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Myosin light chain phosphatase plays a critical role in modu-
lating smooth muscle contraction in response to a variety of
physiologic stimuli. A downstream target of the RhoA/Rho-ki-
nase and nitric oxide (NO)/cGMP/cyclic GMP-dependent
kinase (cGKI) pathways,myosin light chain phosphatase activity
reflects the sum of both calcium sensitization and desensitiza-
tion pathways through phosphorylation and dephosphorylation
of the myosin phosphatase targeting subunit (MYPT1). As cer-
ebral blood flow is highly spatio-temporally modulated under
normal physiologic conditions, severe perturbations in normal
cerebral blood flow, such as in cerebral vasospasm, can induce
neurological deficits. In nonpermeabilized cerebral vessels
stimulated with U-46619, a stable mimetic of endogenous
thromboxane A2 implicated in the etiology of cerebral vaso-
spasm, we observed significant increases in contractile force,
RhoA activation, regulatory light chain phosphorylation, as well
as phosphorylation ofMYPT1 atThr-696, Thr-853, and surpris-
ingly Ser-695. Inhibition of nitric oxide signaling completely
abrogated basal MYPT1 Ser-695 phosphorylation and signifi-
cantly increased and potentiated U-46619-induced MYPT1
Thr-853 phosphorylation and contractile force, indicating that
NO/cGMP/cGKI signaling maintains basal vascular tone
through active inhibition of calcium sensitization. Surprisingly,
a fall in Ser-695 phosphorylation did not result in an increase in
phosphorylation of the Thr-696 site. Although activation of
cGKI with exogenous cyclic nucleotides inhibited thromboxane
A2-induced MYPT1 membrane association, RhoA activation,
contractile force, and regulatory light chain phosphorylation,
the anticipated decreases in MYPT1 phosphorylation at Thr-
696/Thr-853 were not observed, indicating that the vasorelax-
ant effects of cGKI are not through dephosphorylation of
MYPT1. Thus, thromboxane A2 signaling within the intact cer-
ebral vasculature induces “buffered” vasoconstrictions, in

which both the RhoA/Rho-kinase calcium-sensitizing and the
NO/cGMP/cGKI calcium-desensitizing pathways are activated.

Physiologic control of cerebral circulation ismodulatedmet-
abolically via PO2 and PCO2, as well as via eicosanoids, endo-
thelin, and nitric oxide (NO).2 Disruptions in the blood-brain
barrier either by traumatic head injury or subarachnoid hem-
orrhage can cause prolonged and severe perturbations to nor-
mal cerebral blood flow. Cerebral vasospasm following sub-
arachnoid hemorrhage is characterized by an extensive
prolonged narrowing of cerebral arteries, which may result in
neurological deficits (1, 2). Eicosanoids, such as the prostaglan-
dins, leukotrienes, and thromboxanes, have been implicated in
the etiology of cerebral vasospasm following subarachnoid
hemorrhage (1). The Rho-kinase inhibitor fasudil is used clini-
cally as an effective treatment for cerebral vasospasm (3), sug-
gesting the importance of RhoA signaling in the cerebrovascu-
lature. Thus a better understanding of the signaling pathways
regulating normal and pathological cerebral blood flow is war-
ranted and is the basis of this study.
Thromboxane A2 (TXA2), a platelet-secreted, short lived

derivative of arachidonic acid, is known to induce vasoconstric-
tion in multiple vascular smooth muscles (4–6), including the
cerebral microvessels (7). TXA2 receptors (TXA2R) signal
through both Gq, resulting in the activation of phospholipase
C� catalyzing the generation of inositol 1,4,5-trisphosphate
and diacylglycerol, and G12/13, resulting in Ca2� sensitization
through the activation of RhoA (4, 8). Activation of the TXA2R
is generally considered to preferentially activate calcium sensi-
tization pathways (9–11). As myosin regulatory light chain
(RLC20) phosphorylation reflects the activities of myosin light
chain kinase (MLCK) and myosin light chain phosphatase
(MLCP), the extent of RLC20 phosphorylation can be modu-
lated by regulating the activity ofMLCKorMLCP. Inhibition of
MLCP activity through the phosphorylation ofMYPT1, such as
it occurs with Ca2� sensitization, leads to an increase in RLC20
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phosphorylation at constant [Ca2�]i. Additionally, in some
smooth muscles, activation of the phosphoinhibitory protein
CPI-17 by a conventional protein kinase C isoform (12) or Rho-
kinase (8) results in reduced MLCP activity thus increasing
RLC20 phosphorylation and force. The role of CPI-17 in the
cerebral vasculature is not presently known.
Ca2� desensitization leads to a decrease in RLC20 phospho-

rylation and relaxation of vascular smooth muscle at constant
[Ca2�]i through inhibition of MLCK activity, activation of
MLCP, or inhibition of Ca2�-sensitizing pathways (8, 13).
Cyclic nucleotide-induced relaxation of vascular smooth mus-
cle occurs through several potential downstream signaling
pathways initiating Ca2� desensitization, which include phos-
pho-inhibition of RhoA�GTP at Ser-188 by cyclic GMP-
dependent kinase (cGKI) (14, 15), cGKI phosphorylation of
telokin (16–18), and inhibition of RhoA activation through
protein kinase A (PKA)-dependent phosphorylation of G�13
(19). A widely accepted mode of Ca2� desensitization occurs
through the direct interaction of MYPT1 with cGKI through
their respective C- and N-terminal leucine zipper motifs (20–
22). Although the molecular mechanism whereby cGKI alters
MLCP activity remains unknown, recent evidence in permeabi-
lized smooth muscles would suggest that phosphorylation of
MYPT1 at Ser-695, resulting in the reduction of phosphoryla-
tion at the adjacent inhibitory Thr-696 site (23, 24), may play an
important physiologic role.
Cyclic nucleotides, generated in response to endothelium-

derived NO, can induce relaxation by decreasing [Ca2�]i
through the inhibition of calcium influx (25) or calcium release
from the sarcoplasmic reticulum (see Refs. 26, 27 and reviewed
in Refs. 28, 29). Activation of cGKI selectively phosphorylates
and inhibits the TXA2R�-isoform (30). Furthermore, the nitric
oxide donor SNP was shown to decrease CPI-17 phosphoryla-
tion coincident in time with the rise in [cGMP] and MLCP
activity in porcine carotid arteries (31). It remains uncertain
whether activation of cGKI in cerebrovascular smooth muscle
similarly inhibits RhoA activation and MYPT1 phosphoryla-
tion as in cell culture systems (32), or whether cyclic nucleoti-
de-mediated phosphorylation of telokin, such as in phasic
smooth muscles or dephosphorylation of CPI-17, contributes
to activation of MLCP in the cerebral vasculature, which is a
focus of this study.
Coincidentwith theCa2� sensitization-induced phosphoryl-

ation ofMYPT1 at Thr-696,MLCP has been observed to trans-
locate from the cytosol to the cell membrane following stimu-
lation with prostaglandin F2� and sphingosine 1-phosphate in
freshly isolated ferret portal vein SMCs (33) and in hamster
resistance arteries (34), suggesting that removal of MLCP from
the actomyosin contractile apparatus may be an additional
mechanism of Ca2� sensitization. Though presently an inter-
esting observation associated with Ca2� sensitization, the
underlying function, magnitude, and mechanism of its translo-
cation to the membrane is presently unknown. In this study we
examined the downstream signaling events of TXA2 receptor
stimulation in concert with cGKI activation in the intact cere-
bral vasculature. We demonstrate cGKI-dependent inhibition
of MYPT1 membrane association and RhoA activation follow-
ing TXA2R stimulation, without the anticipated reduction of

MYPT1 phosphorylation at Thr-696, recently demonstrated in
permeabilized ileum (24) and femoral artery (23). Surprisingly,
phosphorylation of the MYPT1 Ser-695 site, generally associ-
ated with cyclic nucleotide signaling, is present in the resting
state, significantly increased in response to thromboxane A2
signaling, and completely abrogated by L-NAME pretreatment
or permeabilization, suggesting a critical role for TXA2 signal-
ing in endothelium-smooth muscle coupling within the cere-
bral vasculature.

