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Multiple Ca2� release and entry mechanisms and potential
cytoskeletal targets have been implicated in vascular endothelial
barrier dysfunction; however, the immediate downstream effec-
tors ofCa2� signals in the regulation of endothelial permeability
still remain unclear. In the present study, we evaluated the con-
tribution of multifunctional Ca2�/calmodulin-dependent pro-
tein kinase II (CaMKII) as a mediator of thrombin-stimulated
increases in human umbilical vein endothelial cell (HUVEC)
monolayer permeability. For the first time, we identified the
CaMKII�6 isoform as the predominant CaMKII isoform
expressed in endothelium. As little as 2.5 nM thrombin maxi-
mally increased CaMKII�6 activation assessed by Thr287 auto-
phosphorylation. Electroporation of siRNA targeting endoge-
nousCaMKII� (siCaMKII�) suppressed expressionof the kinase
by >80% and significantly inhibited 2.5 nM thrombin-induced
increases in monolayer permeability assessed by electrical cell-
substrate impedance sensing (ECIS). siCaMKII� inhibited 2.5
nM thrombin-induced activation of RhoA, but had no effect on
thrombin-induced ERK1/2 activation. Although Rho kinase
inhibition strongly suppressed thrombin-induced HUVEC
hyperpermeability, inhibiting ERK1/2 activation had no effect.
In contrast to previous reports, these results indicate that
thrombin-induced ERK1/2 activation in endothelial cells is not
mediated by CaMKII and is not involved in endothelial barrier
hyperpermeability. Instead, CaMKII�6 mediates thrombin-in-
ducedHUVECbarrier dysfunction throughRhoA/Rhokinase as
downstream intermediates.Moreover, the relative contribution
of the CaMKII�6/RhoA pathway(s) diminished with increasing
thrombin stimulation, indicating recruitment of alternative sig-
naling pathways mediating endothelial barrier dysfunction,
dependent upon thrombin concentration.

Endothelial cells line the luminal surface of blood vessels
where they regulate the flux and/or transport of fluid, macro-
molecules and white blood cells from the vascular space to the
interstitium. A loss of barrier function as foundwith inflamma-
tion leads to the accumulation of fluid that can disrupt tissue
function. Thrombin, a key pro-coagulant serine-protease, is a

well known inflammatory mediator that induces endothelial
barrier dysfunction by activating endothelial expressed prote-
ase-activated receptors (PARs), resulting in activation of key
signaling pathways, including increases in intracellular free
Ca2� concentration ([Ca2�]i), thatmediate cytoskeletal reorga-
nization throughmyosin light chain (MLC)-dependent ECcon-
traction (1) and the disassembly of VE-cadherin containing
adherent junctions (2). Multiple Ca2� release and entry mech-
anisms may contribute to agonist-dependent increases in
[Ca2�]i in endothelial cells including Oria1/STIM1-mediated
pathways (3) and various TRP channels (4), including TRPC4
plasma membrane channels (5, 6). However, the immediate
downstream effectors of Ca2� signaling pathways in the regu-
lation of EC permeability still remain unclear.
A number of Ca2�/calmodulin activated serine/threonine

protein kinases, including Ca2�/calmodulin-dependent pro-
tein kinase II (CaMKII),2 have been reported tomediate diverse
actions of Ca2� signals in various types of cells (7). CaMKII is a
ubiquitousmultifunctional protein kinase, with complex struc-
tural and autoregulatory properties. Four primary isoforms are
encoded by separate homologous genes (�, �, �, �), each of
which is alternatively spliced to produce a larger number of
isoform variants. Evidence suggests structural diversity in
CaMKII isoform variants is an important determinant of cellu-
lar function (8, 9). We have established that CaMKII plays
important roles in regulation of contraction, proliferation and
migration of vascular smooth muscle (VSM) (10–15). In pul-
monary artery endothelial cells, CaMKII has been linked to
thrombin-induced increases in monolayer permeability
(hyperpermeability) (16) through activation of ERK1/2 (17) and
filamin phosphorylation (16). However, these conclusions are
based largely on pharmacological approaches (KN-62, KN-93)
aimed at selectively inhibiting CaMKII activity and/or conse-
quences of CaMKII� isoform overexpression, an isoform
mainly restricted to neuronal tissue (18). Because of the lack of
knowledge onwhich isoforms predominate in endothelial cells,
and potential non-specificity of KN62/KN93, the role and
mechanisms of endogenous CaMKII isoforms in endothelial
barrier function still remains unclear. Characterization of the
endogenous CaMKII isoform(s) expressed in endothelium fol-
lowed by specific molecular approaches, such as loss-of-func-
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tion small interfering RNA (siRNA) silencing, would provide a
valuable approach to resolve the functional importance of
endogenous CaMKII in regulating thrombin-induced EC bar-
rier dysfunction.
In the present study, we identified the �6 isoform as the pre-

dominant endogenous CaMKII isoform in human umbilical
vein endothelial cells (HUVECs). CaMKII�6 lacks an alterna-
tively spliced 21 amino acid C terminus present in the more
common CaMKII� variants such as the �2 and �3 (�C and �B, by
alternative nomenclature) expressed, for example, in VSM or
heart. Loss-of-function siRNA approaches were used to evalu-
ate the functional role of the CaMKII�6 isoform in thrombin-
induced HUVEC signaling and hyperpermeability (or barrier
dysfunction). Our data indicate that CaMKII�6 mediates
thrombin-inducedHUVECbarrier dysfunction throughRhoA/
Rho kinase as downstream intermediates. In contrast to previ-
ous studies using alternative approaches tomanipulateCaMKII
activity in bovine pulmonary artery endothelial cells (BPAEC)
(17), we found that in HUVECs ERK1/2 activation in response
to thrombin stimulation was not mediated by CaMKII and was
not involved in thrombin-induced hyperpermeability. The rel-
ative contribution of the CaMKII/RhoA pathway(s) was only
significant in response to low concentration thrombin (2.5 nM)
stimulation indicating recruitment of alternative signaling
pathways mediating endothelial barrier dysfunction, depen-
dent upon thrombin concentration.

