31 were measured to assess endogenous
a,-AR cell surface association and function. Cyclic AMP levels were
quantitated using ELISA (following manufacturer recommendations,
Enzo Life Sciences Inc. Farmingdale, NY). The assays were performed
as previously described [3].

Statistical analysis

Statistical analysis of the data was performed by Student's t-test
for either paired or unpaired observations. When more than two
means were compared, either a one-way ANOVA with Bonferroni
or Dunnett’s post hoc test for multiple comparisons or a two-way
ANOVA with Tukey-Kramer's post hoc test (Graph Pad Prism, San
Diego, CA) was used to identify differences among groups. Data are
presented as means + SE, where n equals the number of independent
experiments or individual cells. Values were considered statistically
different when P< 0.05.

Results

Delocalization of endogenous A-kinase using anchoring
inhibitor decoy peptide Ht31

The A-kinase holoenzyme, comprising two catalytic (C) subunits
held inactive by association with two regulatory (R) subunits,
mediates CAMP signaling [22]. Cyclic AMP binding to R subunits
uncovers the biological activity of the C subunits, leading to selective
phosphorylation of substrate proteins. The R subunits are anchored
by protein-protein interactions to A-kinase anchoring proteins
(AKAPs), conferring distinct intracellular localization and specificity
of signaling, important for the maintenance of cellular function
[13,23-26]. To examine the role of A-kinase on endogenous a, -ARs in
human microVSM, experiments were conducted using the anchoring
inhibitor decoy peptide Ht31 to delocalize endogenous A-kinase
and to measure the impact on a,.-AR expression, translocation, and
function.

In microVSM, the endogenous RII subunit is sequestered
in a juxtanuclear sac-like organelle region, examined with
immunofluorescence-confocal microscopy staining, reflecting RII-
AKAP distribution in these cells, similar to non-VSM cells [27,28].
Expression of Ht31-P (even with increasing multiplicity of infection

compared with Ht31) showed no effect on RII subunit distribution
(red, Alexa Fluor-568, Figure 1A). However, expression of Ht31
disrupted this localization and showed diffuse staining. The RII
staining was present in the cytosol and cell boundary (Figure 1A).
Quantitative assessment of RII distance spread relative to the nucleus
in Ht31-P or delocalized in Ht31 was measured in DMSO or FSK
treated cells. Using this approach significant delocalization of RII was
observed in cells with Ht31 versus Ht31-P (Figure 1B). Delocalization
will reduce the local availability of the C subunit for substrates
including CREB. The effect of delocalization was therefore assessed by
examining phosphorylation of the A-kinase substrate CREB at Ser'®.
CREB is phosphorylated at Ser'* as early as 10 min of stimulation by
forskolin [4]. Significantly reduced phosphorylation of CREB Ser'*
was noted for cells transduced with Ht31 versus Ht31-P at 10 min, 30
min, and 60 min of forskolin stimulation (Figure 2).
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Figure 1: The A-kinase Rll-a subunit localization in human microVSM
transduced with Ht31-P or Ht31. (A) Quiescent cells were treated with
solvent (DMSO, 30 min) or with forskolin (FSK, 30 min), and cellular RII
subunit localization was examined by imaging using immunofluorescence-
confocal microscopy (Alexa Fluor-568, red). The nuclei were stained with
Hoechst (blue). Inset shows RIl subunit localization in the juxtanuclear
region in control Ht31-P, and diffuse (delocalized) staining in Ht31 cells.
Scale bar=20 pm. (B) The spreading distance of RII relative to the nucleus
in Ht31-P or delocalized in Ht31 (double-headed arrows in A) was measured
in DMSO or FSK treated cells. Each bar represents data obtained from 6-14
cells. **P<0.001, **P<0.01.
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Figure 2: The impact of delocalized A-kinase on phosphorylation of
CREB in human microVSM. Quiescent microVSM, transduced with Ht31 or
Ht31-P, were treated with forskolin (FSK, 10 uM) for O (control), 10 min, 30
min, and 60 min. (A) Western blot analysis, CREB-pSer**® and total CREB.
(B) Quantitation of data from three independent experiments, shown as
means * SE. The results for CREB-pSer*® were normalized to total CREB
expression, which was used as control for sample loadings. The relative
phosphorylation of CREB-pSer*® in Ht31-P versus Ht31 is shown for 10 min,
30 min, and 60 min of stimulation by FSK. *P<0.01, *P<0.05.