MATERIALS AND METHODS

Tissue Preparation—Adult male Sprague-Dawley rats (150–
175 g) and adultmaleNewZealandWhite rabbits (4–5 pounds)
were euthanized according to protocols approved by the Ani-
mal Care and Use Committee at the University of Virginia. The
posterior and middle cerebral as well as the superior cerebellar
arteries were removed from the brain, placed in ice-cold
HEPES-buffered Krebs solution, and cleaned of their adventi-
tia. Histological sections of the middle cerebral artery (supple-
mental Fig. 1) show that the vessels consists of 2–3 layers of
circular smooth muscle cells with an intact endothelial lining.
Morphometric measurements show that endothelial cells con-
tribute �16.5 � 2.9% of the total cross-sectional area of the
vessel wall.
Immunofluorescence Microscopy—Rat cerebral arteries were

fixed 10 min post-stimulus in 4% paraformaldehyde in phos-
phate-buffered saline at room temperature for 15min. Arteries
were permeabilized with 0.03% Triton X-100 for 20 min and
blocked with 5% normal donkey serum. Primary antibodies
were visualized by a rhodamine Red-X conjugated secondary
antibody (Jackson ImmunoResearch,West Grove. PA) at 1:500
dilution. Cell nuclei were visualized with TO-PRO-3 Iodide
(Invitrogen). All images were acquired under identical laser
power and gain settings using an Olympus Fluoview 300 con-
focal microscope (Olympus).
Protein Phosphorylation—Protein phosphorylation was pre-

served by freeze substitution in 10% in trichloroacetic acid in
acetone at �80 °C. The trichloroacetic acid was removed by
successive washes with pure acetone, after which the vessels
were allowed to dry, homogenized in SDS buffer, and boiled for
10 min. Following centrifugation at 10,000 � g for 10 min, the
total protein content was determined by the RC DC protein
assay (Bio-Rad) to ensure equal loading. Following transfer, gels
were stained with Coomassie Blue, and the filamin bands were
scanned densitometrically as an additional internal loading
control.
Membrane Fractionation—Membrane-bound proteins were

separated from cytosolic proteins according to the methods
described in Gong et al. (35). Briefly, rabbit cerebral vessels
were homogenized in ice-cold homogenization buffer (10 mM
Tris-HCl, pH 7.5, 5 mMMgCl2, 2 mM EDTA, 250mM sucrose, 1
mM dithiothreitol) with protease inhibitor mixture (Sigma) at
1:100 dilution and centrifuged at 100,000 � g for 30min at 4 °C
(OptimaTM TLX ultracentrifuge, TLA 120.1 rotor, Beckman
Instruments). The supernatant was collected as the cytosolic
fraction. Pellets were resuspended in ice-cold homogenization
buffer supplemented with 1% Triton X-100 and 1% sodium
cholate and incubated for 30 min. The detergent-soluble frac-
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tion was separated from the detergent-insoluble (pellet) frac-
tion by centrifugation at 1000 � g for 10 min. Fractions were
separated by gel electrophoresis and transferred to polyvinyli-
dene difluoride.
Rhotekin Pulldown—RhoA activation was determined by

precipitation of active GTP-bound RhoA (RhoA�GTP) with a
glutathione S-transferase fusion protein of the Rho-binding
domain of the Rho effector rhotekin as described previously
(36).
Western Blotting—Proteins were transferred to polyvinyli-

dene difluoride or to nitrocellulose for CPI-17 blotting and
visualized using either the Odyssey system (Li-Cor, Lincoln,
NE) or ECL. For Odyssey imaging, membranes were blocked
with Odyssey Blocking Buffer and probed with primary anti-
body in Blocking Buffer. Primary antibodies were visualized
using either a goat anti-mouse Alexa 680 (Invitrogen) or a goat
anti-rabbit IRDye800 (Rockland Immunochemicals, Gilberts-
ville, PA)-conjugated secondary antibody. Chicken IgY was
detected using a rabbit anti-chicken HiLyte 680 (AnaSpec, San
Jose CA)-conjugated secondary antibody. Detection and quan-
tification of the infrared signal were performed using theOdys-
sey system software. ECL blots were processed following previ-
ously published methods (37).
Isometric Force Measurements—Helical strips (100 �m

wide� 3mm long) were cut from the ratmiddle cerebral artery
(inner diameter �75–100 �m) and mounted on a 100-�m
stainless steel rod for ease of cutting and to remove the endo-
thelium. In some cases to preserve the endothelium, helical
strips were cut from an unmounted MCA. Isometric tension
wasmeasured at room temperaturewith a force transducer (AE
801; SensoNor A.S., Horten, Norway), and a length-adjusting
device was mounted on a “bubble plate” (38) or on a newly
developed wire myograph system with low bath volumes
(900SM, Danish Myo Technology, Aarus, Denmark). Strips
were stretched 1.1 � resting length in a bicarbonate Krebs
buffer and allowed to equilibrate for 30 min prior to depolar-
izationwith 154mMK�. The bicarbonate Krebs buffer contain-
ing (mM) 115.2 NaCl, 22.14 NaHCO3, 7.88 D-glucose, 4.7 KCl,
1.18 KH2PO4, 1.16MgSO4, 1.80 CaCl2, 0.114 ascorbic acid, and
0.027 Na2EDTA was continuously bubbled with 95% O2, 5%
CO2. Strips permeabilized with �-toxin and treated with 10 �M
A23187 in G1 solution, as described previously (39, 40), were
used to determine the free calcium EC50 (supplemental Fig. 2)
and the effects of 8-Br-cGMP on contractile force in the pres-
ence of fixed [Ca2�]i. Maximal forces were normalized to that
of pCa 5 solution, and curves were fit to the data using Origin-
Pro software (Northampton MA).
Cyclic NucleotideMeasurements—Following stimulation, rat

cerebral arteries were immediately homogenized in 95% etha-
nol at pH 3.0, after which the homogenate was left overnight at
�20 °C for extraction of cyclic nucleotides (41). Samples were
centrifuged at 10,000 � g for 10 min. The supernatant was
evaporated to dryness under N2, and cyclic nucleotide content
was measured using acetylated radioimmunoassay cAMP and
cGMP kits according to the manufacturer’s protocol (BTI Inc.,
Stoughton, MA). The protein pellet was dissolved in 0.5 M
NaOH and assayed for protein content as above. Cyclic nucle-
otide content was normalized to total protein content.