MATERIALS AND METHODS

Cell Culture—Human umbilical endothelial cells (HUVEC)
were obtained from Cascade Biologics (cat. C-015-5C, Port-
land,OR) andused betweenpassages 3–12.Cellswere seeded at
4 � 104 cells/cm2 in HUVEC culture medium (cat. cc-4176,
LONZA,Walkersville, MD) and passed every other day. For all
experiments, HUVECwere seeded at confluency (1� 105 cells/
cm2) and grown for 3 days to formmaturemonolayers. Primary
cultures of dermal microvascular endothelial cells (HDMEC)
were isolated from human foreskins and grown in HDMEC
culture medium (cat. cc-4177, LONZA, Walkersville, MD).
Bovine pulmonary artery endothelial cells (BAEC) were
obtained from Vectec (Rensselaer, NY) and cultured in MEM
supplemented with 20% fetal bovine serum and penicillin/
streptomycin. Rat VSM cells were enzymatically dispersed
from thoracic aortas of 200–300 gmale Sprague-Dawley rats as
previously described (19, 20). Rat VSM were cultured in
DMEM/F-12 supplemented with 10% fetal bovine serum and
penicillin/streptomycin.
Antibodies and Reagents—Creation and specificity of the

antipeptide polyclonal antibodies recognizing all CaMKII iso-
forms (panCaMKII), � isoform variants with the 21-amino acid
C terminus (CaMKII�2), � isoforms, and autophosphorylated
CaMKII on Thr287 (pCaMKII), were described previously (20–
22). The antigen for the antibody selectively recognizing
CaMKII� variants lacking the 21-amino acid C-terminal tail
(CaMKII�6) was CaMKII� aa465–477 (L13406, BC107562).
Other antibodies used include anti-phospho-ERK1/2 (Cell Sig-
naling), anti-�-actin (Sigma), and anti-RhoA (Cytoskeleton).
All cell culture medium and supplies were from Fisher Scien-
tific unless otherwise specified. Other reagents used include

thrombin (Sigma), U0126 (Calbiochem), Y27632 (Krackeler
Scientific, Albany, NY), Ionomycin (Calbiochem), and Fura-
2AM (Molecular Probes, Carlsbad, CA).
Measurement of Transendothelial Electric Resistance (TEER)—

ECIS 1600R (Applied Biophysics, Troy, NY), electric cell-sub-
strate impedance sensing system, was used tomeasure TEER (a
measure of endothelial barrier integrity) of HUVEC monolay-
ers as described in detail by Giaever and Keese (23). Briefly,
HUVEC (1 � 105 cells/cm2) were plated in a well containing 10
small gold electrodes and a larger counter electrode. After
attachment to ECIS, cells were allowed to equilibrate in serum-
freemedium (EBM-2, LONZA,Wakersville, MD) for 4 h. Once
resistances were relatively constant (1400–1700�), treatments
(thrombin, U0126. or Y27632) were added directly to the wells
at the indicated times. Resistance wasmeasured every 3min for
the duration of the experiments. Data were normalized to the
mean resistance over the course of 1 h immediately before
thrombin addition and after preincubation with DMSO (vehi-
cle), U0126, and Y27632 for different purposes of experiments.
RNA Isolation and RT-PCR Analysis—Total RNA was iso-

lated from HUVEC, HDMEC, BAEC, or rat VSM using the
mirVanamiRNA Isolation kit (Ambion, Austin, TX). RNAcon-
centration was measured by absorbance at 260/280 nm with a
Beckman Coulter DU 640 spectrophotometer. RNA (1 �g) was
converted to cDNA using reverse transcriptase (RT) and 0.2 �g
of random hexamer primers (Invitrogen) with Ready-TO-Go
beads (Amersham Biosciences). cDNA (1 �l of reverse tran-
scription products per 20-�l PCR reaction) was amplified on an
Tetrad Peltier Thermal Cycler (MJ Research, Waltham, MA)
using TaqPCR Master Mix kit(Qiagen, Valencia, CA) with the
standard protocol defining cDNA, primer, distilled H2O, and
MasterMix concentrations. Based on the human/rat CaMKII �
sequences (NM_001221, NM_012519), PCR primers specifi-
cally targeting �-gene products were designed as following:
primers for targeting TV1 exon: 5�-forward primers (human &
rat: 5�-GCCATCTTGACAACTATGCTGGCT); 3�-reverse
primers (human: 5�-CGT GCT TTC ACA TCT TCA TCC
TCA; rat: CGTGCTTTCACGTCTTCATCCTCA); Primers
for targeting TV2 exon: 5�-forward primers (human: 5�-TAG
GCTCACACAGTACATGGATGG; rat: 5�-TCGGCTCAC
ACAGTACATGGATGG) are located upstream of �-specific
C terminus; 3�-reverse primers (human: 5�-ACA TGC ATG
AAG AGG AGG AGA GGA; rat: 5�-GAA ACA TGC ATG
AAG AGG AGA GGA) are located in the untranslated region
beyond the TV2 alternatively spliced exon encoding the �-spe-
cific C terminus (Fig. 1B). PCR products were analyzed by 2 or
4% agarose gel. The identity of purified PCR products was con-
firmed by DNA sequencing from GENEWIZ (South Plainfield,
NJ) with our relative 5�-forward primers.
siRNA Electroporation—Dharmacon ON-TARGETplus

