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Filamin Translocation is an Early Endothelial Cell
Inflammatory Response to Bradykinin: Regulation by
Calcium, Protein Kinases, and Protein Phosphatases
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Abstract Endothelial cell (EC) cytoskeletal proteins are one of the earliest primary targets of second messenger
cascades generated in response to inflammatory agonists. Actin binding proteins, by modulating actin gelation-solation
state and membrane-cytoskeleton interactions, in part regulate cell motility and cell-cell apposition. This in turn can
also modulate interendothelial junctional diameter and permeability. Nonmuscle filamin (ABP-280), a dimeric actin-
crosslinking protein, promotes orthogonal branching of F-actin and links microfilaments to membrane glycoproteins. In
the present study, immunoblot analysis demonstrates that filamin protein levels are low in sparse EC cultures, increase
once cell-cell contact is initiated and then decrease slightly at post-confluency. Both bradykinin and ionomycin cause
filamin redistribution from the peripheral cell border to the cytosol of confluent EC. Forskolin, an activator of adenylate
cyclase, blocks filamin translocation. Bradykinin activation of EC is not accompanied by significant proteolytic cleavage
of filamin. Instead, intact filamin is recycled back to the membrane within 5-10 min of bradykinin stimulation. Inhibitors
of calcium/calmodulin dependent protein kinase (KT-5926 and KN-62) attenuate bradykinin-induced filamin transloca-
tion. H-89, an inhibitor of cAMP-dependent protein kinase, causes translocation of filamin in unstimulated cells.
Calyculin A, an inhibitor of protein phosphatases, also causes translocation of filamin in the absence of an inflammatory
agent. ML-7, an inhibitor of myosin light chain kinase and phorbol myristate acetate, an activator of protein kinase C, do
not cause filamin movement into the cytosol, indicating that these pathways do not modulate the translocation.
Pharmacological data suggest that filamin translocation is initiated by the calcium/calmodulin-dependent protein
kinase whereas the cAMP-dependent protein kinase pathway prevents translocation. Inflammatory agents therefore
may increase vascular junctional permeability by increasing cytoplasmic calcium, which disassembles the microfila-
ment dense peripheral band by releasing filamin from F-actin. ¢ 1996 Wiley-Liss, Inc.
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for the selective permeability and barrier func-
tions of different microvascular beds [Shepro,
1988; Renkin, 1988; Rippe and Haraldsson,
1994]. The regulation of these structures princi-
pally account for moment to moment changes in
exchange between the intravascular and intersti-
tial fluid compartments. The interendothelial
junction forms the primary route for the pas-
sage of fluid and solutes, as well as the transmi-
gration of cells, between the intravascular com-
partment and interstitium [Majno et al., 1969;
Palade et al.,, 1991; Mineau-Hanschke et al.,
1989, 1990; McDonald, 1994; Shepro, 1994;
Rippe and Haraldsson, 1994]. EC motility has
long been thought to play a direct role in vascu-
lar permeability changes accompanying the
transition from a healthy to diseased state
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[Metchnikoff, 1897, 1968; Krogh, 1922]. Patho-
physiological transport arising from local tissue
injury results from the unregulated opening of
postcapillary venules and capillary junctions
[Shepro, 1988; Lum and Malik, 1994]. It is our
contention that pores are dynamic channels of
varying radii regulated in part by changes in the
cytoskeleton. Normal paracellular permeability
is regulated in part by metabolites produced
locally by EC and extramural cells (smooth
muscle, pericytes) in combination with blood-
delivered paracrine secretions [Shepro, 1988].
Exaggerated secretion of these auto-regulatory
metabolites into the circulation leads to a patho-
physiological setting of unregulated junctional
permeability, non-cardiogenic inflammatory
edema. However, the specific complement of EC
cytoskeletal proteins involved in regulating vaso-
permeability are not known.

The vasoactive, nine-residue peptide hormone
bradykinin is a regulatory metabolite that modu-
lates vasodilation, increases vasopermeability
and produces pain [Lewis, 1986]. These effects
represent three of the cardinal signs of early
stages of inflammation (erythema, edema, and
pain). Bradykinin is produced in human plasma
by a cascade consisting of three pre-enzyme-
enzyme transformations and represents the ma-
jor final biologically active product of the kal-
likrein-kinin pathway. The kinin is rapidly
degraded by a number of peptidases, especially
angiotensin converting enzyme, on the EC sur-
face [Yong et al., 1992]. Angiotensin converting
enzyme inhibitors potentiate the dilator re-
sponse to bradykinin in coronary microcircula-
tion [Hecker et al.,, 1994]. In EC, bradykinin
increases intracellular calecium (Ca?*) concentra-
tion, stimulates arachidonic acid release, and
initiates the production of nitric oxide (NO) and
prostacyclin (PGI,;) [Mombouli and Vanhoutte,
1995]. The actions of bradykinin are mediated
by specific G-protein-coupled receptors possess-
ing seven transmembrane domains. The two
classes of bradykinin receptors (B1, B2) differ in
their affinities for bradykinin and responsive-
ness to specific agonists and antagonists [Ster-
anka et al., 1989]. Endothelial cells have both
B1 and B2 receptors [Smith et al., 1995]. Brady-
kinin binds to the B2 receptor with higher affin-
ity than other related kinin metabolites such as
desArg® bradykinin. Bradykinin association with
the B2 receptor activates phospholipase C which
in turn leads to the generation of inositol 1,4,5-
triphosphate (IP;) and sn-1,2-diacyl glycerol

(DAG) [Smith et al., 1995]. IP; induces release
of Ca?* from intracellular stores in the endoplas-
mic reticulum, followed by a secondary elevation
of Ca2* levels due to the influx of extracellular
Ca2+*. This in turn leads to activation of Ca?*/
calmodulin-dependent protein kinase (CaM-PK
IT). DAG activates the protein kinase C (PKC)
pathway.