Ht31 and effect on
translocation, and function

a, -adrenoceptor expression,

Previous studies established the riboprobe specificity for a, -
AR mRNA in quantitative RNase protection assays [10]. Human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
as an internal control for sample loadings, allowing quantitation
and normalization of the data. This approach allowed quantitative
assessment of the time course of a,.-AR mRNA induction upon
forskolin (10 uM) stimulation. The studies showed that a, -AR mRNA
isinduced by forskolin, reaching maximum levels at 6 h of stimulation,
and is not affected by the A-kinase pharmacological inhibitor H-89
[4]. This increase in a, -AR mRNA led to a corresponding increase
in the mature glycosylated receptor protein levels, which reached
highest detectable levels at 16 h of forskolin stimulation [3,6,10].
In the present study however, expression of Ht31 affected basal
(unstimulated) and forskolin (FSK, 10 uM) stimulated induction of
a,.-ARs in human microVSM (examined at 6 h of FSK stimulation),
compared with expression in the presence of control Ht31-P, which
was taken as reference, 100% (Figure 3A, Figure 3B).

Previous studies also established the feasibility of utilizing
immunofluorescence-confocal imaging to examine spatial and
temporal distribution of endogenous microVSM a,.-ARs, actin
filaments, and phospho-Ser*? filamin-2 in quiescent or stimulated
cells [3,5]. Studies showed that o, -ARs co-localized with actin
filaments and the cell boundary in stimulated cells. Punctate staining

of a, -ARs (shown to be in intracellular vesicular compartments) was
observed along actin filaments indicating vesicular transport of a, -
ARs to the cell boundary. Utilizing amino-terminus tagged o, -ARs,
these cell boundary receptors were determined to be associated with
the cell surface and were functional [3,5]. The anti-a, -adrenoceptor
antibody used in the studies recognizes the ~70 kDa mature receptor
form that translocates from the Golgi compartment to the cell surface
[8-11]. Further, filamin-2 was shown to be necessary for receptor
translocation to the cell surface; phosphorylated Ser*'** filamin-2 was
associated with filaments and cell boundary in stimulated cells [5].

Similarly, imaging studies were performed to assess the effect of
Ht31 on a, -ARs, F-actin, and phospho-Ser*'" filamin-2 in human
microVSM stimulated with forskolin (0, 9, and 16 h, Figure 4). In
both Ht31-P and Ht31 unstimulated cells (0 h), the a, -ARs were
perinuclear (Figure 4A). However, upon forskolin stimulation (9 h
and 16 h) a, -ARs were on filaments and the cell boundary and co-
localized with F-actin (Figure 4B, Figure 4C). Quantitation of a, .-ARs
on the cell boundary showed an increase in receptors upon forskolin
stimulation in cells transduced with Ht31-P. This increase however,