SMARTpool (cat. L-004042-00-0020; Thermo Fisher Scien-
tific, Lafayette, CO) siRNA specifically targeting human
CaMKII� were electroporated in HUVEC cells. Dharmacon
ON-TARGETplus siCONTROL Nontargeting siRNA No. 1
(cat. L-001810-01-20) was used as control siRNA. Electropora-
tion was performed as follows: subconfluent HUVEC cells were
removed from the culture dish by addition of trypsin, washed,
and resuspended in siPORT siRNA Electroporation Buffer
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(Ambion) at a concentration of 4� 105 cells/cuvette with 10�g
of the respective siRNA. Cells were electroporated with one
0.15-ms pulse of 300 V (Gene Pulser II, Bio-Rad). After an addi-
tional incubation for 10 min at 37 °C, cells were plated on the
appropriate culture dishes and on the following day, medium
was removed and replaced by fresh HUVEC culture medium.
Knockdown efficiency was confirmed by Western blot 48 h,
96 h after electroporation.
Western Blotting—Cells were maintained at 37 °C in 5% CO2

during the pretreatment. Reactions were stopped by removal of
HBSS�� and transfer of the dishes to ice, and cells were lysed
(0.25ml/35-mmdish) in amodified radioimmune precipitation
assay buffer composed of 10 mM Tris (pH 7.4), 100 mMNaCl, 1
mM EDTA, 1 mM EGTA, 1 mM NaF, 20 mM Na4P2O7, 2 mM

Na3VO4, 1% Triton X-100, 0.1% SDS, 0.5% deoxycholate, 10%
glycerol, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl
fluoride, and 0.2 units/ml aprotinin. The lysates were collected
into ice-cold 1.5-ml tubes and cleared by centrifugation at
14,000 rpm at 4 °C for 10 min. Lysates were resolved on an
SDS-PAGE gel and transferred to nitrocellulose. The mem-
branes were blocked in Tris-buffered saline containing 0.2%
Tween 20 (TBST) and 5% nonfat dry milk. After blocking,
the membranes were incubated in primary antibody for 1 h
at 22 °C, washed three times with TBST, and incubated
with horseradish peroxidase-conjugated secondary antibody
(Amersham Biosciences) for 1 h at 22 °C followed by washing
(three times) with TBST. Membranes were developed using
chemiluminescence substrate (Amersham Biosciences); signal
intensity was measured with a Fuji LAS4000 Imaging Station,
and band intensity was compared using Multi Gauge V3.1. All
blots shown are representative of at least three experiments.
Calcium Measurements—Intracellular calcium measure-

ments were performed as described previously (3). Briefly,
serum-starved confluentHUVECmonolayerswere loadedwith
4 �mol/liter Fura-2AM (Molecular Probes, Carlsbad, CA) for
30 min at 37 °C and washed three times with HBSS (GIBCO)
containing (mM): NaCl, 140; KCl, 3; MgSO4, 1.2; HEPES, 10;
Ca2�, 2; and glucose, 10 (pH was adjusted to 7.4 with NaOH).
Fluorescence was recorded in the absence or presence of differ-
ent concentrations thrombin incubation and analyzed using a
digital fluorescence imaging system (Intracellular Imaging,
OH) tomeasure intracellular freeCa2� signal (ratio F340/F380)
in individual cells in thematuremonolayer. Ionomycin (0.5�M)
was added at the end of experiment to establish maximum
fluorescence ratios.
RhoA Activation Assay—RhoG-LISA Activation Assays Bio-

chem kitTM (Cytoskeleton Inc., Denver CO), was used tomeas-
ure Rho A activity according to manufacturers recommenda-
tions. siRNA electroporated or non-electroporated HUVECs
were seeded at confluency and grown for 3 more days to form
mature confluent monolayers in 35-mm dishes. Monolayers
were washed twice with room temperature EBM and incubated
for 4 h before stimulation with HBSS (with 2 mM Ca2� and 10
mM HEPES) followed by thrombin addition. After indicated
time course of thrombin incubation, solutions were aspirated
and cell lysis buffer (4 °C) was added to culture dishes placed on
ice. Cell lysates were centrifugation at 14,000 (�15,000 � g) at
4 °C for 2 min and an aliquot removed for protein determina-

tion. Following adjustment for protein concentration, cell
lysates were snap-frozen and stored at �80 °C. After thawing,
50 �l of lysate was added to the wells of plates coated with Rho
A-binding domain peptides. Additional wells were filled with
lysis buffer or non-hydrolysable constitutive active RhoA as
negative and positive controls, respectively. Plates were placed
immediately on an orbital shaker at 400 rpm at 4 °C for 30 min,
washed twice with RT buffer, and 200 �l of antigen-presenting
buffer was added to each well for 2 min at room temperature.
After three washes, 50 �l of Rho A primary antibody (diluted
1:200 in antibody dilution buffer) was added for 45 min with
shaking. Following three washes, 50 �l of secondary horse-
radish peroxidase (HRP)-labeled antibody (diluted 1:100)
was added to each well for 45 min), followed by three washes
and addition of 50 �l of HRP detection reagent at 37 °C for 15
min. Finally, 50 �l of HRP stop buffer was added, and the
signal measured immediately at 490 nm using a microplate
spectrophotometer.
Statistics—Values throughoutwere expressed asmean� S.E.