Proteins at the membrane-cytoskeleton inter-
face coordinate a number of interactions critical
to the maintenance of EC barrier function, which
include cytoplasmic responses to external
stimuli, cell motility, and cell-cell attachments
[Gottlieb et al., 1991; Luna and Hitt, 1992]. We
believe these proteins are key substrates of in-
flammatory second messenger cascades pro-
duced by agents like bradykinin. The primary
mode of attaching actin filaments to the platelet
plasma membrane is via nonmuscle filamin (also
referred to as actin-binding protein or ABP-280)
[Weihing, 1985]. Similar membrane-cytoskel-
eton linkages may also be operative in EC. Stud-
ies evaluating EC surface reactivity to over 1000
monoclonal antibodies, raised against a variety
of leukocyte antigens, reveal a relatively high
degree of homology between the EC surface and
that of the platelets [Favaloro et al., 1990].
Nonmuscle filamin orchestrates the association
of cytoskeletal actin with the plasma membrane
via the platelet glycoprotein GP1b [Fox, 1985;
Okita et al., 1985; Ohta et al., 1991]. Platelet
GP1b is also present in human umbilical vein
EC [Asch et al., 1988; Sprandio et al., 1988;
Konkle et al., 1990]. This nonintegrin adhesion
molecule binds von Willebrand factor and medi-
ates adhesion of platelets to injured blood ves-
sels [Pavalko and Otey, 1994]. Filamin plays a
key role in stabilizing membrane-cytoskeletal
interactions in a variety of eukaryotic cells
[Hartwig et al., 1991]. Melanoma cell lines with
normal levels of gelsolin, a-actininin, profilin,
and fodrin, but lacking filamin display exten-
sive, continuous blebbing of the plasma mem-
brane [Cunningham et al., 1992]. Transfection
of filamin into the deficient cell lines prevents
the uncontrolled blebbing behavior.

Cytoskeletal proteins are primary targets of
second messenger phosphorylation cascades. An-
kyrin, for instance, has over 220 predicted sites
for phosphorylation by protein kinases [Chan et
al., 1993). Analysis of nonmuscle filamin se-
quence data reveals 380 serine/threonine resi-
dues including nine calcium-calmodulin depen-
dent protein kinase, 13 cAMP-dependent protein
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kinase, 30 casein kinase I1, 33 protein kinase C,
and 36 MAP kinase consensus phosphorylation
sites [Gorlin et al., 1990]. Four phosphorylated
forms of nonmuscle filamin, containing 18 to 40
moles phosphate per monomer, have been puri-
fied from resting platelets [Wu et al., 1994].
This study evaluates functional changes in
filamin distribution arising from bradykinin-
induced EC inflammatory second messenger
pathways. Filamin expression increases substan-
tially when cultured EC reach confluency, prin-
cipally localizing at regions of cell-cell contact.
Filamin rapidly and reversibly translocates from
the EC plasma membrane to the cytosol within
20 s of exposure to bradykinin. The transloca-
tion coincides with the initial, transient calcium
peak generated by bradykinin. Translocation is
mediated by the calcium/calmodulin dependent
protein kinase (CaM-PK II) signaling pathway,
while the cAMP-dependent protein kinase
(cAMP-PK) signaling pathway blocks transloca-
tion. These observations coupled with our and
other investigators’ data that bradykinin in-
creases microvascular junctional patency sug-
gest that filamin translocation is an early step
that precedes the loss of intravascular fluid and
macromolecules to the interstitial space.

MATERIALS AND METHODS
Materials

Ionomycin, KT 5926, KN-62, ML-7, and Fura-
2/AM are obtained from Calbiochem (La Jolla,
CA, USA). Forskolin, 1,9-dideoxy forskolin, phor-
bol 12-myristate, 4a-phorbol 12-myristate, H-89,
okadaic acid, calyculin A, and calpeptin are ob-
tained from LC laboratory (Woburn, MA, USA).
Bradykinin, IBMX and calpain are obtained from
Sigma (St. Louis, MO, USA).

Endothelial Cell Isolation and Cultivation

Bovine pulmonary artery EC are isolated as
previously described [Shepro et al., 1974;
Mineau-Hanschke et al., 1990]. Pulmonary ar-
teries are obtained from a local slaughter house
and EC are removed by gentle scraping with
forceps of the exposed lumen of dissected ves-
sels. After incubation in 0.1% collagenase in
phosphate buffered saline (PBS) for 15 min at
37°C, the cells are centrifuged at 2000 rpm for 4
min, resuspended in Dulbecco’s modified Ea-
gle’s medium (DMEM) containing 20% bovine
calf serum (BCS), penicillin (100 U/ml), strepto-
mycin (100 pg/ml), L-arginine (1 mM), L-glu-

tamine (2 mM), and seeded onto six-well plates
at a density of two arteries per plate. This corre-
sponds to approximately 7.5 x 10? cells per
plate. 1 week later, the cells are refed with 7%
BCS. Cells are subsequently refed every 2-3
days and sub-passaged by trypinization as neces-
sary. All experiments are performed with pas-
sage 4-10 cells.