Antibodies and Reagents—The following antibodies were
used: mouse monoclonal anti-MYPT1 (Covance) for indirect
immunofluorescence localization ofMYPT1 and amonoclonal
anti-MYPT1 (BD Biosciences, San Jose CA) for Western blot-
ting; phospho-specific rabbit polyclonal antibodies anti-phos-
pho-MYPT1 Thr-696 and anti-phospho-MYPT1 Thr-850
(Upstate, Charlottesville VA); mouse monoclonal anti-MLC20
antibody for total MLC20 (Sigma); total and phospho-vasodila-
tor-stimulated protein (VASP; Ser-157 and Ser-239), as well as
the rabbit polyclonal anti-phospho-MLC20 antibodies (Cell
Signaling, Danvers MA); mouse monoclonal anti-RhoA (Santa
Cruz Biotechnology Inc., Santa Cruz CA); rabbit polyclonal
total CPI-17 (42), and a chicken IgY anti-phospho-CPI-17
Thr-38 (43). Rabbit polyclonal anti-phospho-MYPT1 Ser-695
and mouse monoclonal anti-MYPT1 leucine zipper (LZ) anti-
bodies were generous gifts from Dr. Timothy Haystead (Duke
University, Durham, NC) and Dr. Frank Brozovich (Mayo
Clinic, Rochester, MN), respectively.
Statistical Analysis—Statistical significance with respect to

control (*) was determined using the Student’s t test (Microsoft
Excel). The level of significance was set at p � 0.05.

RESULTS

Effects of Thromboxane A2 and cGMP Signaling on Middle
Cerebral Artery Contractility—To assess the general effects of
TXA2R stimulation and cGMP signaling in the intact cerebral
vasculature, we examined the effects of the stable thromboxane
A2mimetic U-46619 and 8-Br-cGMPon the contractility of the
intact middle cerebral artery (MCA, Fig. 1). The maximal con-
tractile force induced by 300 nM U-46619 (10 min) is reversible
upon addition of the Rho-kinase inhibitor Y-27632 (Fig. 1A,
inset), although not completely, suggesting a component of
TXA2R-mediated contractile force is independent of Rho-ki-
nase. Additionally, small changes in [Ca2�]i above resting val-
uesmay contribute to the Rho-kinase-independent component
of the TXA2-signaled contractile force, as in the rat caudal
artery (6). Pretreatment with 8-Br-cGMP (10min) significantly
inhibited the U-46619-induced contraction by �40% (Fig. 1A,
n � 4, p � 0.05), similar to the nearly 40% reduction in
U-46619-induced contractile force upon addition of (post-
treatment) 8-Br-cGMP (Fig. 1B). The efficacy of 8-Br-cGMP to
inhibit (pretreatment) or reverse (post-treatment) U-46619-in-
duced contractile force was not significantly different (Fig. 1C).
MCApreparationswere permeabilizedwith�-toxin and exhib-
ited a normal pCa-tension relationship (supplemental Fig. 2).
Addition of 8-Br-cGMP reduced pCa 6.3 force by�70% (n� 4,
p � 0.05; data not shown) under conditions where Ca2� was
clamped with EGTA buffer. This finding plus the ability of the
Rho-kinase inhibitor to relax the U-46619-contracted nonper-
meabilizedMCA demonstrate that 8-Br-cGMP-induced relax-
ation is not solely because of decreases in cytoplasmic [Ca2�].
8-Br-cGMP Pretreatment Inhibits TXA2 Receptor-coupled

RhoA Activation—To elucidate the convergence of signaling
pathways activated by both 8-Br-cGMP and U-46619 as it
relates to TXA2R-mediated contractile force, we performed
rhotekin pulldowns on homogenates of intact cerebral vessels
to measure changes in RhoA activation (Fig. 2A). We observe a
greater than 2.5-fold significant increase (2.72 � 0.57, n � 3,
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p� 0.05) in active RhoA following stimulation with U-46619 as
compared with control (Fig. 2B). Pretreatment with 8-Br-
cGMP significantly inhibits U-46619-induced RhoA activation
by �38% (n � 3, p � 0.05), resulting in a net 1.6-fold increase
(1.66 � 0.21, n � 3, p � 0.05) in active RhoA as compared with
control.
8-Br-cGMP Pretreatment Uncouples MLCP Inhibitory Phos-

phorylation of MYPT1 from RhoA�GTP in the Intact Cerebral
Vasculature—To determine whether the observed decreases in
RhoA activation (Fig. 2) following U-46619 stimulation in the
presence of 8-Br-cGMP results in decreased MLCP inhibitory
phosphorylation of MYPT1, we performed quantitative West-
ern blot analysis on MYPT1 phosphorylation at Thr-696 and
Thr-853. RepresentativeWestern blots are showndepicting the
effects of U-46619 and 8-Br-cGMP treatment on the phospho-

rylation of MYPT1 at Thr-696 and
Thr-853 by both LiCor (Fig. 3A) and
ECL (supplemental Fig. 4A) detec-
tion methodologies. Treatment
with U-46619 results in significant
increases in RLC20 phosphoryla-
tion, as well as MYPT1 phosphoryl-
ation at both Thr-696 and Thr-853
(Fig. 3B), suggesting inhibition of
MLCP activity, and consistent with
prior studies demonstrating large
contractile force with minimal
increases in [Ca2�]i (9–11) on other
smooth muscles (8). Surprisingly,
pretreatment with 8-Br-cGMP has
no significant effect on U-46619-in-
duced phosphorylation of MYPT1
at either Thr-696 or Thr-853 (Fig.
3B), despite a significant reduction
in RhoA�GTP levels (Fig. 2B), sug-
gesting that the activity of the
kinase(s) that phosphorylate these
sites remain(s) active in the pres-
ence of increased cGKI activity.
8-Br-cGMP treatment alone does
not significantly alter basal phos-
phorylation of MYPT1 at either
Thr-696 or Thr-853 (supplemen-
tal Fig. 4B). However, pretreat-
ment with 8-Br-cGMP signifi-
cantly inhibits U-46619-induced
RLC20 phosphorylation by nearly
40% (n� 5, p� 0.05), and treatment
with 8-Br-cGMP alone reduces
RLC20 phosphorylation by �20%
(n � 5, p � 0.05) with respect to
control (Fig. 3B), consistent with a
decrease in MLCK activity, rather
than disinhibition of MLCP. Fur-
thermore, the phospho-inhibitory
protein CPI-17 does not appear to
play a role in TXA2 signaling at the
time points examined, as we

observed no change in CPI-17 phosphorylation at Thr-38
following U-46619 stimulation, unlike our observed increase
in Thr-38 phosphorylation following phorbol 12,13-dibu-
tyrate stimulation as positive control (Fig. 3A). Similarly,
telokin, previously shown to potentiate 8-Br-cGMP-medi-
ated relaxation in smooth muscles by activation of MLCP
(18, 44), likely does not play a role in the observed effects of
8-Br-cGMP signaling as its expression is below the Western
blot detection threshold in the cerebral vasculature (data not
shown).
TXA2 Signaling Results in IncreasedMYPT1 Phosphorylation

at Ser-695—To fully elucidate the signaling events occurring in
response to treatment by U-46619 and 8-Br-cGMP down-
streamof RhoA�GTP,we examinedMYPT1 phosphorylation at
Ser-695, a site recently identified as a target of both cGKI and