Mean values of groups were analyzed using GraphPad PRISM
version 4.0, and compared by ANOVA with Neuman-Keuls
post-hoc analysis to determine significant differences between
groups. For all comparisons, p � 0.05 was considered statisti-
cally significant.

RESULTS

Identification of CaMKII�6 as the Endogenous HUVEC Iso-
form—To design specific molecular approaches for probing
functions of endogenous CaMKII in endothelial cells, we first
identified the CaMKII isoform(s) expressed in several cell lines
by Western blotting with CaMKII subtype-specific antibodies.
Blotting with a antibody recognizing all CaMKII isoforms (11–
14, 19, 22), indicated that the predominant isoform expressed
in primary cultures of endothelial cells has an apparent molec-
ular mass of 50 kDa, smaller than the predominant 52-kDa iso-
form in cultured rat VSM, whichwe previously identified as the
CaMKII�2 variant (11, 12, 14, 15) (Fig. 1A, top panel). Blotting
with an antibody that specifically recognizes an alternatively
spliced 21-amino acid C-terminal domain in CaMKII�2 and
related �-gene variants (19, 24, 25) failed to recognize the pre-
dominant endothelial isoform (Fig. 1A,middle panel).Western
blotting with an antibody recognizing the C terminus of
CaMKII� gene products, identified a number of higher
molecular mass bands (54–64 kDa) in both VSM and endo-
thelial cells (supplemental data S1), but based on corre-
sponding pan-CaMKII signals these were minor isoforms
and none corresponded to the predominant 50-kDa band
expressed in endothelial cells.
Based on these results and literature indicating restricted

expression ofCaMKII� and� isoforms in neuronal tissues (18),
we postulated that the predominant endothelial isoformwas an
atypical CaMKII� variant, similar to CaMKII�2 but lacking an
alternatively spliced 21-amino acid C terminus (24, 25). This
hypothesis was tested by RT-PCR and sequence analysis of
amplified targets using mRNA extracts from human umbilical
vein endothelial cells (HUVEC), and �-gene specific PCR prim-
ers spanning the two transcript variable (TV) regions, including
TV1 exon, where �2 differs from �1,3,4,9 isoforms, and TV2
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exon, the alternatively spliced C-terminal exon (24, 25) (Fig.
1B). Analysis of cultured rat VSMmRNAwas used as a positive
control for CaMKII�2 expression (11, 12, 15, 26). Our data
showed that the predominant isoform in HUVEC shares the
sameTV1 exon structurewith �2 in ratVSM (Fig. 1C, top panel)
but lacks the TV2 exon at the C terminus in �2 (Fig. 1C, lower
panel). Deduced amino acid sequences of themajor endothelial
cell TV2PCRproducts (and theminorVSMproduct) identified
�-gene variants lacking the 21-amino acid C terminus (Fig. 1D).
The alternative C-terminal lysine (K) and asparagine (N) found
on the variants here corresponds with human transcripts
reported in GenBankTM (NM_172127; NM_172128).

Finally, to confirm that the predominant expressed CaMKII
isoform in endothelial cells was a �- gene product, we (a)West-
ern blotted with an anti-peptide antibody raised against a con-
served C-terminal domain sequence found in all CaMKII� vari-
ants, and (b) used siRNAs specifically targeting the human
CaMKII� gene. The �-specific antibody recognized a 50-kDa
band in endothelial cell lysates (supplemental data S1B), pre-
cisely corresponding to the band identified with the pan-
CaMKII antibody (Fig. 1A). Interestingly, this antibody did not
recognize the 52-kDa CaMKII�2 variant expressed in VSM,
suggesting that the antibody epitope was masked by inclusion
of the additional 21-amino acid C-terminal domain, a result
that we have confirmed using recombinant CaMKII�2 and
CaMKII�6 protein standards (not shown). Finally, introduction
of siRNAs specifically targeting human CaMKII� isoforms for
56–96 h down-regulated total CaMKII expression in HUVECs
by greater than 80% (Fig. 2, A and B), confirming predominant
expression of an endogenous CaMKII� isoform in HUVECs.

CaMKII� Mediates Low Concentration Thrombin-induced
HUVEC Hyperpermeability—To determine the effects of
thrombin concentration on endothelial monolayer permeabil-
ity, post-confluent serum-starved HUVEC monolayers were
exposed to 1–50 nM (0.0022–0.1100 IU/ml) thrombin and
trans-endothelial electric resistance (TEER) was monitored as
described in methods. Preliminary experiments determined
concentration-dependent responses, with a threshold response
of 1 nM thrombin and maximal response at 50 nM thrombin
(supplemental data S2A). Thrombin-induced increase in per-
meability (or hyperpermeability), as reflected by decline of
TEER, was transient upon addition of thrombin with maximal
responses at 15–20 min followed by a recovery toward control
levels over 2 h (supplemental data S2, B and C). Based on these
initial experiments, 2.5 nM and 50 nM concentrations of throm-
bin were chosen as representative low and high concentrations,
respectively, for subsequent studies.
siRNA-mediated suppression of CaMKII� was used to eluci-

date the role of this signaling molecule in thrombin-induced
HUVEC monolayer hyperpermeability (or barrier dysfunc-
tion). As shown in Fig. 2,C andD, siRNA silencing of CaMKII�
(siCaMKII�) significantly inhibited low concentration (2.5 nM)
thrombin-induced decreases in HUVEC resistance by 44.0%.
Interestingly, siCaMKII� had no effect on high concentration
(50 nM) thrombin-induced increases in HUVEC permeability.
These data confirm a role for endogenous CaMKII�6 in medi-
ating thrombin-induced HUVEC hyperpermeability (16, 17),
but indicate that the relative contribution of CaMKII�6 is throm-
bin concentration-dependent, with alternative CaMKII�-inde-