Preparation of Cell Lysates and Subcellular
Fractions

EC seeded onto 100 mm culture dishes are
rinsed twice in PBS (Ca?+/Mg?*-free), and lysed
by adding 100°C sample buffer I containing 2.5%
sodium dodecyl sulfate (SDS), 200 mM DTT in
10 mM Tris, pH 8.0, and protease inhibitors (5
mM ethylene glycol-bis(B-amino-ethyl ether)
N,N,N'N’-tetra acetic acid (EGTA), 1 pg/ml
leupeptin, 1 mM phenylmethylsulfonyl fluoride
(PMSF), and 0.11 1 U aprotinin). The lysate is
allowed to cool on ice. Chilled sample buffer II
containing 1 mg/ml DNase I and 0.25 mg/ml
RNase A is added to the culture dish and the
lysate is incubated on ice for an additional 5
min. The cell lysate is collected using an auto-
mated pipette, precipitated in ice-cold acetone
(final concentration 80%) and redissolved in
sample buffer I.

EC are fractionated into cytosol, membrane/
organelle, nucleus, and cytoskeleton fractions as
previously described [Ramsby et al., 1994].
Briefly, EC seeded onto 100-mm culture dishes
are rinsed twice with PBS (Ca?*/Mg?* free) and
extracted in ice-cold digitonin buffer (0.01% digi-
tonin, 10 mM PIPES, pH 6.8, 300 mM sucrose,
100 mM NaCl, 3 mM MgCl,, 10 pg/ml phalloi-
din and protease inhibitors). The cells are incu-
bated on ice with gentle agitation for 10 min.
The supernatant (cytosolic fraction) is collected
and the residual cell components are sequen-
tially extracted in Triton X-100, Tween-40/
deoxycholate, and then SDS. Triton X-100 ex-
traction is performed for 30 min in 0.5% Triton
X-100, 10 mM PIPES, pH 7.4, 300 mM sucrose,
100 mM NaCl, 3 mM MgCl,, 3 mM EGTA,
protease inhibitors, and 10 pg/ml phalloidin.
After the supernatant (membrane/organelle
fraction) is collected, the residual material is
extracted on ice for 10 min with a Tween-40/
deoxycholate buffer, containing 1% Tween 40,
0.5% deoxycholate, 10 mM PIPES, pH 7.4, and
protease inhibitors. The supernatant (nuclear
fraction) is collected, and hot (100°C) SDS buffer
containing 2.5% SDS in 10 mM tris-HCI, pH 8§,
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200 mM DTT and protease inhibitors, is added
to solubilize the cytoskeleton fraction. The cul-
ture dish is scraped and chilled on ice. 50 pl
sample buffer II (as described in whole cell ly-
sate preparation) is added and the dish is incu-
bated on ice for 5 min. The cytoskeletal fraction
is collected and heated at 100°C for 5 min. All
subcellular fractions are then acetone-precipi-
tated and redissolved in equal volumes of sample
buffer I (as described for the cell lysate extrac-
tion).

Evaluation of Subcellular Compartments

Differential detergent fractionation (DDF) is
a simple procedure that utilizes various deter-
gents and buffers to isolate subcellular organ-
elles [Ramsby et al., 1994]. Unlike conventional
centrifugation procedures, DDF is rapid, pre-
serves cytoskeletal integrity, and can be used
with limited quantities of tissue or cells. DDF
partitions cells into cytosol, membrane/organ-
elle, nuclear, and cytoskeleton fractions. The
cytosolic enzyme marker, lactate dehydroge-
nase, is assessed by monitoring the conversion
of NADH to NAD spectrophotometrically at 340
nm, as previously described [Storrie and Mad-
den, 1990]. The reaction rate is determined as
the change in absorbance per min. The plasma
membrane marker, alkaline phosphatase, is mea-
sured spectrophotometrically using P-nitrophe-
nyl phosphate as substrate [Clark and Switzer,
1977]. The absorbance of the released P-nitro-
phenol is monitored at 405 nm. Similarly, the
lysosomal markers B-Galactosidase and N-Ace-
tyl-B-D-Glucosaminidase are monitored using
P-nitrophenyl-B-D-galactopyranoside and P-ni-
trophenyl-B-D-glucosamine as substrates [Find-
lay et al., 1958; Storrie and Madden, 1990].
DNA distribution is determined by incubating
cells in 2 nCi/ml of [*H]-thymidine for 17 h, and
monitoring trichloroacetic acid precipitable in-
corporation in the subcellular fractions by liquid
scintillation counting. The cytoskeletal mark-
ers; actin, vimentin and myosin heavy chain are
monitored by conventional SDS-polyacrylamide
gel electrophoresis [Laemmli, 1970].

Electrophoresis, Inmunoblotting, and Protein
Quantification

Cell extracts, dissolved in sample buffer, are
subjected to SDS-polyacrylamide gel electropho-
resis using 4-15% gradient gels (Pharmacia,
Piscataway, NJ, USA) according to manufactur-
er’s protocol. Equal volume or equal amount of

protein are loaded in each lane, depending upon
the experiment. Protein is quantified using the
BCA protein assay (Pierce, Rockford, IL, USA).
After electrophoresis, proteins are electroblot-
ted for 1 h to 0.4 um pore size nitrocellulose
membrane (BioRad, Hercules, CA, USA) using
the Pharmacia Phast system [Towbin et al.,
1979]. Alternatively, subcellular fractions are
applied directly to nitrocellulose using a Bio-Dot
SF vacuum apparatus (Bio-Rad Laboratories,
Hercules, CA, USA) according to the manufac-
turer’s instructions. After electroblotting or slot-
blotting, the membrane is incubated in blocking
buffer containing 5% BSA, 0.1% Tween-20 for at
least 1 h, followed by incubation in 1:250 dilu-
tion of mouse anti-human nonmuscle filamin
antibody (Chemicon, Temecula, CA, USA) over-
night. The membrane is then incubated in alka-
line phosphatase-conjugated goat anti-mouse
IgG (Cappel, Durham, NC, USA) and filamin
bands are visualized using a nitroblue tetra-
zolium/5-bromo-4-chloro-3—indoylphosphate
P-toluidine chromagen system (Sigma, St Louis,
MO, USA).