A B 

C

FIGURE 1. Effects of thromboxane A2 and cGMP on rat MCA contractility. A, representative force trace from
endothelium-denuded, nonpermeabilized MCA stimulated with 154 mM K� and 300 nM U-46619 with and
without 25 �M 8-Br-cGMP pretreatment. Contractile force induced by 300 nM U-46619 is reversed by treatment
with 10 �M Y-27632 (inset). B, representative force trace from endothelium-denuded, nonpermeabilized MCA
stimulated with 154 mM K� and 25 �M 8-Br-cGMP following maximal sustained 300 nM U-46619 contraction.
C, summary of the effects of 8-Br-cGMP added pre- or post-stimulation with U-46619. The effects of 8-Br-cGMP
on contractile force are normalized to that of the average maximal U-46619 contraction (dashed line). Error bars
represent mean � S.D.; *, p � 0.05 with respect to control, n � 4 independent experiments.
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PKA, that when phosphorylated results in decreased Thr-696
phosphorylation of MYPT1 and enhanced MLCP activity (23,
24). Unexpectedly, U-46619 stimulation alone results in a sig-
nificant increase in Ser-695 phosphorylation in the intact cere-
bral vasculature, an effect not observed in either intact pulmo-
nary artery, both with (Ser-695 (OD)/filamin (OD), p � 0.08,
n � 4) and without an intact endothelium (Fig. 4A), or perme-
abilized cerebral vessels (Fig. 4,B andC). Analysis of the respec-
tive ECL time-dependent monoexponential (Ser-659 (OD)/fil-
amin or MYPT1 (OD)) indicates that the pulmonary artery
(control and U-46619) Ser-695 OD signal is smaller than cere-
bral vessel (control) at all time points (supplemental Fig. 5).
Together these results suggest that the TXA2-induced increase
inMYPT1 Ser-695 phosphorylation is specific to the intact cer-
ebral vasculature. In addition, although not statistically signifi-
cant, we observe a general trend in which basal Ser-695 phos-
phorylation levels are greater in the cerebral vasculature than in
the intact pulmonary artery, an observationmost clearly shown
when all samples are run under identical conditions on the
same gel (supplemental Fig. 5). Interestingly, in intact prepara-
tions, neither 6-Bnz-cAMP nor 8-Br-cGMP treatment results
in an increase in Ser-695 phosphorylation (Fig. 4, A and C),
despite our observed 8-Br-cGMP-mediated reductions inmax-
imal U-46619-induced contractile force (Fig. 1A), RhoA activa-
tion (Fig. 2), and RLC20 phosphorylation (Fig. 3). Together
these results indicate that the 25�M8-Br-cGMP, applied extra-
cellularly (unknown intracellular concentration), is unable to
activate cGKI to the magnitude necessary to elicit changes in
MYPT1 Ser-695 phosphorylation, suggesting that the 8-Br-
cGMP-induced reduction in contractile force (Fig. 1A) is not
preferentially through disinhibition of MYPT1 in vivo, but
rather reflects cGKI-mediated inhibition of RhoA activation
(Fig. 2) and likely decreases in [Ca2�]i. Furthermore, neither
6-Bnz-cAMP nor 8-Br-cGMP treatment results in increased
VASP phosphorylation at either Ser-157 or Ser-239 (Fig. 4A),
sites generally associated with PKA and cGKI activities (45).
However, upon membrane permeabilization, treatment with
both 6-Bnz-cAMP and 8-Br-cGMP (Fig. 4, B and C) results in

large increases inMYPT1 phospho-
rylation at Ser-695, consistent with
the prior studies of Nakamura et al.
(23) and Wooldridge et al. (24) fol-
lowing cyclic nucleotide treatment
of permeabilized rabbit femoral
artery and ileum, respectively.
Changes in MYPT1 Ser-695 phos-
phorylation in response to 6-Bnz-
cAMP in permeabilized samples
(Fig. 4B) were not quantified
because of the control (pCa 6.2)
phosphorylation levels being at or
below detection threshold. In per-
meabilized cerebral vessels, we
similarly observed significant
increases in VASP phosphoryla-
tion at Ser-239 in response to
8-Br-cGMP (6.53 � 2.13-fold, p �
0.05) and 6-Bnz-cAMP (7.00 �

A

B

FIGURE 2. U-46619-induced RhoA activation is inhibited with 8-Br-
cGMP pretreatment. A, representative RhoA Western blots following
Rhotekin pulldown of stimulated intact cerebral vasculature. Increased
RhoA in pulldown fraction with respect to whole homogenate (WH) are
observed following U-46619 treatment. B, quantification of changes in
RhoA activation following U-46619 alone, and in the presence of (follow-
ing pretreatment) 8-Br-cGMP. Rabbit cerebral vessels were used for the
rhotekin pulldown assay because of protein requirements. Error bars rep-
resent mean � S.D; *, p � 0.05 with respect to control, n � 3 independent
experiments.

A B

FIGURE 3. 8-Br-cGMP pretreatment inhibits maximal TXA2R-mediated myosin RLC20 phosphorylation
without reducing MLCP inhibitory phosphorylation of MYPT1. A, representative Western blots of U-46619-
and 8-Br-cGMP-induced changes in the phosphorylation states of MYPT1, CPI-17, and RLC20 in the intact
cerebral vasculature. PDBu, phorbol 12,13-dibutyrate. B, pretreatment with 8-Br-cGMP has no significant effect
on U-46619-induced phosphorylation of MYPT1 at both Thr-696 and Thr-853, while significantly reducing
maximal U-46619-induced myosin RLC20 phosphorylation with respect to U-46619 alone. Error bars represent
mean � S.E.; *, p � 0.05 with respect to control, n � 5 independent experiments.
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0.22-fold, p � 0.05) stimulation, suggesting that in vivo, acti-
vation of PKA and/or cGKI activities alone are insufficient to
induce phosphorylation of bothMYPT1 andVASP at the serine
sites examined. Together, these results strongly suggest that
membrane integrity and/or endothelium-smooth muscle cou-
pling plays a significant role in modulating cyclic nucleotide
signaling pathways within the cerebral vasculature.
cGMP Mediates TXA2-dependent MYPT1 Ser-695 Phos-

phorylation—To determine the role of the endothelium in
modulating MYPT1 Ser-695 phosphorylation in response to
TXA2R activation, we examined the effects of U-46619 on
cyclic nucleotide concentrations. In intact cerebral vessels
treated with the nitric-oxide synthase (NOS) inhibitor NG-
nitro-L-arginine methyl ester (L-NAME), we observe a com-
plete elimination of basal MYPT1 Ser-695 and VASP Ser-239/
Ser-157 phosphorylation (Fig. 5A), as well as the complete inhi-
bition of U-46619-induced phosphorylation of MYPT1 at Ser-