B. a,¢-AR expression (mRNA)

C Ht31-P . Hi31

-

100+

75

o.2¢c-MRNA (relative, %)
[4.]
2

(=) FSK
unstimulated stimulated

Figure 3: Role of delocalized A-kinase in endogenous a, -
adrenoceptor expression in human microVSM. (A) Quantitative
Ribonuclease protection assays were utilized to examine a,.-AR mMRNA
levels (protected fragment of 348 nt) in quiescent, unstimulated cells
(-) or forskolin stimulated cells (FSK, 10 uM, 6 h).The house keeping
gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH, protected
fragment of 433 nt) was used as an internal control for sample loadings
and data normalization. Yeast tRNA was used for background control.
(B) Quantitation of results from three independent experiments. The basal
(unstimulated) and FSK stimulated a,.-AR mRNA levels were affected by
delocalized A-kinase compared with control cells.*P<0.05.
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Figure 4: Role of delocalized A-kinase in endogenous a,.-adrenoceptor translocation, F-actin, and filamin-2 phospho-Ser?** in human microVSM.
Quiescent microVSM transduced with Ht31 or Ht31-P were treated with forskolin (FSK, 10 pM) for 0 h, 9 h, and 16 h, and cells were fixed, permeabilized, and
co-stained for a,.-adrenoceptors (a,.-ARs, Alexa Flour-568, red) and F-actin (Alexa Fluor-488 phalloidin, green, panels A, B, and C), or for filamin-2 phospho-
Ser?'®3 (Alexa Fluor-488, green, panel G) followed by confocal microscopy imaging. Nuclei were stained blue with Hoechst dye. Arrows point to a,.-ARs on the
cell boundary, and merged images show co-localization of a,.-ARs and F-actin (yellow, panels A, B, C). Note presence of a,_-ARs on filaments in FSK stimulated
cells. Scale bars= 20 um. (D) Quantitation of relative mean fluorescence intensity for a,.-ARs, assessed at four different regions of the cell boundary per cell, at 0,
9, and 16 h of forskolin stimulation. Each bar represents data from 6-8 cells. ***P<0.001. (E) Quantitation of relative a,.-ARs in the perinuclear region at 0, 9, and
16 h of forskolin stimulation. Each bar represents data from 6-10 cells. *P<0.05, **P<0.01, ***P<0.001. (F) Quantitation of relative F-actin levels in cells at 0, 9, and
16 h of forskolin stimulation. Each bar represents data from 5-8 cells.*P<0.05, and **P<0.01. (H) Quantitation of relative mean fluorescence intensity of filamin-2
phospho-Ser?*3 in cells at 0, 9, and 16 h of forskolin stimulation. Each bar represents data from 7-9 cells. **P<0.01, ***P<0.001.
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Figure 5: Effect of delocalized A-kinase on endogenous a, -
adrenoceptor function. Quiescent (serum-starved, 48 h) cells transduced
with Ht31-P or Ht31 were treated with forskolin (FSK, 10 puM, 14 h) or
solvent DMSO (control treatment, 14 h), followed by pre-treatment with the
phosphodiesterase inhibitor IBMX (0.225 mM, 30 min). The a,_-adrenoceptor
function was assessed by ability to inhibit forskolin stimulated intracellular
cyclic AMP accumulation in response to increasing concentrations of the
0,-AR agonist UK 14,304 (UK, 10 pM, 100 pM, or 10 nM) in cells transduced
with Ht31-P (A) or Ht31 (B). Basal levels of cyclic AMP were elevated by
FSK (5 uM, 5 min). Data are corrected for baseline value and are presented
as a percentage of the response to FSK alone and are expressed as means
+ SE from 2-3 independent experiments with duplicate treatments for each
condition. The effects below the baseline are shown with negative values.
**P<0.01.

was significantly reduced in cells transduced with Ht31 (Figure 4A,
Figure 4B, Figure 4C, and Figure 4D). Quantitation of a, -ARs in the
perinuclear region was also performed. The analysis showed similar
reduction of a, -ARs in cells transduced with Ht31 versus Ht31-P
(Figure 4E).

Quantitation of changes in F-actin showed a significant increase
in Ht31-P transduced cells upon forskolin stimulation at 9 h and 16
h compared with 0 h. However, a significant increase was observed
in F-actin at 0 h in cells transduced with Ht31 versus Ht31-P. There
was no significant difference at 9 h and 16 h of forskolin stimulation
between Ht31 and Ht31-P transduced cells (Figure 4A, Figure 4B,
Figure 4C and Figure 4F).

The spatial distribution and quantitation of changes in mean
fluorescence intensity (as a measure of changes in phosphorylation
status) of phospho-Ser*'? filamin-2 showed a significant increase at
9 h of forskolin stimulation compared with 0 h, in both Ht31-P and
Ht31 transduced cells. The phospho-Ser?'”* filamin-2 was associated
with filaments and cell boundaries in stimulated cells. There were no
significant differences observed at 9 h for Ht31-P versus Ht31.
However, a significant difference was observed at 16 h of forskolin
stimulation in Ht31 transduced cells versus Ht31-P (Figure 4G and
Figure 4H).

Finally, the impact of Ht31 on receptor biological function was
assessed. The a, -ARs are G,-coupled receptors and upon activation by
agonist cell surface receptors inhibit intracellular cAAMP produced by
adenylyl cyclase [29]. With increasing agonist concentration modest
to strong biological responses were observed in cells transduced with
Ht31-P, consistent with increased cell surface-associated receptors
(Figure 5A). However, with increasing agonist concentration, no
responses or attenuated biological responses were observed in cells
transduced with Ht31, consistent with reduced cell surface-associated
receptors (Figure 5B).

Discussion

Cyclic AMP has a vital role in blood vessel physiology, particularly
intracellular signaling through the classic A-kinase, and the more
recently identified, Epac-Rapl pathways. It can lead to dilation of
large blood vessels and constriction of small blood vessels, including
arterioles. Cyclic AMP can therefore lead to modulation of blood
vessel diameter and consequently blood flow to tissues and organs.
Identification of the molecular targets of cCAMP is therefore critical
for a better understanding of the physiological mechanisms involved.