Electroblots are subsequently scanned at 300
dots per inch (dpi) resolution with 256 gray scale
levels using a flat-bed scanner interfaced to an
Apple Macintosh Power PC microcomputer. Pro-
teins are quantified using NIH Image, a public
domain graphics program developed by Dr. W.
Rasband, Research Services Branch, NIMH
(wayne@helix.nih.gov).

Immunofluorescence Microscopy

EC seeded onto coverslips are rinsed three
times with PBS (Ca2?*/Mg2* free) and fixed in
3.7% formaldehyde for 10 min at room tempera-
ture. After rinsing the cells three times in PBS
(Ca%t/Mg?* free), the cells are permeabilised in
0.2% Triton X-100 for 10 min at room tempera-
ture, followed by incubation in PBS solution
containing 1% normal goat serum and 1% BSA
for 30 min. The cells are incubated in 1:50 to
1:200 dilution of mouse anti-human filamin
monoclonal antibody (Chemicon, Temecula, CA,
USA) for 1 h, followed by three 15 min incuba-
tions in PBS containing 1% BSA, 0.1% normal
goat serum. The cells are incubated in 1:50
dilution of rhodamine-conjugated goat anti-
mouse IgG for 1 h in the dark, and rinsed three
times with PBS. The excitation and emission
wavelengths of rhodamine are 557 and 580 nm,
respectively. The coverslips are mounted on
slides in glycerol: HyO (9:1) and sealed with nail
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varnish. The slides are monitored under an in-
verted IM-35 Zeiss fluorescent microscope.

Intracellular Calcium Measurement

EC are seeded onto glass coverslips and al-
lowed to grow to confluency. Cells are incubated
in media containing 8 pM Fura-2/AM for 30
min at 37°C. They are washed three times with
physiological saline solution containing 150 mM
NaCl, 5 mM KCI, 1.8 mM CaCl,, 5 mM glucose,
1 mM MgCl, 10 mM HEPES, pH 7.4. The
coverslip is transferred into a cell holder and
placed into a quartz cuvette. Fluorescence is
measured using a Perkin-Elmer LS-50 spectrom-
eter (Perkin-Elmer, Bukinghamshire, England).
A water bath is used to maintain the tempera-
ture at 37°C. The cells are allowed to equilibrate
in the cuvette for 10 min. The excitation wave-
length alternates between 340 nm and 380 nm
with the emission wavelength fixed at 510 nm.
For calibration, 10 pM ionomycin is added, fol-
lowed by the addition of 5 mM EGTA. The
intracellular free Ca?* is calculated from the
ratio of the 340/380 nm-induced emission at
510 nm as described [Weintraub et al., 1992].

RESULTS
Subcellular Distribution of Filamin

Changes in the subcellular distribution of fila-
min are evaluated by differential detergent frac-
tionation (DDF) and immunofiuorescence mi-
croscopy. While filamin distributional changes
are readily apparent by immunofluorescence mi-
croscopy, the amount of filamin in different sub-
cellular compartments is better quantified by
DDF. This subcellular fractionation technique

has previously been validated in hepatocytes
using seven marker enzymes, 11 cytoskeletal,
and 21 non-cytoskeletal protein markers [Ram-
shy et al., 1994]. The subcellular distribution of
marker enzymes and endothelial cytoskeletal
proteins are shown in Table I. Lactate dehydro-
genase, a marker of the soluble cytosol is recov-
ered in the cytosol fraction with significant re-
sidual activity also found in the membrane/
organelle fraction. The majority of lysosomal
activity (B-galactosidase and N-acetyl-B-D-glu-
cosaminidase) is found in the membrane/organ-
elle fraction. Alkaline phosphatase is found in
both the membrane/organelle fraction and the
cytoskeleton fraction. Glycosylphosphatidylino-
sitol (GPI)-anchored proteins, such as alkaline
phosphatase, are known to be poorly solubilized
from cell membranes by nonionic detergents
due to association with detergent-resistant mem-
branes rich in cholesterol and sphingolipids
[Schroeder et al., 1994]. DNA, a large macromol-
ecule that is not solubilized by the detergents, is
expected to remain in the residual cytoskeletal
fraction. Measurement of incorporated tritiated
thymidine verifies that the DNA is present in
this fraction. Densitometric analysis of SDS-
polyacrylamide gels demonstrates that the cyto-
skeletal proteins, myosin heavy chain, and vi-
mentin are substantially enriched in the
cytoskeleton fraction.