695, suggesting that both basal and
TXA2-induced phosphorylations of
these serine sites are mediated by
NO/cGMP signaling. Treatment
with L-NAME increases (2.45 �
0.36-fold, n � 4, p � 0.05) and
potentiates (8.95 � 1.3-fold, n � 4,
p � 0.05) (Fig. 5B, left panel)
MYPT1 phosphorylation at Thr-853
in response to U-46619 stimulation.
Importantly, force measurements
on endothelium-intact nonperme-
abilized MCA strips contracted in
response to L-NAME, demonstrat-
ing the presence of functional endo-
thelial NO/cGMP signaling (Fig.
5D). In addition, L-NAME treat-
ment increased U-46619 maximally
induced contractile force by 55 �
18% (n � 3, p � 0.05) over U-46619
treatment alone (Fig. 5D, inset).
L-NAME treatment alone did not
significantly increase MYPT1 Thr-
696 phosphorylation (Fig. 5B, right
panel), indicating that basalMYPT1
Ser-695 phosphorylation does not
negatively modulate phosphoryla-
tion of MYPT1 at Thr-696.
Together these results suggest that
(i) endogenousNO/cGMP signaling
negatively modulates the phospho-
rylation of Thr-853 in vivo, which
(ii) is more indicative of MLCP
activity and contractile force than
Thr-696 phosphorylation. In addi-
tion, L-NAME pretreatment com-
pletely abrogated the U-46619-in-
duced increase in MYPT1 Ser-695
phosphorylation (Fig. 5A), suggest-
ing that TXA2 signaling leads to an
increase in the intracellular cGMP

concentration. To address this, we next performed direct
measurements of cyclic nucleotides in intact cerebral vessels
(Fig. 5C). In Fig. 5C, experiment 1, we observe significant
increases of 22.6 � 8.7% (5.35 � 0.46 pmol/mg protein, n �
3, p � 0.05) in the intracellular cGMP concentration follow-
ing U-46619 in comparison with control values (4.37 � 0.32
pmol/mg protein, n � 3). SNP stimulation used as a positive
control resulted in an increase of 28.5 � 9.8% (5.61 � 0.55
pmol/mg protein, n � 3, p � 0.05). L-NAME significantly
reduces cGMP concentrations (0.21 � 0.07 pmol/mg protein,
n � 3, p � 0.05) to �5% of control. In Fig. 5C, experiment 2,we
observe an even greater 86% increase in cGMP (8.58 � 0.78
pmol/mg protein, n � 3, p � 0.05) with respect to control
(4.61 � 0.39 pmol/mg protein, n � 3). Although samples from
both experiments (n � 3) were run in triplicate showing signif-
icant increases in cGMP with U-46619 stimulation, we show
them separately to demonstrate the variability in the range of

A B

C

FIGURE 4. TXA2R activation, not 8-Br-cGMP stimulation, leads to increased MYPT1 phosphorylation at
Ser-695 in the intact cerebral vasculature. A, representative Western blots depicting increased MYPT1 phos-
phorylation at Ser-695 in response to U-46619 stimulation with and without 8-Br-cGMP pretreatment in the
intact cerebral vasculature and pulmonary artery. Stimulation with either 25 �M 8-Br-cGMP or 10 �M 6-Bnz-
cAMP alone does not result in increased Ser-695 phosphorylation. The absence of changes in basal MYPT1
Ser-695 phosphorylation following U-46619 stimulation in intact rat pulmonary artery (Pulm. A.) indicate that
the TXA2R activation-induced increase in MYPT1 Ser-695 phosphorylation is specific to the cerebral vascula-
ture. Endothelium-denuded pulmonary artery, both control and U-46619-stimulated, has lower MYPT1 Ser-
695 phosphorylation levels than their intact endothelial counterparts. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase. B, membrane permeabilization abrogates basal and U-46619-induced Ser-695 phosphoryla-
tion in the cerebral vasculature. Stimulation with either 6-Bnz-cAMP or 8-Br-cGMP, unlike U-46619, results in
increased MYPT1 Ser-695 phosphorylation with respect to pCa 6.2 control. C, quantification of changes in
MYPT1 Ser-695 phosphorylation in both the intact and permeabilized cerebral vasculature. Error bars represent
mean � S.E.; *, p � 0.05 with respect to control, n � 4 independent experiments.
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the changes. The effects of TXA2
signaling on cyclic nucleotide con-
centrations appear to be limited to
cGMP, as we observe no significant
change in the intracellular cAMP
concentration following U-46619
stimulation (607.53 � 17.40
pmol/mg protein, n � 3) with
respect to control (584.22 � 11.01
pmol/mg protein, n � 3).
Spatial Redistribution of MYPT1

in Response to Thromboxane A2 and
cGMP Signaling in the Intact Cere-
bral Vasculature—To determine
whether a spatial redistribution of
MYPT1, in response to agonist
stimulation, occurs at the contract-
ile time points examined in Fig. 1A,
we performed confocal microscopy
on whole cerebral vessels with an
intact endothelium. We observe a
profound change in the spatial
localization of MYPT1, from uni-
form localization (control) to
accumulation at the cell periphery
(stimulus), following 10 min of
stimulation with U-46619 (Fig.
6A). Confocal images acquired in
the Z direction through the lumi-
nal space of cerebrovascular arte-
rioles demonstrate MYPT1 stain-
ing in circumferential smooth
muscle layer and the absence of
MYPT1 staining within the endo-
thelium (supplemental Fig. 6),
indicating that the endothelium
contributes negligibly to total
MYPT1 content in these prepara-
tions. To determine whether the
phosphorylation state of MYPT1
plays a role in its spatial redistri-
bution, we further examined
cerebral vessels labeled with the
phospho-specific anti-MYPT1
(Thr-696 and Thr-853) antibod-
ies. Specificity of the phospho-
specific anti-MYPT1 antibodies
and the absence of fluorescence
with secondary antibodies alone
are shown in supplemental Fig. 7.
Although there are no observable
changes in the spatial localization
of the MYPT1 phospho-Thr-696
subpopulation following U-46619
with respect to control, there is an
observable increase in signal of the
MYPT1 phospho-Thr-853 sub-
population localizing at the cell

A B
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D

FIGURE 5. In vivo MYPT1 Ser-695 phosphorylation is dependent upon NOS signaling. A, treatment with the
NOS inhibitor L-NAME completely abrogates both basal and U-46619-induced MYPT1 phosphorylation at
Ser-695 in the intact cerebral vasculature. NOS inhibition results in increased MYPT1 phosphorylation at both
Thr-696 and Thr-853. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. B, quantification of changes in
MYPT1 Thr-696 (left panel) and Thr-853 (right panel) phosphorylation. Bars represent mean � S.E.; *, p � 0.05
with respect to control, n � 4. Significant differences between experimental conditions are indicated. C, quan-
tification of changes in cyclic nucleotide concentrations in response to L-NAME, U-46619, SNP, and forskolin.
Intact cerebral vessels were treated with 100 �M L-NAME and 25 �M SNP for 60 and 30 min, respectively, or with
20 �M forskolin for 20 min. 300 nM U-46619 was added in the presence of L-NAME for the last 10 min. Significant
changes in cGMP (left panel) were observed following stimulation with U-46619 (22%, Experiment 1) and SNP
(28%) with respect to control. A separate experiment was performed under identical condition as Experiment
1 in which U-46619 increased cGMP by �86%. Treatment with forskolin significantly increased cAMP (right
panel) 	300-fold as compared with control. Results represent mean � S.D.; *, p � 0.05 with respect to control,
n � 3. D, L-NAME treatment augments U-46619 contractile response. Helical strips with an intact endothelium
were cut from the MCA. Force induced by L-NAME treatment alone indicates the presence of an intact endo-
thelium. L-NAME treatment significantly enhanced U-46619-induced contractile force. Results represent
mean � S.D.; *. p � 0.05 with respect to control, n � 3.
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periphery following agonist stimulation (Fig. 6B and supple-
mental Fig. 8). Together, these results suggest that the sub-
population of MYPT1 phosphorylated at Thr-853 comprises
the subpopulation of MYPT1 localizing at the cell periphery
following U-46619 stimulation. Interestingly, the absence of
MYPT1 phospho-Thr-853 signal under control conditions
and the absence of a MYPT1 phospho-Thr-696 signal at the
cell periphery following U-46619 stimulation suggest that
two distinct subpopulations of phospho-MYPT1 exist within
intact cerebrovascular smooth muscle.
To correlate our observed changes in MYPT1 spatial local-

ization with our observed 8-Br-cGMP-mediated inhibition in

U-46619 contractile force (Fig. 1A), we repeated our pretreat-
ment experimental paradigm (10 min of 8-Br-cGMP pretreat-
ment followed by addition of U-46619) and again performed
confocalmicroscopy.We observed amore uniform localization
of MYPT1 (8-Br-cGMP � U-46619; Fig. 6C) similar to that of
untreated control (Fig. 6A), with no apparent changes in
MYPT1 localization following 8-Br-cGMP treatment alone
(Fig. 6C) as compared with control (Fig. 6A), suggesting that
cGMP treatment prevents U-46619-induced MYPT1 spatial
redistribution rather than altering MYPT1 spatial localization
prior to U-46619 treatment. Images shown are representative
of those acquired from n � 8–12 (n � 2–3 samples from n � 4

