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Abstract
Objective—The aim of this study was to examine the endothelial distribution and activity of selected
PKC isoforms in coronary vessels with respect to their functional impact on endothelial permeability
under the experimental conditions relevant to diabetes.

Methods and Results—En face immunohistochemistry demonstrated a significant increase of
PKCβII and decrease of PKCδ expression in coronary arterial endothelium of Zucker diabetic rats.
To test whether changes in PKC expression alter endothelial barrier properties, we measured the
transcellular electric resistance in human coronary microvascular endothelial monolayers and found
that either PKCβII overexpression or PKCδ inhibition disrupted the cell–cell adhesive barrier. Three-
dimensional fluorescence microscopy revealed that hyperpermeability was caused by altered PKC
activity in association with distinct translocation of PKCβII to the cell–cell junction and PKCδ
localization to the cytosol. Further analyses in fractionated endothelial lysates confirmed the
differential redistribution of these isozymes. Additionally, FRET analysis of PKC subcellular
dynamics demonstrated a high PKCβII activity at the cell surface and junction, whereas PKCδ activity
is concentrated in intracellular membrane organelles.

Conclusion—Taken together, these data suggest that PKCβII and PKCδ counter-regulate coronary
endothelial barrier properties by targeting distinctive subcellular sites. Imbalanced PKCβII/PKCδ
expression and activity may contribute to endothelial hyperpermeability and coronary dysfunction
in diabetes.
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Protein kinase C (PKC) is a family of serine/threonine kinases consisting of at least 10 isoforms,
including the classical PKCs (α, βI, βII, and γ), which bind to and are activated by diacylglycerol
and Ca2+, the novel isoforms (δ, ε, η, and θ) capable of binding to diacylglycerol but
independent of Ca2+, and the atypical class (ζ and ι) insensitive to either diacylglycerol or
Ca2+. Most of these isozymes are regulated at 3 levels. First, autophosphorylation is required
for them to become catalytically competent. Second, binding to cofactors, such as
diacylglycerol or its mimetic phorbol esters, induces translocation from the cytosol to plasma
membrane, where the enzymes undergo conformational changes enabling catalytic activation.
Finally, direct interaction with substrate proteins determines site-specific kinase activities.1
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As endogenous stress sensors, PKCs mediate diverse cellular responses to physical forces,
chemical agents, and molecular signals that are elaborated under different physiological or
pathological conditions. Altered expression or enzymatic activity of PKCs have been linked
to circulatory disturbance in coronary artery disease, arthrosclerosis, hypertension, myocardial
ischemia reperfusion, and circulatory shock. Recently, evidence is emerging that PKCs
contribute to the pathogenesis of diabetic vascular inflammation characterized by endothelial
barrier dysfunction and increased filtration of plasma proteins or inflammatory cells into the
vascular wall and surrounding tissues.2–4 We and others have shown elevated PKC
activity5,6 and expression7 in the heart of diabetic rats and pigs, concomitant with coronary
venular hyperpermeability.6 Consistently, PKC inhibitors delay the progression of
microvascular leakage in the retina and kidney in diabetic patients.8–10 Although the overall
importance of PKCs in inflammation is well recognized, the specific contribution of individual
isozymes to vascular permeability and the underlying mechanisms remain poorly understood.
Tremendous controversy exists regarding PKC isoform-specific effects on endothelial barrier
function.11,12

The aim of this study was to test the hypothesis that PKCβII and PKCδ play a counter-regulatory
role in the control of endothelial barrier properties and altered expression or activity of these
isozymes shifts this equilibrium leading to hyperpermeability. The expression of PKCβII and
PKCδ was quantitatively assessed in the native endothelium of intact coronary microvessels
from the Zucker fatty rat, a model of type II diabetes with cardiovascular pathology comparable
to humans.13 To test whether altered isozyme expression or activity affects endothelial
permeability, we overexpressed PKCβII in human coronary microvascular endothelial cells
(HCMECs) and measured the transcellular electric resistance (TER) as an indicator of barrier
function reflecting the tightness of cell–cell and cell–matrix adhesions. The mechanism by
which PKC isozymes confer opposing barrier effects was examined using 3D microscopy in
conjunction with immunoblotting. Furthermore, a modified fluorescent resonance energy
transfer (FRET) assay was performed to measure isoform-selective substrate phosphorylation
at specific subcellular locations of living endothelial cells in real-time.