Probing electroblotted proteins with monoclo-
nal antibodies specific to nonmuscle and smooth
muscle filamin reveals that bovine pulmonary
artery EC only express nonmuscle filamin (ABP-
280). The nonmuscle filamin-specific antibody
reacts exclusively with a single 250 kDa protein

TABLE I. Marker Protein Profile of Endothelial Cell Subcellular Fractions*

Digitonin/EDTA Triton/EDTA Tween/DOC Detergent-resistant

Marker (eytosolic) (membrane-organelle) (nuclear-associated) (cytoskeletal-matrix)
Lactate dehydrogenase 63.7x4.4 25.3 + 5.2 84 +13 26 +18
B-Galactosidase 1.1 1.7 714 = 7.0 1756 54 10.0 = 3.7
N-Acetyl-B-Glucosaminidase 25+1.1 64.9 + 2.7 27.3 = 1.7 48 +1.4
Alkaline phosphatase 5521 29.3 = 3.7 6.3 =16 486 +49
Tritiated thimidine incorpo-

ration 3224 10.0 = 3.0 3.7+04 83.0 £5.7
Myosin heavy chain (205

KD) 21.1 4.1 21.0 = 5.6 6.1 = 3.3 52.0 52
Vimentin (57 kD) 55+ 44 34+19 1.8 +0.8 89.3 +438
Actin (42 kD) 30.0 +4.9 15.1 £ 6.2 6.0 4.2 24.0 = 8.0

*Endothelial cells were isolated by differential detergent fractionation (DDF). Enzymes and proteins are quantified as described
in Materials and Methods and normalized to total cellular activity (100%). Data is presented as mean values * standard
deviations (n > 3).
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in EC cell lysates. Evaluation of the subcellular
distribution of filamin using DDF indicates that
this cytoskeletal protein is found in the mem-
brane/organelle, cytoskeleton and cytosol frac-
tions. Actin, itself, is also distributed between
these three compartments (Table I) [Ramsby et
al., 1994].

The total amount and subcellular distribution
of filamin changes with EC confluency state. EC
are seeded at various densities to achieve sparse,
preconfluent, confluent, and postconfluent cul-
tures. Immunofluorescence microscopy indi-
cates that filamin is primarily associated with
the cell periphery in post-confluent EC, whereas
in sparse cultures filamin is found associated
with the cytoplasmic stress fibers (data not
shown). Filamin protein levels are low in sparse
cultures, increase 2.7 and 3 fold in preconfluent
and confluent cultures respectively, then decline
slightly to 1.5 fold after postconfluence (Fig.
1A). Actin and myosin heavy chain protein lev-
els are unaltered by culture confluency state.
Filamin locates primarily in the membrane and
cytoskeleton fractions in confluent EC, while in
sparse cultures, less filamin is recovered in the
membrane fraction (Fig. 1B). The observed
changes in the filamin to actin ratio suggest
altered cytoplasmic gelation-solation state may
accompany the initiation of cell-cell contact. In-
creasing the filamin to actin ratio is expected to
generate a progressively crosslinked cytoplasm.

lonomycin- and Bradykinin-Induced Filamin
Translocation

Both bradykinin and ionomycin cause filamin
redistribution from the plasma membrane to
the cytosol in confluent EC, as determined by
immunofluorescence microscopy (Fig. 2). Immu-
nofluorescence staining reveals filamin is promi-
nently concentrated in the lateral margins of
postconfluent EC, at regions of cell-cell contact.
Substantial amounts of filamin also co-localize
with F-actin stress fibers in the cytoplasm (data
not shown). Cytoplasmic filamin localization is
predominant in ionomycin- and bradykinin-
treated EC, with little or no staining at regions
of cell-cell contact (Fig. 2). These observations
support the premise that upon exposure of EC
to inflammatory mediators, filamin dissociates
from the membrane cytoskeleton and redistrib-
utes to the cytoplasm. Filamin is observed to
return to the lateral margins of bradykinin-
treated EC after 5-10 min (Fig. 2E).
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Fig. 1. Changes in filamin expression levels and subcellular
distribution as a function of endothelial cell (EC) confluency. A:
Filamin, actin, and myosin heavy chain protein levels in sparse
(95 cells/mm?), preconfluent (380 cells/mm?), confluent (800
cells/mm?), and postconfluent (800 cells/mm?) EC. Individual
proteins are normalized to total protein amount and expressed
relative to amounts present in sparse EC. Actin and myosin
content were quantified by scanning Coomassie-Blue stained
SDS-polyacrylamide gels. Filamin was quantified by scanning
immunoblots. Hatched bars: filamin; white bars: actin; black
bars: myosin heavy chain. B: Subcellular distribution of filamin
in sparse, preconfluent, and postconfluent EC. Data is pre-
sented as the percentage of filamin in each fraction. Hatched
bars: sparse EC; white bars: preconfluent EC; black bars: post-
confluent EC. Error bars are means =+ standard deviation (n = 3
separate experiments).

In post-confluent EC, 62% and 27% of the
filamin is associated with the membrane/organ-
elle and cytoskeleton fractions respectively,
whereas 5% is in the cytosol (Fig. 3). Following 1
uM ionomycin treatment for 2 min, 37% of the
filamin is present in the membrane/organelle
fraction, 22% is associated with the cytoskeleton
fraction, and 35% with the cytosol fraction. We
consistently observe that filamin translocation
involves redistribution between the membrane/
organelle and cytosol compartments, with fila-
min levels in the cytoskeletal compartment re-
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Fig. 2. Subcellular localization of filamin by immunofluores-
cence microscopy. A: Control cells. B: Cells treated with brady-
kinin for 1 min. C: Cells treated with bradykinin for 2 min. D:
Cells treated with bradykinin for 5 min. E: Cells treated with

maining fairly constant. Forskolin, an activator
of adenylate cyclase, in combination with
1-methyl-3-isobutylxanthine (IBMX), a phospho-
diesterase inhibitor, blocks ionomycin-mediated
filamin translocation to the cytosol (Fig. 3).
Ionomycin increases intracellular calcium lev-
els by selectively increasing plasma membrane
ion permeability. Whereas ionomycin causes a
sustained elevation in intracellular Ca?*, brady-
kinin generates a biphasic Ca?* response. A rapid
and transient increase in intracellular Ca?* con-
centration is followed by a more sustained phase