FIGURE 6. Immunofluorescent localization of MYPT1 and phospho-MYPT1 subpopulations in the intact cerebral vasculature. A, profound change in
spatial localization of MYPT1 following 10 min of stimulation with U-46619 indicating MYPT1 accumulation at the plasma membrane. B, spatial localization of
the phospho-MYPT1 Thr-696 and Thr-853 subpopulations. Changes in the spatial localization of phospho-MYPT1 Thr-853 following U-46619 stimulation are
readily observable with respect to control; however, no such changes are detected in the phospho-MYPT1 Thr-696 subpopulation. C, spatial redistribution of
MYPT1 following 10 min of U-46619 stimulation (A) is abrogated in the presence of and following 10 min of 8-Br-cGMP pretreatment. Treatment with
8-Br-cGMP alone does not result in any noticeable changes in either the intensity or localization of MYPT1. The images are representative of data from 8 to 12
independent experiments acquired under identical laser and power gain settings. Scale bar, 10 �m.
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rats) independent experiments for each indirect immunofluo-
rescence localization of total MYPT1, anti-MYPT1 phospho-
Thr-696, and phospho-Thr-853. Similar changes in MYPT1
localization, both total and the phospho-Thr-853 subpopula-
tion, were also observed following 10 �M sphingosine 1-phos-
phate stimulation (data not shown).
Quantification of Membrane-associated MYPT1—To deter-

mine whether MYPT1 is membrane-associated, or localized in
the cytosol at the cell periphery, we separated cerebral vessels
into their cytosolic, detergent-soluble (membrane fraction) and
detergent-insoluble (pellet) fractions. Fig. 7A shows Western
blots of MYPT1 followingmembrane fractionation. Treatment
with U-46619 results in MYPT1 association with the mem-
brane fraction, consistent with the immunofluorescent studies
in Fig. 6, and coincident in time (10 min) with maximal force
(Fig. 1A). Following densitometric analysis, we calculate a
nearly 6-fold increase inMYPT1 associated with the detergent-
soluble membrane fraction following U-46619 stimulation as
compared with control. Although the detergent solubility of
MYPT1 increases significantly in response to U-46619, only a
relatively small percentage of all extracted (total) MYPT1

becomes detergent-soluble (4% of total MYPT1, n � 5, p �
0.05, Fig. 7B) in response to U-46619. Pretreatment with 8-Br-
cGMP (identical experimental paradigm as Fig. 1A) abrogated
U-46619-inducedMYPT1 association with the detergent-solu-
ble fraction in agreement with the immunofluorescent studies
of Fig. 6C. Addition of phosphatase inhibitors has been shown
to change the subcellular localization of MYPT1 coincident
with increases in phosphorylation at the Thr-696/Thr-853 sites
(46). Because of this, phosphatase inhibitors were not used in
these experiments. Because of the difficulty in preserving the
phosphorylation state of MYPT1 during homogenization and
centrifugation, we were unable to verify phosphorylated
MYPT1 with this assay. As an unknown portion of the detect-
able detergent-solubleMYPT1may have been “lost” to the pel-
let fraction because of our inability to completely preserve
MYPT1 phosphorylation, it is likely that our calculations rep-
resent an underestimate.

DISCUSSION

The major previously undescribed findings of this study are
that in nonpermeabilized cerebral arteries with an intact endo-
thelium, (i) MYPT1 phosphorylation, both inhibitory (Thr-
696/Thr-853) and the recently identified Ser-695 site (23, 24), is
modulated by endothelial NO/cGMP/cGKI signaling; (ii)
U-46619 acts on both the endothelium and smooth muscle to
elicit increases in phosphorylation at Ser-695, via NO/cGMP/
cGKI, as well as at Thr-696 and Thr-853, the latter of which is
significantly potentiated in the presence of L-NAME; and (iii)
exogenous cGMP reduces both basal and U-46619-induced
RLC20 phosphorylation, aswell asU-46619-inducedRhoA acti-
vation and contractile force without the anticipated reductions
in MYPT1 phosphorylation at either Thr-696 or Thr-853. In
agreement with prior studies, 8-Br-cGMP significantly
increased MYPT1 Ser-695 phosphorylation in �-toxin-perme-
abilized preparations in which the in vivo basal Ser-695 phos-
phorylation is abolished. Furthermore, we present evidence
that basal MYPT1 Ser-695 phosphorylation may be considered
amarker for functional endothelial NO/cGMP/cGKI signaling.
Finally, we demonstrate the importance of studying intact cer-
ebral vessels to elucidate their regulation; although membrane
permeabilization protocols have proven essential for elucidat-
ing multiple cellular signaling mechanisms regulating the
smooth muscle contractile state, such protocols, by design,
destroy endothelium-smooth muscle coupling and smooth
muscle membrane polarization potentially eliminating addi-
tional regulatory pathways of possible therapeutic interest.
The finding that 8-Br-cGMP, and cyclic nucleotide signaling

in general, desensitizes or reduces maximal smooth muscle
contractile force is not new, as the effects of cyclic nucleotides
on [Ca2�]i (25, 26, 47–49), RhoA activation (14, 15, 19, 30, 32,
50), andMYPT1/CPI-17 phosphorylation (20, 21, 23, 24, 31, 32,
37) have been well documented. Mechanistically, a cGKI-me-
diated decrease in [Ca2�]i is unlikely to be dominant in our
studies of the cerebral vasculature, as contraction mediated by
TXA2R activation is predominantly through Ca2�-independ-
ent pathways (9–11). Furthermore, 8-Br-cGMP (i) nearly com-
pletely relaxed (�70% reduction, n � 3; data not shown) pCa
6.3 contractile force, and (ii) both inhibited (Fig. 1A) and

A
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FIGURE 7. 8-Br-cGMP inhibits U-46619-induced MYPT1 association with
the detergent-soluble membrane fraction. A, representative Western blots
of the subcellular distribution of MYPT1 following U-46619 stimulation with
and without 8-Br-cGMP pretreatment. Membranes reprobed for glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) and vimentin indicate minimal
contamination of the detergent-soluble (Det. Soluble) fraction from either
the cytosolic or pellet (detergent-insoluble) fractions. B, quantification of
changes in MYPT1 subcellular distribution indicates U-46619 stimulation sig-
nificantly increases MYPT1 association with the detergent-soluble fraction.
Pretreatment with 8-Br-cGMP completely inhibits the U-46619-induced asso-
ciation of MYPT1 with the detergent-soluble fraction. Rabbit cerebral vessels
were used for the fractionation assay because of protein requirements. Error
bars represent mean � S.D.; *, p � 0.05 with respect to control, n � 5.
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reversed (Fig. 1B) U-46619-induced contractile force as did the
Rho-kinase inhibitor. Together these results suggest that cyclic
nucleotide/cGKI-mediated vasorelaxation is dependent upon
other mechanisms/targets in addition to the well established
reductions in [Ca2�]i.