Materials and Methods
Animals

Age-matched (15 to 17 weeks) male Zucker lean and fatty rats were used according to the
protocol approved by the IACUC in compliance with the NIH guidelines. Animal were
anesthetized with Urethane (1.75g/kg) and their hearts excised and coronary arteries dissected
as previously described.14

Cell Culture and Experiments
HCMECs obtained from Cambrex (East Rutherford, NJ) were transfected with pcDNA as
described in the supplement.

Transendothelial Resistance
The endothelial barrier property was determined by measuring TER as described
previously15,16 (see supplemental materials, available online at http://atvb.ahajournals.org,
for details).

Fluorescence Microscopy
En face coronary arteries were prepared as previously described.14,17 Samples were viewed
with a Zeiss Axiovert 200 M microscope equipped with an Apotome system allowing optical
sectioning (see supplemental Figures I & II).
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FRET
Cells overexpressing PKCβII and transfected with mpCKAR were incubated in an on-stage
incubator at 37°C, pH7.4 and imaged with a Zeiss Axiovert 200 M mounted with a dual-view
module (Photometric) controlled by MetaFluor 7.0 (Molecular Device) for simultaneous
acquisition of CFP and FRET emissions. CFP/FRET images and values were computed and
created with MetaFluor Analyst and displayed as pseudocolor images (see supplemental
materials for details).

Statistical Analysis
For mean fluorescence intensity (FI) per cells, data were analyzed with unpaired t test with
Welch corrections. For all other data sets, statistical analysis was performed using ANOVA
followed by Bonferroni’s multiple comparisons.

Results
Increased PKCβII and Decreased PKCδ Expression in Diabetic Endothelium

At the time of experiment, the diabetic fatty rats had significantly higher body weight and blood
glucose than their lean controls (705±5g versus 410±5g, P<0.001, and 6.4±0.2 mmol/L versus
4.3±0.1 mmol/L, P<0.001, respectively). The diabetic status of the fatty rats was further
supported by glucose intolerance as their blood sugar levels remained elevated (10.55±0.2
mmol/L) 2 hours after an oral glucose challenge. The controls showed a rapid recovery with
blood glucose returning to the normal level within 2 hours (4.73±0.9 mmol/L).

En face immunohistochemistry demonstrated significant expression of PKCβII and PKCδ in
the endothelium of coronary arteries. 3D reconstructions of the optical sections revealed a more
intensive labeling of PKCβII on the endothelium of diabetic coronary vessels than that of
controls (Figure 1A, top panels). In contrast, less PKCδ was observed in the diabetic
endothelium compared to controls (Figure 1A, bottom panels). Further quantitative analyses
show that diabetes caused a 1.5-fold increase in PKCβII (P<0.05) and 1.6-fold decrease in
PKCδ (P<0.05) expression (Figure 1B).

PKCβII Overexpression and PKCδ Inhibition Increase Endothelial Permeability
The transendothelial electric resistance was measured in coronary microvascular endothelial
monolayers overexpressing PKCβII and treated with PKC activators or inhibitors. PDBu
(Phorbol-12,13-dibutyrate) caused a rapid increase in TER peaking at ≈10 minutes gradually
recovering over 20 minutes (Figure 2A). In PKCβII-expressing cells, PDBu produced a
significant reduction in TER, which was prevented by pretreatment with the PKCβ-selective
inhibitor LY333531, indicating a barrier-weakening effect of the β isozyme. The TER response
of PKCβII-expressing cells occurred in an average course of 1.3 minutes (Figure 2A and 2B).
This delayed onset corresponded to the time required for PKCβII to completely translocate from
the cytosol to cell surface membrane, as indicated by the dynamic changes of RFP-PKCβII
intensity in these locations (Figure 2B and 2C). In different groups, treatment with the PKCδ
inhibitor Rottlerin induced a decrease in TER on PDBu stimulation, indicating a barrier-
tightening effect of this isozyme (Figure 2D). Together, the data suggest an opposing role for
PKCβII and PKCδ in regulating coronary endothelial permeability.