389

a3

bradykinin for 10 min. F: Cells treated with bradykinin for 60
min. Significant paracellular filamin staining is observed in
control cells. lonomycin and bradykinin cause filamin to redis-
tribute cytoplasmically. Scale bar: 10 pm.

of elevated Ca?* levels in bovine pulmonary ar-
tery EC (Fig. 4A). Dose-response studies indi-
cate that 10-100 nM bradykinin produce the
greatest increase in intracellular Ca2* in cul-
tured pulmonary artery EC (data not shown).
Based upon nine experiments, the intracellular
CaZ* concentration in unstimulated EC is ap-
proximately 151 = 49 nM. Upon exposure to 10
nM bradykinin, intracellular Ca?* levels start to
rise in 21 + 9 s, and reach a peak value of 660 =
223 nM within 70 = 25 s. Ca?* levels then
decline to a plateau value of 258 + 76 nM by
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Fig. 3. Subcellular distribution of filamin in control, ionomycin-
treated, and forskolin/IBMX pre-treated, ionomycin-treated cells.
Cells are separated into four subcellular compartments by
differential detergent fractionation. A: Electroblotted subcellu-
lar fractions are reacted with anti-filamin primary antibody as
described in Materials and Methods. Lanes T through 4 corre-
spond to cytosolic, membrane/organelle, nuclear, and cytoskel-

127 = 24 s, followed by a slow decay to baseline
levels after approximately 15 min. This is accom-
panied by rapid translocation of filamin from
the membrane to the cytosol (Fig. 4B). Signifi-
cant redistribution of filamin is detectable after
as little as 20 s exposure to bradykinin, with
maximal cytosolic translocation occurring after
2 min exposure. Thus, filamin translocation is
temporally correlated with the initial, transient
calcium peak. Filamin starts returning to the

1 uM ionomyecin 2'

membrane

1 uM forskolin 30,
1 uM ionomycin 2'

?
%
%

nucleus  cytoskeleton

Subcellular Fraction

etal fractions, respectively. B: Modulation of ionomycin-
induced filamin translocation by forskolin/IBMX. Untreated
cells; hatched bars, cells treated with 1 wM ionomycin for 2;
white bars, Cells pretreated with 1 LM forskolin/0.5 mM IBMX
for 30 min, followed by 1 uM ionomycin for 2 min; black bars.
Error bars are means =+ standard deviation (n = 3).

membrane fraction within 5 min of bradykinin
stimulation, during the Ca2+ plateau phase.

Filamin Translocation is Dependent Upon
Protein Kinase and Phosphatase Pathways

The results obtained with ionomycin stimula-
tion suggest that the CaM-PK II pathway may
cause filamin translocation. The ability of forsko-
lin/IBMX to inhibit ionomycin-mediated trans-
location suggests that the cAMP-PK pathway is
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Fig. 4. Time-course of intracellular Ca?* increases and filamin
translocation in bradykinin-treated EC. A: Representative trac-
ing showing changes in intracellular Ca2* levels in EC treated
with 10 nM bradykinin. Cells are preloaded with Fura-2 as
described in Materials and Methods. B: Representative time-
course of filamin translocation in EC treated with 10 nM brady-
kinin. Cells are exposed to bradykinin for the indicated times
and then cytosolic and membrane/organelle compartments are
isolated by DDF. Filamin is quantified from slot-blots. Black
bars; membrane fraction, hatched bars; cytosol fraction.

important in modulating filamin response to
inflammatory signals. This conclusion is sup-
ported using a known vasoactive agonist, brady-
kinin, and pharmacological inhibitors and activa-
tors of second messenger pathways. Forskolin/
IBMX significantly attenuates bradykinin-
induced filamin translocation. The inactive
analog, 1,9-dideoxy forskolin does not inhibit
bradykinin-induced filamin translocation (data
not shown). KT-5926 and KN-62, inhibitors of
CaM-PK II, also attenuate bradykinin-induced
filamin translocation (Fig. 5A-C). The myosin
light chain kinase MLCK) inhibitor, ML-7, how-

ever, is ineffective at preventing filamin translo-
cation (Fig. 5D). H-89, an inhibitor of cAAMP-PK,
causes translocation of filamin in the absence of
an inflammatory agent (Fig. 6A). Spectrometric
measurements using Fura-2 indicate that addi-
tion of H-89 to EC does not generate a Ca2* peak
(data not shown). Phorbol 12-myristate acetate
and its inactive analog 4a-phorbol 12-myristate
have no effect on filamin translocation in resting
cells, which indicates that protein kinase C (PKC)
does not play a direct role in filamin transloca-
tion (Fig. 6B). Calyculin A, an inhibitor of PP-1
and PP2A serine/threonine protein phosphata-
ses, causes filamin translocation without gener-
ating a calcium peak (Fig. 6C). Another PP-1
and PP-2A phosphatase inhibitor, okadaic acid
(1 pM), is less effective than calyculin A but also
causes filamin translocation in the absence of an
inflammatory agent (data not shown).
Bradykinin stimulation of EC is not accompa-
nied by significant proteolytic cleavage of fila-
min (Fig. 7B). Though we sometimes observe a
190 kDa proteolytic fragment of filamin, espe-
cially in the cytoskeletal fraction, the intensity
of this band does not increase in time-course
experiments using bradykinin. Although fila-
min is readily cleaved by calpain in vitro (Fig.
7A), calpeptin, a cell permeant calpain inhibitor,
does not alter the kinetics of bradykinin-in-
duced filamin translocation (Fig. 7C). Instead,
intact filamin is recycled to the membrane after
bradykinin stimulation (Fig. 2E-F, Fig. 4B).