FIGURE 1. CaMKII�6 isoform expression in endothelial cells. A, confluent endothelial monolayers from human umbilical vein (HUVEC), human dermal
microvasculature (HDMEC) bovine aorta (BAEC), or control rat aortic vascular smooth muscle (ratVSM), were lysed and immunoblotted with antibodies
recognizing; all CaMKII isoforms (IB: pan-CaMKII), the alternatively spliced C-terminal sequence in CaMKII�2 (IB: CaMKII�2), or �-actin as a loading control.
B, location of PCR primers targeting TV1 and TV2 exons were designed based on human and rat CaMKII� (NM_001221, NM_012519). C, RT-PCR products were
analyzed by agarose gel electrophoresis. Top panel: for TV1 exon primers, products from HUVEC share the same TV1 domain of rat �2 with a predicted product
of 131 bp. Bottom panel: for TV2 exon primers, the main products differed in size between VSM and endothelial cell sources. The predicated sizes of rat �2 (317
bp) and rat �6 (228 bp) are indicated. D, predicted C-terminal amino acid sequences of the main products confirm �2 expression in rat VSM (with a small amount
of �6). Two �6 transcript variants ending with different amino acids (K or N) were identified as the predominant isoforms in HUVECs.
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pendent pathways recruited in response to high concentrations
of thrombin.
Thrombin Activates Endogenous CaMKII�6 and ERK1/2 in

HUVEC—Thrombin-induced endothelial permeability is re-
ported to depend upon Ca2� signaling (1, 27) and ERK1/2 sig-
naling (16, 17). Moreover, ERK1/2 activation in endothelial
cells has been reported to be downstream of Ca2� signals and
mediated by activation of CaMKII (16, 17). However, Ca2� sig-
nals in HUVECs in response to low and high concentrations of
thrombin were observed to be markedly different, with low
concentrations eliciting repetitive Ca2� transients and high
concentrations of thrombin producing sustained increases in
free intracellular Ca2� (supplemental data S3). These data sug-
gested that the kinetics and/or extent of CaMKII and therefore
ERK1/2 activation in response to thrombin might vary as func-
tion of thrombin concentration. Activation of endogenous
CaMKII and ERK1/2 were assessed by measuringWestern blot
signals of phospho-Thr287 CaMKII and phospho-Tyr44/42
ERK1/2 (Fig. 3A). Surprisingly (given the distinct differences in
patterns of Ca2� signals), both low and high concentrations of
thrombin stimulated comparable transient increases in
CaMKII activation, although the kinetics were different with

CaMKII activation peaking earlier (0.5 min) following addi-
tion of high concentration compared with low concentration
(1 min) thrombin (Fig. 3B). ERK1/2 activation lagged
CaMKII activation with a gradual increase over the 5-min
period studied. However, there was no significant difference
in the extent of ERK1/2 activation between thrombin con-
centrations (Fig. 3C). These data indicate that CaMKII�6 and
ERK1/2 are maximally activated in response to a low concen-
tration of thrombinwhich induces only submaximal changes in
HUVEC permeability.
Thrombin Stimulates CaMKII�-independent ERK1/2 Ac-

tivation and ERK1/2-independent HUVEC Hyperpermeability—
Because the endogenous CaMKII autophosphorylation in
HUVECs preceded ERK1/2 phosphorylation (Fig. 3), consistent
with a previously reported model of CaMKII coupling to
ERK1/2 activation in endothelial and other cell types (10, 12, 17,
26), we tested the effects of CaMKII� silencing on ERK1/2
activation by thrombin. Unexpectedly, siRNA silencing of
CaMKII� in HUVECs had no effect on ERK1/2 activation in
response to either low concentration (Fig. 4, A and B) or high
concentration (Fig. 4, C and D) thrombin. These data clearly
indicate CaMKII� and ERK1/2 activation are not coupled in

FIGURE 2. CaMKII� mediates low concentration thrombin-induced HUVEC hyperpermeability. A, time-dependent siRNA-mediated suppression of endog-
enous HUVEC CaMKII. siRNAs specific to human CaMKII� subunit (siCaMKII�, Dharmacon ON-TARGETplus SMARTpool) or scrambled control siRNA (siCon,
Dharmacon ON-TARGETplus siCONTROL) were introduced into suspended HUVEC by electroporation cells and seeded at confluency on gelatin-coated dishes
for 56, 72, and 96 h in growth medium. Representative immunoblots with pan-CaMKII are shown. B, quantification of siRNA suppression efficacy. The bar graph
quantified results from three individual experiments with pan-CaMKII signals normalized to �-actin signals and expressed relative to control siRNA value at
56 h. **, p � 0.01 compared with the siRNA control at the same time point. C, TEER of HUVECs electroporated with siRNAs targeting CaMKII� (siCaMKII�) or
control siRNA (siCon) and stimulated with 2.5 or 50 nM thrombin. Resistance values were normalized to the baseline before thrombin addition, and are plotted
as relative resistance units compared with the baseline value set at 1.0. Symbols and ticks indicate the mean and S.E. of relative resistances from three
independent experiments, respectively. Decreased resistance reflects increases in permeability. D, quantification of maximal changes in monolayer resistance
in experiments shown in C. Peak % changes are relative to baselines prior to addition of thrombin or vehicle control. Data values are means � S.E. from three
independent experiments. *, p � 0.05 effects of thrombin compared with vehicle controls; #, p � 0.05 compared between siCon and siCaMKII� groups.
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HUVECs and may be acting inde-
pendently to regulate endothelial
permeability.
To evaluate the contribution of