PKCβII Translocates to Cell–Cell Junctions but PKCδ Is Confined to the Perinuclear Region
To test whether the opposing barrier modulatory effects were attributed to different targeting
sites, we examined the subcellular compartmentalization of PKCβII (Figure 3) and PKCδ
(Figure 4) in HCMECs. Representative 3D images of cells that were transfected with RFP-
PKCβII (Figure 3A) or immunolabeled for PKCδ (Figure 4A) and colabeled with VE-cadherin
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and Hoechst are presented. On activation, PKCβII translocated to the cell membrane with
preferential distribution at cell–cell junctions (determined by VE-cadherin), whereas PKCδ
was localized in the perinuclear area and remained confined to the cytosol after activation.
Further analyses revealed a 2.3-fold increase of PKCβII density at junctions on activation
(P<0.05; Figure 3B). In contrast, PKCδ density was significantly higher in the cytosol
(intracellular area distal from VE-cadherin) than at the junction (P<0.05), and its labeling
pattern remained unchanged after activation (Figure 4B). Additionally, colocalization between
PKCβII and VE-cadherin was relatively higher in junctions compared to across the whole cell
(55% in junction versus 25% in cell), and both the junction and whole cell showed an increased
colocalization after PDBu (from 55% to 82% in junction, P<0.05, from 25% to 65% in cell,
P<0.05; Figure 3C). In contrast, the overall colocalization between PKCδ and VE-cadherin
decreased on PDBu (from 70% to 48%, P<0.05), and no significant change was observed at
junctions (Figure 4C). The distinctive subcellular redistribution of the two isozymes was
confirmed in a Western blot analysis of fractionated HCMEC lysates (see supplemental Figure
III).

Basal PKC Activity Measured With FRET
FRET was performed in HCMECs expressing PKCβII and a genetically encoded C kinase
activity reporter (CKAR), a fluorescent probe that has recently been characterized as a sensitive
indicator of PKC-substrate phosphorylation in nonendothelial cells.18 The probe has been
modified (mpCKAR) for enhanced plasma membrane-targeting capability (for more details
see supplemental Figure IV). We compared the level of PKC-substrate phosphorylation in the
cell–cell junction (JCT), surface plasma membrane (SPM), and intracellular plasma membrane
(IPM). PDBu caused a small but consistent and reproducible increase in phosphorylation,
measured as the average CFP/FRET increase over time. The overall CFP/FRET under basal
conditions was significantly higher at JCT (P<0.05) and IPM (P<0.01) than at SPM,
suggesting compartmentalization of basal PKC activity (see supplemental Figure V).

Isoform-Specific PKC Activity at Different Subcellular Sites
FRET was measured in HCMECs expressing PKCβII in the presence of isozyme-selective
inhibitors (Figure 5A and 5D show representative CFP signals). We focused on the JCT and
IPM as these subcellular areas had the highest basal PKC activity. LY333531 caused a rapid
decrease of CFP/FRET in both regions, with the largest drop occurring at the junction (Figure
5B, representative of 4 to 10 cells from ≥3 experiments). In comparison, Rottlerin induced a
slower CFP/FRET decrease but of higher amplitude, especially at IPM (Figure 5E,
representative of 4 to 10 cells from ≥3 experiments). Corresponding pseudocolor images of
CFP/FRET are shown in Figure 5C and 5F. The inhibitory effect of Rottlerin was greater than
that of LY333531 in IPM (P<0.01), but there was no significant difference between the 2
inhibitors in JCT and SPM. The largest reduction in CFP/FRET occurred at IPM on adding
Rottlerin, indicating that this area is most sensitive to the δ inhibitor. A significant difference
between Rottlerin and LY333531 was observed at IPM and SPM during PKC inhibition
(P<0.05). In cells stimulated with PDBu, pretreatment with LY333531 blunted the PDBu
response mostly in SPM and JCT but pretreatment with Rottlerin blunted the PDBu response
mostly in IPM (based on observations made in 3 to 10 cells from ≥3 experiments, data not
shown).