DISCUSSION

Since filamin has at least 121 potential pro-
tein kinase phosphorylation sites, studying sec-
ond messenger mediated modification of the pro-
tein is a daunting task. Determination of
phosphorylation changes in filamin by conven-
tional procedures, such as peptide mapping,
amino acid sequencing and in vitro mutagenesis
of potential phosphorylation sites, is difficult,
especially considering that filamin is a very large
protein containing 2,647 amino acids, 380 of
which are serines and threonines. Thus, we
have opted to use a pharmacological approach
initially to examine second messenger-mediated
distributional changes in filamin. Utilization of
a battery of specific and effective pharmacologi-
cal inhibitors and activators of protein kinases
permits determination of the second messenger
pathways likely to regulate filamin redistribu-
tion, using intact cells [Hidaka and Kobayahi,
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Fig. 5. Modulation of bradykinin-induced filamin transloca-
tion. EC are preincubated in culture media, 10 pM KN-62, 5 uM
KT-5926 or 5 uM ML-7 for 30 min. Cells are then incubated
with 10 nM bradykinin for the indicated times. Membrane/
organelle and cytosol compartments are isolated by DDF. A:

1993]. KT-5926 and KN-62 are respectively four
times and 100 times more effective at inhibiting
CaM-PK II than MLCK. ML-7 is approximately
70 times more potent at inhibiting MLLCK than
CAM-PKII. H-89 is 590 times more selective for
cAMP-PK than other kinases, while forskolin is
well known to increase intracellular cAMP lev-
els by activation of adenylate cyclase. Phorbol
myristate acetate is an activator of PKC while
okadaic acid and calyculin A are inhibitors of
protein phosphatases.

This study demonstrates that filamin associa-
tion with the membrane cytoskeleton is regu-
lated by CaM-PK II, cAMP-PK, and protein

100 1

Percentage Filmain Recovered

Time ( min )

100 1

Percentage Filamin Recovered

Time ( min )

Bradykinin-stimulated control. B: Pre-treatment with KN-62, a
CaM-PK I inhibitor. C: Pre-treatment with KT-5926, another
CaM-PK [l inhibitor. D: Pre-treatment with ML-7, an MLCK
inhibitor. Black bars; membrane fraction, hatched bars; cytosol
fraction. Error bars are means = standard deviation (n = 3).

phosphatases. PKC and MLCK second messen-
ger pathways do not appear to regulate filamin
redistribution. We further observe that fila-
min’s calpain cleavage site does not appear to
play a significant role in bradykinin-mediated
inflammatory processes. We find calyculin A and
to a lesser extent okadaic acid promote filamin
translocation in the absence of an inflammatory
stimulus. Both agents are known to inhibit PP2A
with equal potency but calyculin A is a more
potent inhibitor of PP-1 than okadaic acid. Anti-
PP-1 antibody selectively labels the actin micro-
filament network of rat fibroblasts whereas mi-
croinjection of PP-1, but not PP-2A, induces
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Fig. 6. Regulation of filamin translocation by phosphorylation
pathways. EC are incubated with the different activators and
inhibitors of second messenger cascades for the indicated
times. Membrane/organelle and cytosol compartments are iso-
lated by DDF. A: Treatment with 10 uM H-89, a cAMP-PK
inhibitor. B: Treatment with 5 pM phorbol 12-myristate ac-
etate, a protein kinase C activator. C: Treatment with 5 nM
calyculin A, a protein phosphatase inhibitor. Black bars; mem-
brane fraction, hatched bars; cytosol fraction. Error bars are
means = standard deviation (n = 3).
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Fig. 7. Evaluation of proteolytic processes during bradykinin-
induced filamin redistribution. A: In vitro fragmentation of filamin
with calpain. B: Analysis of filamin levels in bradykinin-stimulated
EC. Cells are treated with 10 nM bradykinin for 1, 2, 5, 10, and 20
min. Whole cell lysates are collected and analyzed by Western
blotting. Though filamin has a calpain cleavage site, bradykinin does
not cause proteolysis. C: Calpeptin pre-treatment of bradykinin-
stimulated cells. Cells are exposed to 10 pg/ml calpeptin for 5,
followed by 10 nM bradykinin treatment for 17, 2’, 5', 10', 20".
Membrane/organelle and cytosol compartments are isolated by
DDF. Black bars; membrane fraction, hatched bars; cytosol fraction.
Error bars are means =+ standard deviations (n = 3).
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rapid and reversible changes in microfilament
organization [Fernandez et al., 1990]. This sug-
gests that PP-1 plays an important role in modu-
lating the actin microfilament network in mam-
malian cells [Fernandez et al., 1990].