In this study we examined and identified mechanism of cAMP
signaling in human microVSM derived from cutaneous arterioles,
and provide evidence of a physiological role of compartmentalized
cAMP-A-kinase signaling using the G protein coupled a,.-ARs
as an example. Indeed, these microVSM have served as a unique
model in previous studies to elucidate mechanisms of expression
and trafficking of endogenous a, -ARs [3-6,10,30]. Cyclic AMP has
a unique role in these microVSM, leading to increased expression
and cell surface trafficking of functional a,-ARs that mediate
vasoconstriction [3,5]. The cAMP-Epac-RaplA pathway, and not
the A-kinase pathway, mediated these effects. The results from the
present study show that delocalization of A-kinase has an inhibitory
effect on a, -AR expression. The o, -AR specific antibody used in
the studies recognizes the ER-Golgi processed, mature form of the
receptor, shown in earlier studies as the main form involved in
receptor translocation [8-11]. The studies therefore suggest that
receptor post-translational modifications were not affected, and
that delocalized A-kinase targets nuclear signaling, inhibiting o, -
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ARs at the transcriptional level. Less receptor is produced and
therefore, less receptor is available for translocation. Indeed, previous
studies in human microVSM using transient transfections showed
that delocalized A-kinase catalytic (C) subunit has the potential to
inhibit o, -AR transcription. The specificity of A-kinase signaling is
by-passed by expression of the C subunit in transient transfections,
leading to transcriptional inhibition of a, -AR-promoter driven
luciferase reporter [4]. These results suggested that A-kinase has the
potential to attenuate o, -AR expression in microVSM. However,
post-transcriptional or combination of transcriptional and post-
transcriptional mechanisms may be involved and cannot be excluded
from the present studies utilizing Ht31 to delocalize endogenous
A-kinase.

Since surface receptors determine the sensitivity of response to
agonist, these results suggest that delocalized A-kinase may affect
strength of receptor biological response, reducing a, .-AR mediated
physiological response of arteriole constriction. Indeed, this model is
supported by functional studies in microVSM that showed attenuated
receptor biological responses with Ht31 compared with Ht31-P. A
limitation of the study is that it did not test A-kinase inhibitors to
reverse the effect on a,.-ARs. However, despite this limitation, these
studies suggest that compartmentalized cAMP signaling elicits a
selective, and protective, cellular response to maintain microVSM
function, which may have relevance to arteriole (or resistance vessel)
physiological function.

A possible mechanism mediating this effect may involve
phosphorylation of A-kinase substrates linked to a, -AR regulation;
for example, A-kinase may modulate RaplA and RhoA biological
activity. In non-VSM A-kinase phosphorylation at Ser'®
potentially alter biological function of RaplA by impairing ability to
associate with effector proteins [31-35], whereas A-kinase can inhibit
RhoA activity by phosphorylation at Ser'®, affecting actin stress-
fiber formation and focal adhesion complexes [36-39]. A-kinase can
therefore negatively regulate key molecules that are essential for a, -
AR expression, cytoskeletal organization, and receptor translocation,
reducing a,-ARs, F-actin, and phospho-Ser*"
Although reduced a,.-ARs were noted, the studies however did
not show reduced phospho-Ser*'" filamin-2, necessary for receptor
translocation. Increased phospho-Ser*? filamin-2 was noted in 9 h
and 16 h stimulated cells transduced with Ht31.

can

filamin-2.

Altered distribution or activity of A-kinase can playarolein disease
processes including breast cancer cell invasiveness (suppression of
Rho activity by A-kinase) [40], heart failure (hyperphosphorylation
of calcium release channel by A-kinase, or reduced AKAP-A-kinase
interactions) [23,25], and vascular intimal lesions [41]. The biological
consequence of disruption of AKAP-A-kinase interactions in
microVSM is not well understood. The model system identified in
these studies can be used in future studies to examine the consequence
of A-kinase disruption of normal homeostatic mechanisms, providing
a paradigm for aberrant regulation, potentially in disease states; for
example, examining alterations in gene expression profile. Further,
over-activity of a, -ARs has been implicated in peripheral vascular
disorder, including primary and secondary Raynaud'’s phenomenon,
and peripheral vascular condition of cold feet and cold hands [42,43].
Identification of the exact mechanism of A-kinase inhibition of o, -
ARs in human microVSM in this model system may provide novel

insights and target(s) to selectively inhibit o, -ARs, with potential
clinical relevance.
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