ERK1/2 signaling pathways to
thrombin-induced HUVEC hyper-
permeability, monolayers were pre-
treated with 2–10 �M U1026, a
selectiveMEK1/2 inhibitor (28). Fig.
5A shows that thrombin-stimulated
ERK1/2 activation was markedly
inhibited by pretreatment with
U1026 in a dose-dependent manner
with complete inhibition after treat-
ment with 10 �M U1026. However,
preincubation with the maximally
effective concentration of U0126
(10 �M) failed to inhibit either low
or high concentration thrombin-
induced HUVEC hyperperme-
ability (Fig. 5, B and C). These
findings indicate that ERK1/2 acti-
vation is not coupled to regula-
tion of thrombin-induced HUVEC
hyperpermeability.
CaMKII�Mediates Thrombin-in-

duced HUVEC Hyperpermeability
through RhoA/Rho Kinase Signaling
Pathways—The studies thus far
indicate that there are alternative
(to ERK1/2) downstream targets for
CaMKII in mediating thrombin-in-
duced hyperpermeability. Throm-
bin-induced RhoA activity has been
reported to be important for human
endothelial permeability and at least
partially dependent on Ca2� entry
(27). A primary target and mediator
of RhoA signaling in a number of
systems is Rho kinase (ROCK),
which has been previously estab-
lished as a major regulator of
endothelial permeability (27, 29).
Because it has been reported that
Ca2�-induced RhoA activation
requires a basal activity of CaMKII�
in neurons (30), we hypothesized a
role for the endogenousCaMKII� in
coupling Ca2� signals to RhoA acti-
vation in HUVECs.
To test this, siCaMKII� was used

to suppress expression of HUVEC
CaMKII and the effect on throm-
bin-induced RhoA activation was
determined (Fig. 6). Like the
CaMKII� and ERK1/2 activation
responses, levels of RhoA activation
were comparable in response to

FIGURE 3. Thrombin-induced CaMKII�6 and ERK1/2 activation in HUVEC. A, 3-day confluent HUVEC
monolayers were serum starved for 4 h and treated with low concentration (2.5 nM) or high concentration
(50 nM) of thrombin. Endogenous activated CaMKII was assessed by autophosphorylation on residue
Thr287 as detected by immunoblotting with a phospho-Thr287-specific antibody (top panels, pCaMKII) and
endogenous activated ERK1/2 was detected with a phospho-ERK specific antibody (middle panels, pERK).
�-Actin loading controls are shown in the lower panels. Blots are representative of n � 5 independent
experiments. B, densitometric quantification of pCaMKII immunoblots. pCaMKII signals were normalized
to �-actin signal to account for variability in loading and expressed as fold increases of the control
prestimulus signals. C, densitometric quantification of pERK1/2 signals. pERK1/2 signals were normalized
to �-actin signals and expressed as fold increases of control prestimulus signals. Data in B and C are
mean � S.E. from five independent experiments. *, p � 0.05 compared with no thrombin stimulus. n.s.
reflects no statistically significant difference between indicated groups.

FIGURE 4. Thrombin induces CaMKII�-independent ERK1/2 activation in HUVEC. Representative immuno-
blots of CaMKII (IB: pan-CaMKII) and activated, phosphorylated ERK1/2 (IB: pERK1/2) in lysates of HUVECs
treated with siRNA targeting CaMKII� (siCaMKII�) or scrambled control siRNA (siCon) and in response to 2.5 nM

(A) and 50 nM (C) Thrombin. B and D, densitometric quantification of immunoblots using �-actin signals to
normalize for loading and expressed as fold change compared with untreated siCon. Values are means � S.E.,
n � three independent experiments. *, p � 0.05 compared with no thrombin (0 min) within each siRNA group.
n.s., not statistically significant between siRNA groups.
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both low and high concentration thrombin (Fig. 6A). Silencing
CaMKII� expression with siRNA strongly inhibited RhoA acti-
vation by 40.7% in response to low concentration thrombin, but
had no significant effect on high concentration thrombin (Fig.
6B). These data indicate a positive role of CaMKII� in mediat-
ing low concentration thrombin-induced RhoA activation,
with recruitment of non-CaMKII-dependent pathways in
response to higher levels of thrombin stimulation concentra-
tion thrombin-induced RhoA activation.
Preincubation with Y27632 (1–5 �M), a well established

ROCK inhibitor (28, 29), resulted in concentration-dependent
inhibition of thrombin-induced HUVEC hyperpermeability

confirming this function of ROCK
(supplemental data S4). 5 �M

Y27632 almost completely abol-
ished low concentration thrombin-
induced hyperpermeability but only
partially inhibited responses to high
concentration thrombin, suggesting
recruitment of ROCK-independent
pathways with increasing concen-
trations of thrombin.