Results strongly suggest that the kinase(s) responsible for the
phospho-inhibition of MLCP are not solely dependent upon
RhoA�GTP in cerebrovascular smooth muscle in vivo. A frac-
tion of the TXA2-induced contractile force is insensitive to
inhibition of Rho-kinase by Y-27632 (Fig. 1A). Inhibition of
basal endothelial NO/cGMP/cGKI signaling with L-NAME sig-
nificantly increases contractile force (Fig. 5D) andMYPT1Thr-
853 phosphorylation (Fig. 5B), likely involving increased
RhoA�GTP (32). This is consistent with observations that phos-
phorylation of the Thr-853 site is primarily by RhoA/Rho-ki-
nase signaling in vivo (46, 51, 52). However, our data would
suggest that phosphorylation of the Thr-853 site by RhoA-in-
dependent kinases in vivo is likely; 8-Br-cGMP pretreatment
did not alter the ability of U-46619 to induce phosphorylation
ofMYPT1 at Thr-853 (Fig. 3) despite significantly inhibiting its
ability to induce RhoA activation (Fig. 2). The in vivo phospho-
rylation of the Thr-696 site ismore complex as it is known to be
phosphorylated by both Rho-kinase and RhoA-independent
kinases (8). Integrin-linked kinase and myotonic dystrophy
protein kinase, independent of RhoA�GTP, are known to phos-
phorylate MYPT1 at Thr-696 and additional threonine sites
(53, 54). In in vitro assays, MLCP activity is significantly
reduced following phosphorylation of MYPT1 at Thr-696 (53,
54) in response to myotonic dystrophy protein kinase and inte-
grin-linked kinase, and Thr-708 in response to integrin-linked
kinase (53). Alternatively, TXA2-induced inhibition of the
MYPT1 Thr-696/Thr-853 phosphatase(s) could contribute to
our observations. Although sensitive to okadaic acid, suggest-
ing type-2 protein phosphatase activity (46), itsmolecular iden-
tity and regulation remain unknown and thus outside the scope
of this study. It is likely that multiple kinases are involved in the
in vivo phosphorylation of MYPT1 at Thr-696, a subset of
which may be spontaneously active and inhibited by cGKI-in-
duced Ser-695 phosphorylation and consistent with the mech-
anism proposed by Wooldridge et al. (24). We observed spa-
tially distinct intracellular pools of MYPT1 phosphorylated at
Thr-696 and Thr-853. It is possible that these pools were dif-
ferentially phosphorylated at Ser-695 as follows: (i) one pool
phosphorylated at Ser-695 would become phosphorylated at
Thr-853 but not Thr-696, and (ii) another pool in which
MYPT1 is not phosphorylated at Ser-695 and therefore is ame-
nable to Thr-696 phosphorylation. OurWestern blot data rep-
resents the sum of all phospho-MYPT1 subpopulations, with
changes in MYPT1 phosphorylation being the average of these
spatially distinct subpopulations. This model would be consist-
ent with the spatial compartmentalization of cAMP signaling
because of localized AKAP�PDE complexes (55–57). Similarly,
compartmentalization of cGMP signaling is likely because its
intracellular concentration is tightly controlled by PDE activity
(56).
cGKI has previously been shown to inhibit RhoA activation

as follows: (i) cGKI-mediated desensitization of the TXA2R
(30), (ii) phosphorylation of RhoA at Ser-188 (14), and (iii) inhi-

bition of the G�13 switch I region (19). However, the results
presented herein demonstrate that the effects of 8-Br-cGMPon
TXA2R-mediated contractile force are neither through disinhi-
bition of MLCP (at least phospho-Thr-696/Thr-853) or
MYPT1 Ser-695 phosphorylation but may involve additional
mediators. Although MYPT1 is phosphorylated, and MLCP
activity is inhibited, its enzymatic activity is not abolished (58,
59). Phosphorylation of MYPT1 at Thr-853 has been demon-
strated to inhibit MLCP activity by reducing the affinity of
MYPT1/MLCP toward myosin (59). We propose that cGKI/
MYPT1-interacting proteins (60–62) and or MYPT1 LZ iso-
form expression may be contributing to our observations. The
ratio of MYPT1 LZ�/LZ� isoform expression has been shown
to correlate with the sensitivity of smooth muscle to 8-Br-
cGMP (63), likely due to a LZ-LZ interaction between cGKI and
MYPT1 (20). Consistent with this idea, we observed that the
MYPT1 LZ� isoform is expressed in the cerebral vasculature
(supplemental Fig. 3); however, it remains unknown if the
expression level of the LZ� isoform was sufficient to “activate”
MLCP activity in response to 8-Br-cGMP in vivo.

We observed a significant increase in MYPT1 Ser-695 phos-
phorylation, and intracellular cGMP, in response to U-46619
stimulation, indicating that TXA2R activation is not only cou-
pled to vasoconstrictive pathways but also to the classical
vasorelaxantNO/cGMP/cGKI signaling pathway.Nonetheless,
U-46619 stimulation results in increased contractile force and
RLC20 phosphorylation, suggesting that Ca2�-sensitized force
generation overcomes the up-regulation of cGMP. Signaling
through G�12/13 (64), angiotensin II (type-1) receptor (AT1)
activation has been shown to stimulate NO production and
release in cultured bovine aortic endothelial cells (65) and rat
carotid arteries in vivo (66).We observe significant increases in
cGMP in intact cerebral vessels following TXA2R activation,
likely through NOS activation. Consistent with this idea,
L-NAME pretreatment completely abrogated both basal and
TXA2R-mediated MYPT1 Ser-695 phosphorylation. Elimina-
tion of NO signaling significantly reduced smooth muscle
cGMP content, thereby reducing both basal and U-46619-in-
duced cGKI activity. The simplest interpretation of these find-
ings is that activation of TXA2R on endothelial cells increases
[Ca2�]i, thus activating NOS, leading to an increase in phos-
phorylation of MYPT1 at Ser-695 in the underlying smooth
muscle through the classical endothelial NO/cGMP/cGKI sig-
naling pathway. However, this results in a small but significant
increase (Fig. 3B), and not the expected decrease in Thr-696
phosphorylation previously reported in in vitro studies and per-
meabilized smooth muscles (23, 24), indicating that MYPT1
Ser-695 phosphorylation is insufficient to inhibit TXA2-in-
duced increases in Thr-696 phosphorylation. On the other
hand, L-NAME treatment abolished basal phosphorylation at
Ser-695, significantly increased Thr-853 phosphorylation, and
markedly enhanced the ability of U-46619 to phosphorylate
MYTP1 at Thr-853. However, under identical experimental
conditions L-NAME treatment did not result in a significant
increase inMYPT1Thr-696 phosphorylation (Fig. 5B), indicat-
ing that endothelial NO/cGMP/cGKI signaling predominantly
modulates MLCP inhibitory phosphorylation of MYPT1 at
Thr-853, rather than the Thr-696 site. Together, these results
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suggest that MYPT1 Ser-695 phosphorylation may play an as
yet unknown role, dependent upon endothelium-derived NO,
in maintaining basal cerebrovascular tone through active Ca2�

desensitization.
In nonpermeabilized cerebral arteries with an intact endo-

thelium,we readily observe basal phosphorylation ofMYPT1 at
Ser-695 and VASP phosphorylation at Ser-157 and Ser-239
indicating that the cyclic nucleotide-dependent protein kinases
that phosphorylate these serine sites are active. Reduction in
cGMP following NOS inhibition with L-NAME, or endothelial
denudation of intact pulmonary artery, completely abrogated
VASP Ser-239 phosphorylation, consistent with prior studies
(67, 68). Our results would further suggest thatMYPT1 Ser-695
is an additional marker of functional endothelial NO/cGMP
signaling, as both L-NAME treatment in nonpermeabilized cer-
ebral vessels and endothelial denudation of pulmonary artery
completely abrogate basal Ser-695 phosphorylation. We simi-
larly observe the complete elimination of basal VASP Ser-157
phosphorylation in L-NAME-treated nonpermeabilized cere-
bral vessels consistent with the cGMP activation of PKA (69),
the preferential kinase for VASP Ser-157 (45). However, activa-
tion of cGKI by exogenous 8-Br-cGMP and 6-Bnz-cAMP in
nonpermeabilized cerebral vessels failed to elicit phosphoryla-
tion of both MYPT1 and VASP at the serine sites examined.
This is likely due to a combination of (i) compartmentalization
of PKA/cGKI activities resulting from the spatial localization of
PDEs and AKAPs (55–57) and (ii) insufficient cGKI activity in
response to 25 �M 8-Br-cGMP and 6-Bnz-cAMP (unknown
intracellular concentration). However, it should be noted that
8-Br-cGMP is resistant to PDE activity and was added far in
excess of the apparent cGKI dissociation constant (300 nM) for
cGMP (70). Furthermore, the localized intracellular 8-Br-
cGMP concentrations were sufficient to significantly reduce
RLC20 phosphorylation (Fig. 3B) and to diminish the ability of
U-46619 to activate RhoA (Fig. 2). Following membrane per-
meabilization, both 8-Br-cGMP and 6-Bnz-cAMP induce large
increases in phosphorylation of MYPT1 at Ser-695, similar to
that observed by others in permeabilized rabbit ileum (24) and
femoral artery (23), respectively. In permeabilized cerebral ves-
sels, 8-Br-cGMP and 6-Bnz-cAMP resulted in increased VASP
phosphorylation at Ser-239, but surprisingly not Ser-157 in
response to 6-Bnz-cAMP (Fig. 4), likely due to PKA sequential
VASPphosphorylation (Ser-157 then Ser-239) (71), followedby
dephosphorylation of Ser-157 prior to the 10-min time point
examined.
Our observed changes in MYPT1 subcellular distribution in

the intact cerebral vasculature following G-protein coupled
receptor stimulation by both confocal microscopy and tradi-
tional biochemical fractionation methods are in agreement
with previously published studies (33, 34). However, our obser-
vations suggest thatMYPT1 phosphorylation at either Thr-696
orThr-853 is not a prerequisite formembrane association, con-
trary to the model proposed by Shin et al. (33) based upon data
from isolated ferret portal vein smooth muscle cells. We dem-
onstrate that pretreatment with 8-Br-cGMP fully inhibited
U-46619 induced membrane association without inhibiting
U-46619-induced MYPT1 phosphorylation at either Thr-696
or Thr-853. This is consistent with the in vitro inhibition of

MYPT1 cosedimentation with phospholipid vesicles following
PKA phosphorylation (72). The spatial redistribution of
MYPT1 and differential localization of phospho-MYPT1 (Thr-
696/Thr-853) has been demonstrated in cultured HepG2 cells
in response to okadaic acid (46). Our calculated 4% of mem-
brane-associated (detergent-soluble) MYPT1 is likely an
underestimate, possibly due to dephosphorylation during the
lengthy fractionation procedure. However, the magnitude of
sensitized force due to MYPT1 membrane association (redis-
tribution), thus rendering it inaccessible to myosin, in compar-
ison with MLCP inhibition due to MYPT1 Thr-696/Thr-853
phosphorylation remains unknown. Interestingly, our ability to
spatially localize MYPT1 within cerebrovascular smooth mus-
cle cells may be dependent upon the phosphorylation state of
MYPT1 itself. Our indirect immunofluorescent localizations of
theMYPT1 and theMYPT1 phospho-Thr-853 subpopulations
following TXA2 stimulation, although virtually indistinguish-
able, are in apparent disagreement with the differential local-
ization ofMYPT1 and theMYPT1 phospho-Thr-696 subpopu-
lations. Although total MYPT1 appears to be exclusively at the
cell periphery following TXA2 stimulation, the MYPT1 phos-
pho-Thr-696 subpopulation is localized throughout the cell,
suggesting that the MYPT1 epitope (residues 304–374) (73) to
which the total MYPT1 monoclonal antibody was generated is
inaccessible in the cytosol but exposed at the cell periphery. The
difference between the total and phospho-Thr-696 subpopula-
tions would suggest either a phosphorylation-dependent con-
formational change in MYPT1 (74) or a protein-protein inter-
action between MYPT1 and an as yet unknown protein; the
Thr-696/Thr-853 phosphorylation sites (polyclonal antibody
epitopes) remain physically available to the phospho-specific
polyclonal antibodies.
Cerebrovascular tone reflects the summation of vasocon-

striction and vasorelaxation signaling pathways. TXA2,
secreted from platelets (75) and from cerebrovascular endothe-
lial cells (76), positively modulates vasoconstriction, whereas
endothelium-derived NO and prostaglandin I2 (77) positively
modulate vasorelaxation. Luminal perfusion of TXA2 in rabbit
afferent arterioles induced potent vasoconstrictions that were
abolished with the superoxide dismutase mimetic 4-hydroxy-
2,2,6,6-tetramethylpiperidine-1-oxyl (tempol), and potentiated
with L-NAME (78), suggesting that endothelial TXA2R activa-
tion induces O2

�-mediated vasoconstrictions that are “buff-
ered” with NO. Intact rat cerebrovascular arteries, with intact
endothelia, have intrinsic NOS activity, based upon the ability
of L-NAME to decrease cGMP content, increase MCA con-
tractile force (Fig. 5D), and to changeMYPT1 phosphorylation
at Ser-695/Thr-696/Thr-853. Active RhoA�GTP as well as
phospho-MYPT1 (Ser-695/Thr-696/Thr-853) are detectable in
the basal state, and 8-Br-cGMP relaxes basal tone in cerebral
arteries with decreased RLC20 phosphorylation. Thus, both
Ca2� desensitization and sensitization pathways are primed in
this vascular bed; the Ca2� desensitization pathways are more
predominant in the cerebral arteries than in other vessels, such
as the pulmonary artery. We propose that the primed states of
the NO- and Ca2�-sensitizing pathways place the basal con-
tractile state on the early phases of their sigmoid response
curves, with respect to TXA2 signaling, such that changes in
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either vasoconstrictive or vasorelaxant signaling can produce
rapid, but subtly buffered, contractile or relaxant responses;
thus, maintaining the highly responsive homeostatic cerebral
blood flow within a narrow range in the face of changes is sys-
temic blood pressure (79). Interestingly, cerebrovascular TXA2
(80) and NO (76) production are greater than in other arteries,
such as the aorta, lending further support that the basal cere-
brovascular contractile state is tightly controlled.
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