Utilizing aortic EC grown on microcarrier
beads we have determined that bradykinin in-
creases permeability to trypan-blue conjugated
bovine serum albumin and that phalloidin pre-
vents this increase by stabilizing the actin micro-
filament network [Alexander et al., 1988]. More-
over, pulmonary microvessel EC grown on silicon
rubber contract and wrinkle the substratum
within 3-8 min exposure to bradykinin [Morel
et al., 1989]. After 10-20 min the process is
reversed and wrinkles underneath the cells dis-
appear. Bradykinin-induced increases in intracel-
lular Ca?* may directly regulate vascular barrier
function by causing filamin to dissociate from
the membrane cytoskeleton. Bradykinin stimu-
lation of bovine pulmonary artery EC causes a
rapid increase in intracellular Ca?*, followed by
a significant reorganization of microfilaments
and cell shape change. The observed time-
course for these changes in cultured EC are
similar to those documented in vivo. In the
hamster cheek pouch model, bradykinin-in-
duced increases in vascular permeability are de-
tectable within 2 min and are maximal by 5 min
[Murray et al., 1991]. Other inflammatory agents
produce similar changes in cultured EC. For
example, after stimulation of pulmonary artery
EC with a-thrombin, IP; levels increase within
10 s and return to baseline values within 20 s
[Lum et al., 1992]. Ca?* is rapidly mobilized,
peaking at about 17 s, followed by a second
plateau phase of slow decay to half maximal
peak height by 51 s. Increases in both IP; and
Ca?* levels occur before maximal increases in
vascular permeability and microfilament rear-
rangement occur at approximately 2 min. Vascu-
lar permeability returns to baseline 15-60 min
after exposure to the inflammatory agonist.

Two possible EC cytoskeleton-based mecha-
nisms may account for increased vascular perme-
ability. Vasoactive agonists could decrease EC
Jjunctional apposition (retraction model) and/or
activate intrinsic contractile activity (contrac-
tion model) [Wysolmerski and Lagunoff, 1991;
Sheldon et al., 1993]. The two mechanisms are
not mutually exclusive. In the contraction model
calcium initiates myosin light chain kinase
(MLCK) phosphorylation of myosin light chain,
which activates the acto-myosin machinery

[Wysolmerski and Lagunoff, 1991]. In the retrac-
tion model, ECs are tethered to one another at
their cell borders and possess a constitutive
centripetal tension that is only expressed when
tethering is interrupted [Sheldon et al., 1993].
We believe that the EC become untethered when
calcium activates the CaM-PK 11 second messen-
ger pathway which disrupts filamin-plasma
membrane glycoprotein interactions.

We propose that filamin regulates EC paracel-
lular permeability by responding to anti- and
pro-inflammatory signals. Filamin molecules in
the membrane/organelle compartment regulate
membrane-cytoskeleton interactions through the
dense peripheral band of F-actin. Filamin is
known to specifically bind to at least three differ-
ent transmembrane glycoproteins; platelet
GP1ba (CD42b), leukocyte FeyR1 (CD64), and
leukocyte B2-integrin (CD18), but the EC glyco-
proteins filamin associates with are undefined
[Fox, 1985; Okita et al., 1985, Ohta et al., 1991;
Sharma et al., 1995]. When EC are exposed to an
inflammatory agonist, the Ca2*/IP; pathway is
initiated, leading to activation of the CaM-PK II
second messenger pathway and translocation of
filamin to the cytosol. It is presently unclear
whether CaM-PK II phosphorylates filamin, a
plasma membrane protein bound to filamin or
some other accessory protein. In vitro, phosphor-
ylation of chicken gizzard filamin by CaM-PK II
has been demonstrated to reduce its affinity for
actin microfilaments, whereas dephosphoryla-
tion with PP2A restores cross-linking activity
[Ohta and Hartwig, 1995]. Filamin transloca-
tion leads to disassembly of the dense peripheral
band and increased paracellular permeability.
Ca?*-dependent myosin light chain phosphoryla-
tion may potentiate filamin-mediated paracellu-
lar leakiness by inducing stress fiber contrac-
tion.

Possible mechanisms for restoring barrier
function are activation of protein phosphatases,
activation of cAMP-PK and/or inhibition of
CaM-PK II. Dephosphorylation of filamin, its
putative plasma membrane ligand or an acces-
sory protein by phosphatases may allow filamin
to reassociate with and reorganize the microfila-
ment network, allowing barrier function to be
reestablished. In situ studies using [y-32P] ATP
indicate that cAMP elevating agents, such as
PGE,, directly phosphorylate filamin via
cAMP-PK [Chen and Stracher, 1989]. Filamin
phosphorylation can be blocked with a synthetic
peptide mimicking the active site sequence of
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the muscle cAMP-PK inhibitor and by throm-
bin, an activator of CaM-PK II [Chen and
Stracher, 1989]. Agonist-induced vascular per-
meability increases may be prevented or re-
versed by cAMP through phosphorylation of the
target of CaM-PK II phosphorylation. This may
be the mechanism involved in preventing isch-
emia-reperfusion-induced pulmonary capillary
permeability using forskolin and dibutyryl-
cAMP [Adkins et al., 1992]. In addition, nega-
tive feedback mechanisms involving cAMP may
modulate the inflammatory response, causing
filamin to recycle back to the membrane-cyto-
skeleton interface.

In summary, agonists that activate the
CaM-PK II pathway cause the rapid and revers-
ible translocation of filamin whereas activators
of the cAMP-PK pathway, block the transloca-
tion. Filamin translocation is not directly influ-
enced by the MLCK or PKC pathways. Inflam-
matory agents that increase EC junctional
permeability by increasing cytoplasmic calcium,
may disassemble the microfilament dense periph-
eral band by releasing filamin from F-actin.
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