DISCUSSION

Thrombin, as a vasoactivemedia-
tor, has long been known to increase
both endothelial [Ca2�]i and endo-
thelial permeability in vivo (5, 6) and
in vitro (1, 27). How the down-

stream effectors of Ca2� fit into current paradigms of endothe-
lial permeability mechanisms is still unclear. In this study, we
tested regulation of thrombin-induced endothelial barrier dys-
function by CaMKII, a direct downstream effector of intracel-
lular Ca2� signals, as well as ERK1/2 and RhoA, two indirect
effectors of Ca2� signals, previously implicated as mediators of
thrombin-induced endothelial permeability.
For the first time, we defined the predominant endogenous

CaMKII isoform in HUVEC and several other primary endo-
thelial cell lines as the CaMKII�6 isoform, identical to the �2
isoform primarily expressed in cultured VSM but lacking an

FIGURE 5. Thrombin induces ERK1/2-independent HUVEC hyperpermeability. A, immunoblot of activated ERK1/2 (IB: pERK1/2) in lysates from thrombin-
stimulated HUVECs for 5 min following 30-min pretreatment with 0 –10 �M of the MEK inhibitor U0126. B, effects of 10 �M U0126 or vehicle control (DMSO) on
HUVEC monolayer resistance following stimulation with 2.5 and 50 nM thrombin. Symbols and ticks indicate the mean and S.E. of relative resistance from four
independent experiments, respectively. C, quantification of maximal changes in monolayer resistance from experiments shown in B. Peak % changes is relative
to baselines prior to addition of thrombin. Data values are means � S.E. from four independent experiments. *, p � 0.05 effects of thrombin on HUVEC
resistance compared with vehicle controls; n.s., not significantly different between U0126-treated and vehicle control groups.

FIGURE 6. CaMKII� mediates low concentration thrombin-induced RhoA activation. A, RhoA activation
(G-LISA RhoA activity, Cytoskeleton Inc., Denver, CO) in HUVEC monolayers in response to 2.5 nM and 50 nM

addition of thrombin for the indicated times. RhoA activity is expressed as fold changes relative to untreated
controls. B, effect of siRNAs targeting CaMKII� (siCaMKII�) on thrombin stimulated RhoA activation. Control
cells without siCaMKII� were treated with scrambled control siRNA (siCon). Data values are means � S.E. from
five independent experiments. *, p � 0.05 effects of thrombin on RhoA activity; #, p � 0.05 compared between
siRNA groups; n.s., no significant differences.
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alternatively spliced 21-amino acid C-terminal (6, 11, 12, 14,
15). Limited CaMKII �6 expression has been reported inmouse
gastric mucosal cells (31), but to the best of our knowledge,
endothelial cells are the first identified cell type where the �6
isoform is the predominant endogenous CaMKII. The immedi-
ate significance of this observation was that it allowed us to
rationally target the bulk of endogenous HUVEC CaMKII with
�-isoform specific siRNA silencing approaches. Importantly,
small amounts of �2 and �b isoforms were detected by RT-PCR
andWestern blotting with subtype-specific antibodies and our
studies do not rule out their potential functional significance
from the standpoint of CaMKII holoenzyme subcellular target-
ing or specific protein interactions.
CaMKII is one of several upstream signaling pathways

known to converge on mechanisms regulating endothelial per-
meability (32). Consistent with earlier reports suggesting a
dependence of thrombin-induced EC permeability on CaMKII
(16, 17), we documented thrombin-induced activation of
CaMKII in HUVECs, inferred by assessing autophosphoryla-
tion on Thr287. Thr287 autophosphorylation is known to be a
result of Ca2�/CaM-dependent activation of individual kinase
subunits and intersubunit phosphorylation within the large
CaMKII holoenzyme (15, 21, 26). Surprisingly, the extent and
kinetics of CaMKII activation were not markedly dependent
upon thrombin concentration over the range used and activa-
tion appearedmaximal in response to the lowest concentration
tested. Functional coupling of this signal to increases in perme-
ability, as determined by siRNA mediated suppression of
CaMKII�, was only significant in response to low concentra-
tions of thrombin, inferring recruitment of alternative
CaMKII-independent pathways by increasing concentrations
of thrombin. While it is difficult to judge how the concentra-
tions of commercial thrombin used in our in vitro experiments
relate to physiological and pathophysiological relevant throm-
bin concentrations in vivo, thrombin concentrations reported
in blood plasma following venipuncture (0.08–2.4 nM) are in
the low range of concentrations used in the present study (33,
34). Thus, the selective function of a CaMKII�6-mediated path-
way in response to 2.5 nM thrombin could be significant under
physiological or pathophysiological conditions of thrombin
stimulation. Although it remains to be tested, other Ca2�-de-
pendent endothelial cell stimuli may also be found to be par-
tially or fully dependent upon this signaling pathway.
Given the reported dependence of endothelial cell perme-

ability on ERK1/2 activation (16, 17), as well as our and others
previous studies indicating ERK1/2 activation as a point of con-
vergence of multiple proximal signaling pathways, including
CaMKII in other cell systems (10, 12, 26), CaMKII-dependent
ERK1/2 activation was logically proposed to contribute to
thrombin-induced HUVEC hyperpermeability. However, our
results clearly demonstrate independent activation of CaMKII
and ERK1/2 in response to thrombin in HUVEC. This is in
marked contrast to our previous studies using cultured vascular
smooth muscle where Ca2� stimulus-dependent ERK1/2 acti-
vation is partially CaMKII �2-dependent (12, 26, 35). To the
extent that the alternatively spliced 21-amino acid C terminus
present in the �2 but not the �6 isoform may result in specific
CaMKII targeting or function, that specificity would not be a