Discussion
We examined the expression and activity of selected PKC isoforms in the coronary vascular
endothelium with respect to their roles in regulating permeability under stimulatory conditions
relevant to type II diabetes. The results yield several lines of evidence supporting PKC isoform-
dependent endothelial responses. First, we observed increased PKCβII and decreased PKCδ
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expression on the endothelium of diabetic coronary vessels. Second, overexpressing PKCβII
produced a barrier disruptive effect during endothelial stimulation, an effect comparable to
pharmacological inhibition of PKCδ, indicating a counteracting role of PKCβII versus PKCδ
in modulating endothelial barrier resistance. Third, the opposing functions of these isozymes
correlated with their distinctive subcellular localizations, as PKCβII translocated to the junction
leading to cell– cell adhesive barrier dysfunction, whereas PKCδ was confined to the cytosol
conferring barrier protection. Further, we developed an endothelial-based FRET assay for real-
time quantification of PKC signaling. In line with 3D microscopy and immunoblotting, the
FRET data demonstrated a high basal phosphorylation activity of PKCβII in cell junctions,
whereas PKCδ was most prominent in intracellular compartments. Taking the current data
together with our previous findings from isolated coronary vessels,6,7 we suggest that
PKCβII and PKCδ may serve as counter-regulators of endothelial permeability by
phosphorylating junctional and cytosolic proteins. In disease states such as diabetes, altered
expression or activity of individual isozymes compromise the barrier homeostasis, leading to
vascular hyperpermeability. To the best of our knowledge, this is the first report of isoform-
selective, subcellular site-specific PKC regulation of coronary endothelial barrier function.

PKC Signaling and Endothelial Permeability
The endothelium forms an effective barrier that controls the passage of blood fluid, proteins,
and cells from the circulation into the vessel wall and surrounding tissues. A variety of
pathophysiological factors can alter the barrier integrity causing abnormal transendothelial flux
and intimal accumulation of blood components.4,19,20 Phosphorylation of inter-cellular
junctional structures is a key molecular event underlying vascular leakage in inflammation.
For certain molecules known to participate in cell contraction or adhesion and thus affect
permeability (eg, myosin light chain, catenins, nitric oxide synthase, and MAP kinases16,21–
23), serine or threonine phosphorylation are required for their activation and downstream
targeting. As potent serine/threonine kinases, PKCs are capable of signal transduction in the
endothelium that ultimately affects the barrier property.24 In particular, some isoforms
(PKCα and β) have been linked to microvascular leakage during inflammatory stimulations,
6,12,25–27 whereas others (PKCδ) have been shown to protect barrier function.28,29 While
these observations support the basis of our hypothesis that classical and novel PKCs exert
opposing effects on the endothelial barrier, the current study provides a direct comparative
analysis for isozyme-dependent permeability regulation in the coronary vascular endothelium.

PKCβII overexpression did not alter the basal barrier resistance but significantly reduced
resistance on endothelial activation, and the response was blunted in the presence of PKCβ
inhibitors, suggesting that the β isoform does not interfere the development of cell–cell
adhesions but plays an active role in mediating the hyperpermeability response to stimulation.
In contrast, PKCδ appears to be a barrier protector, as inhibition of this isoform produced a
large decrease in barrier resistance. Additionally, we observed a small TER increase in
nontransfected cells after treatment with PDBu, a diacylglycerol-mimetic phorbol ester known
to activate both the classical and novel PKCs. This supports a net increase in barrier resistance
during overall activation of the kinases, albeit the controversy regarding the permeability effect
of phorbol esters.11,30,31 Taking the data together, we propose that in endothelial cells under
normal nonstimulated conditions, PKCδ activity outweighs PKCβII so that activation of the
both results in a tightened barrier. This balance may be shifted in pathological (diabetic)
conditions where the βII isoform is significantly upregulated, rendering a PKCβ-dominant
response manifested as hyperpermeability.

PKC Isozyme Subcellular Localization
All PKCs share extensive homology in their catalytic domains with each displaying low
substrate selectivity32; yet, they exert pleiotropic effects by dispersing to different subcellular
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compartments. The availability of an activated isozyme at a particular location is an important
determinant of its specific activity, and the subcellular distribution of individual isozymes may
dictate their distinct biological functions. Our data showed that PKC isozyme localization
correlated with substrate phosphorylation. On endothelial stimulation, PKCβII translocated
from the cytosol to the cortical membrane colocalizing with VE-cadherin. The FRET analysis
confirms compartmentalized kinase activities and increased phosphorylation at cell–cell
junctions preferentially driven by PKCβII The redistribution may have a functional implication
as it poises the activated isoform to junctions for direct targeting and phosphorylating substrates
involved in cell-cell adhesions. In support of this hypothesis, we have previously reported that
phosphorylation of junctional molecules contributes to paracellular hyperpermeability.16,21
Other studies also show PKC-dependent disruption of junctional integrity coupled with altered
VE-cadherin structure33,34 or VE-cadherin/β-catenin association.35

In contrast to the βisoform, PKCδ was concentrated in the cytosol and did not change its
location on activation. The distribution of PKCδ at cell–cell contacts remained low, without
significant colocalization with VE-cadherin. While the intracellular localization and nuclear
translocation of the novel PKCs have been observed in other cell types,36,37 this study
provides evidence for prominent distribution of PKCδ in the cytoplasm with minimal junctional
association in the coronary vascular endothelium. The primary intracellular location of this
isoform may contribute to its barrier protective function in that it enables close interactions
with cytoskeletal elements that stabilize the contractile machinery and maintain cell–cell
adhesions. Alternatively, PKCδ can phosphorylate focal adhesion proteins28,29 leading to
strengthened cell–matrix attachment and enhanced barrier properties. In addition, the isozyme
may interact with other intracellular signaling molecules or scaffold proteins, which in turn
modulate permeability. Indeed, there is report that PKCδ-dependent enhancement of barrier
function correlates with RhoA GTPase activity and focal contact formation.38

FRET and PKC Subcellular Activity
We validated a FRET approach for quantification of PKC-substrate phosphorylation at
specified subcellular locations of living endothelial cells in real-time. Similar FRET reporters
for different kinases have been used in established or immortalized cell lines.18,39–41
However, only limited attempts have been made with primary cell cultures inherently resistant
to transfection, such as endothelial cells.42,43 The modified mpCKAR provided an optimal
spatial-temporal resolution at cell–cell junctions and perinuclear vesicles where the probe
expressed at high levels.

The FRET data showed significant substrate phosphorylation in PKCβII overexpressing cells.
This high basal activity may explain why further activation by PDBu only caused a small
change in CFP/FRET, whereas inhibition by LY333531 or Rottlerin produced more dramatic
responses. Because the measurement was based on CFP/FRET ratio normalized to its
membrane content, the phosphorylation levels indicate compartmentalized kinase activities.
Consistent with their distributions, PKCβII-driven phosphorylation was prominent at the
junction, whereas PKCδ-driven phosphorylation primarily occurred in the cytosol. In addition,
we observed significant PKCδ activity in cytosolic membranous vesicles constantly shuffling
around the nucleus. Although the nature of such organelles remains to be identified, similar
responses have been observed in COS-7 cells.44 In endothelial cells, these organelles may
serve as molecular chaperones for signaling, or they interact with the cytoskeleton that poises
the cell to a conformation supporting cell–cell adhesions. Intracellular organelle trafficking
may direct PKCδ to its target for phosphorylation.
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Implication in Diabetes
Endothelial hyperpermeability is a hallmark of functional angiopathy in early stage of diabetes
before the onset of pathological lesion, atherosclerosis, hypertension, and coronary artery
disease.45 PKC signaling is recognized as a central pathway leading to circulatory disturbance.
Animal studies show that PKC inhibitors normalize endothelial function and delay the progress
of diabetic microvascular complications.8,9 The development of effective therapies, however,
has met with limited success, partially because of the incomplete understanding of the diabetic
effects on specific PKC isoforms in different vascular beds.2 In this regard, a unique aspect of
this study is that the en face immnohistochemistry provides direct in vivo evidence for PKC
isoform changes in diabetic coronary endothelium. The increased PKCβII expression is
consistent with our genomic analysis showing upregulated PKCβII gene in the diabetic
myocardium.7 In diabetic pigs, PKCβII activation occurred in heart microvessels concomitantly
with coronary venular hyperpermeability, and the injurious effect was reversed by selective
inhibition of PKCβ.6 Based on the data that PKCβII and PKCδ counter-regulate barrier
resistance and they show opposite expression patterns in diabetic coronary vessels, we
postulate that their imbalanced expression and activity may contribute to endothelial
dysfunction under diabetic conditions. Whether such changes are specific to the coronary
system remains to be determined. While the current and our previous studies highlight coronary
vessels as a prominent target of diabetic injury, others have shown alterations of PKCs and
vascular leak in the retina and kidney during diabetes.8–10 We also observed similar changes
in the microvasculature of other tissues such as the mesentery of Zucker diabetic rats (data not
shown). However, tremendous heterogeneity exists across the vasculature, where
macrovascular and microvascular endothelia display different barrier properties, and gender/
sex is an important factor contributing to differential susceptibility of coronary vessels to
diabetic injury.19 Further characterization and comparison of the PKC-dependent permeability
response in specific vascular beds represent an interesting area of future investigation.