property of the kinase expressed in endothelial cells and may
explain the difference in coupling of Ca2� signals to ERK1/2
activation in the two cell types.
Borbiev et al. (17) previously reported that the CaMKII-se-

lective inhibitor KN-93 inhibited ERK1/2 activation in
response to thrombin and over-expression of constitutively
active CaMKII� increased ERK1/2 phosphorylation in BAEC,
suggesting a role for CaMKII in regulating endothelial ERK1/2
activation. Although the reasons for the differences between
the results in that study and the current results are not known,
there are reported non-selective effects of KN-62 andKN-93 on
other CaM kinases, including CaMKIV (36), and nonspecific
inhibitory effects of these drugs on membrane ion channel
activities (37). In addition, overexpression of a constitutively
active orwild-typemultifunctional protein kinase, especially an
isoform (CaMKII�) not endogenously expressed, could result
in nonspecific activation of signaling pathways due to loss of
temporal and spatial control of activity. We believe that the
molecular loss-of-function approach used here is a more
conservative and specific approach targeting the predomi-
nant endogenous endothelial CaMKII � isoform, and our
results effectively rule out involvement of this specific iso-
form in regulating ERK1/2 in HUVECs. However, we cannot
yet formally exclude the possibility that an alternative weakly
expressedCaMKII isoform, such as CaMKII�b, which is detect-
able in HUVECs, could potentially mediate thrombin-induced
ERK1/2 phosphorylation.
Both ERK1/2 and ROCK have been reported to mediate

thrombin-induced actin cytoskeleton rearrangement in endo-
thelial cells and contribute to increases in monolayer perme-
ability in response to thrombin (17, 38). However, in our studies
the widely used and effective ERK1/2 activation inhibitor,
U0126, had no effects on thrombin-induced HUVEC perme-
ability. The differences in ERK1/2 dependence reported here
might be due to variability across endothelial cell types with
respect to the relative importance of various thrombin-induced
signaling pathways. For example, Cai and Garcia (32) proposed
that ERK1/2might play a major role in microvascular endothe-
lium and a minor role in macrovascular endothelial cells.
A recent study reported that thrombin-induced Ca2� entry

causes RhoA/ROCK activation leading to increases of human
endothelial cell permeability (27). However, the downstream
effectors of Ca2� signals, which lead to activation of RhoA/
ROCK signaling were not identified in that study. Our results
indicate a role for endogenous CaMKII�6 in regulating throm-
bin-induced RhoA activation. This function of CaMKII�6 was
also thrombin concentration-dependent with additional non-
CaMKII-dependent pathways leading to RhoA activation
recruited with higher levels of thrombin stimulation. This sce-
nario is consistent with previous studies showing high throm-
bin concentration-induced RhoA activation which was only
partially calcium-dependent (27). Based on sensitivity to the
ROCK inhibitor Y27632, our data confirm ROCK as a down-
stream mediator of thrombin signaling leading to increases in
HUVEC permeability. While low concentration thrombin-in-
duced increases in HUVEC permeability were almost com-
pletely abolished by as little as 1 �M Y27632, permeability in
response to high concentration thrombin was only partially
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inhibited by 5 �M Y27632. This suggested that there might be
additional RhoA/ROCK-independent pathways culminating in
increased permeability that are activated as a function of
increasing concentration of thrombin.
Downstream targets of RhoA/ROCK signalingwere not eval-

uated in the present studies. However, there are numerous
studies implicating likely cytoskeletal targets which could affect
endothelial cell mechanics, cell/cell interactions and ultimately
monolayer integrity. Possibilities includeRhoA-dependent reg-
ulation of actin filament dynamics (39), focal adhesions (40),
and adherens or tight junctions (41). It would be interesting to
determine if CaMKII�6-dependent activation of RhoA selec-
tively contributed to the regulation of one or more of these
likely cytoskeletal targets in a thrombin-concentration depen-
dent manner. Given this possibility and the observation that
less than a third of individual cells from one confluent HUVEC
monolayer displayed Ca2� responses upon low concentration
thrombin stimulation (supplemental data S3), an important
consideration in future experiments will be potential localiza-
tion of CaMKII�6/RhoA signaling in a subset of endothelial
cells and in discrete subcellular compartments.
Taken together, the present studies provide a new perspec-

tive on thrombin-induced endothelial barrier function that is
summarized in a model depicted in Fig. 7. The key findings are:
1) a function for the CaMKII�6 isoform inmediating thrombin-
induced increases in endothelial barrier permeability, depen-
dent upon the level of thrombin stimulation; 2) the CaMKII�6-
dependent pathway mediating HUVEC permeability involves
downstream activation of RhoA and consequently ROCK; 3)
redundant CaMKII�6-independent pathways recruited by
increasing concentrations of thrombin resulting in Rho/ROCK
activation; 4) RhoA/ROCK-independent pathways leading to
thrombin-induced endothelial permeability may be recruited
by increasing levels of thrombin stimulation; and 5) ERK1/2
activation in response to thrombin in HUVEC independent of
CaMKII�6 and not involved in regulating thrombin-induced
increases in permeability. Stimulus-dependent complexities in
endothelial signaling should be kept in mind when designing

and interpreting permeability experiments in vitro and when
designing inhibitory approaches to attenuate endothelial bar-
rier dysfunction in vivo.
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