In summary, we report that in coronary microvascular endothelium, the basal activity of
PKCβII is relatively high at the cell–cell junction, and this isoform preferentially translocates
to the cell membrane on endothelial stimulation. In contrast, the distribution and activity of
PKCδ are concentrated in intracellular compartments. Functionally, PKCβII and PKCδ exert
opposite effects on endothelial barrier resistance, corresponding to their distinctive subcellular
localization and substrate phosphorylation activity. We suggest that this counter-regulatory
balance may be impaired in diabetes, where significant upregulation of PKCβII occurs
concomitantly with downregulation of PKCδ in coronary vessels, contributing to increased
vascular permeability.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Increased PKCβII and decreased PKCδ expression in diabetic coronary endothelium. A, 3D
reconstruction of en face coronary arteries from Zucker fatty diabetic rats (right) and their lean
controls (left) (section depth=6.16 μm, scale bar= 20 μm). B, Mean fluorescence intensity (FI)
in individual endothelial cells (n=35 to 56 cells/3 rats/group, *P<0.05).
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Figure 2.
TER across HCMECs. A, LY333531 prevents PDBu-induced changes in barrier function
during PKCβII overexpression (n=6, **P<0.05 vs vehicle). B, RFP-PKCβII translocation
indicated by inverse changes in membrane versus cytosol FI. C, RFP-PKCβII distribution
before and after activation. D, Rottlerin pretreatment enhances PDBu-induced TER decrease
(n=4, ***P<0.001 vs vehicle).
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Figure 3.
PKCβII preferentially translocates to cell–cell junctions. A, 3D images showing subcellular
distribution of PKCβII relative to VE-cadherin in nonactivated and PDBu-activated HCMECs
(image depth=10.15μm). B, PKCβII density (labeled pixels) at the junction and cytosol before
and after activation. C, Subcellular colocalization between PKCβII and VE-cadherin (B and C,
n=8, *P<0.05).
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Figure 4.
PKCδ is localized to perinuclear cytosol. A, 3D images showing subcellular distribution of
PKCδ relative to VE-cadherin in nonactivated and PDBu-activated HCMECs (image
depth=8.4μ m). B, PKCδ density (labeled pixels) at the junction and cytosol before and after
activation. C, Subcellular colocalization between PKCδ and VE-cadherin (B and C, n=14 to
16, *P<0.05).
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Figure 5.
Effects of LY333531 (A–C) and Rottlerin (D–F) on PKC activity at JCT (yellow) and IPM
(green) (A&D). White arrows indicate mpCKAR-expressing cells. B and E, Greater FRET
response at JCT on LY333531 and at IPM on Rottlerin inhibition. C and F, Pseudo-color images
of CFP/FRET before and after PKCβII or PKCδ inhibition.
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