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CaMKIl Regulates Pericyte Loss in the Retina of

Early Diabetic Mouse

Young Hee Kim, Yoon Sook Kim, So Yun Park, Chang Hwan Park, Wan Sung Choi*, and

Gyeong Jae Cho*

Inducible nitric oxide synthase (iNOS) is an essential me-
diator in diabetic vascular lesions and known to be regu-
lated by activation of Ca**/calmodulin-dependent protein
kinase Il (CaMKIl). The aim of this study was to investigate
whether CaMKIl affects iINOS-mediated pericyte death in
the retina of diabetic mice with early stage disease. Total-
and phospho-CaMKIl, iINOS, and active caspase-3 protein
levels were assessed by Western blotting, and CaMKII
activity was measured by kinase assay. iNOS-related peri-
cyte death was assessed by double immunofluorescent
staining for iNOS and a-smooth muscle actin, followed by
the TUNEL assay. Autocamtide-2-related inhibitory peptide
(AIP), a specific inhibitor of CaMKIIl, was injected into the
right vitreous 2 days before sacrifice of mice, to examine
the effect of CaMKIl inactivation in diabetic retinas. The
levels of total- and phospho-CaMKIl, iNOS, and active cas-
pase-3 protein, and CaMKIl activity were significantly in-
creased in the diabetic retinas compared with those of
control retinas. Furthermore, TUNEL-positive signals colo-
calized with iINOS-immunoreactive pericytes in the same
retinas. However, inactivation of CaMKIl by AIP treatment
inhibited all these changes, which was accompanied by
less pericyte loss. Our results demonstrate that CaMKII
contributes to iNOS-related death of pericytes in the dia-
betic retina and that inactivation of this enzyme may be a
potential treatment for retinal vascular lesion.

INTRODUCTION

Vascular damage induced in early stage diabetes results in
blood-retinal barrier (BRB) breakdown, and pericyte loss
(Cheung et al., 2005; Joussen et al., 2004). These events are
an immediate cause of diabetic retinopathy (DR) in patients,
which is the major pathology leading to vision loss at advanced
stages of the disease. Therefore, results from previous reports
indicate that control of these pathological processes from early
stage of diabetes is a principal target for preventing diabetes-
induced retinal destruction.

Excessive production of nitric oxide (NO) is thought to play
an important role in both physiological and pathological condi-

tions (Christopherson and Bredt, 1997; Lipton et al., 1993). In
particular, NO generated by inducible NO synthase (iNOS) is
involved in chronic diseases, including diabetes (Lee et al.,
2010), whereas NO generated by endothelial NOS is involved
in physiological functions, such as blood flow, kidney function
and smooth muscle action (Carmo et al., 2000; Ellis et al.,
2002). Also, iINOS has been known to play a critical role in
processes leading to retinal capillary damage in the early
stages of DR, including pericyte loss (Leal et al., 2007; Tang et
al., 2003; Zheng et al., 2007).

CaMKIl is a multifunctional serine-threonine protein kinase
and is primarily composed of a- and B-subunits. CaMKII is acti-
vated in response to Ca®* influx or Ca®*/calmodulin binding in
an autophosphorylation-dependent manner (Cruzalegui et al.,
1992; Soderling, 1996). Activated CaMKIl has been shown to
be an important mediator in the development of abnormal vas-
cular dysfunction in diabetes (Benter et al., 2005; Kato et al.,
2008). Autocamtide-2-related inhibitory peptide (AIP), a potent
inhibitor of CaMKIl, has been used as a tool for studying the
physiological role of CaMKIl (Aromolaran and Blatter, 2005;
Munevar et al., 2008).

Several reports have suggested that CaMKIl activation plays
a critical role in iINOS-induced vascular lesions (Jones et al.,
2007; Ozveren et al., 2006; Zhang et al., 2003), however there
have been no reports on the correlation between CaMKII acti-
vation and iNOS induction in diabetes and/or in the retina. In
the present study, we investigated whether CaMKIl affects
iNOS-related pericyte death in diabetic mouse retinas.

MATERIALS AND METHODS

Experimental diabetic model

Male C57BL/6 mice (8 weeks of age) were purchased from
KOATEC (Korea). All mice were maintained on a standard
rodent diet, given water ad libitum, and handled in strict accor-
dance with the Institutional Animal Care and Use Committee of
Gyeongsang National University. To induce diabetes, mice
were injected 55 mg/kg of streptozotocin (STZ; Sigma, USA)
dissolved in 0.05 M citrate buffer (pH 4.5) into the peritoneal
cavity once a day for 5 consecutive days. Control mice received
the buffer only. Mice were sacrificed 2 months after the injec-
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tions. One week after the fifth injection of STZ, mice with blood
glucose levels > 13.9 mM were included in the diabetic group.
Blood samples were obtained by tail puncture following a 2-h
fasting period, and blood glucose was measured using a glu-
cometer (Precision; MEDISENSE Contract Manufacturing; UK).

Antibodies

Rabbit monoclonal and polyclonal antibodies specific for CaM-
KIl and active caspase-3 were purchased from Abcam (UK).
Mouse monoclonal antibodies specific for a-smooth muscle
actin (ASMA,; pericyte marker) and a-tubulin were purchased
from Chemicon (USA) and Sigma, respectively. Rabbit poly-
clonal antibodies specific for phospho-CaMKII (T286) and iINOS
were obtained from Cell Signaling (USA). Horseradish peroxi-
dase (HRP)-conjugated anti-mouse and -rabbit IgG secondary
antibodies for western blotting, and Alexa Fluor™-350 and -488
goat anti-rabbit and -mouse IgG secondary antibodies for im-
munofluorescent staining were purchased from Pierce (USA)
and Invitrogen (USA), respectively.

Western blot analysis

Two months after STZ and buffer injection, total protein was
extracted from the mouse retinas and Western blotting was
performed, as previously described (Kim et al., 2005). Thirty
micrograms of retinal total protein was resolved by SDS-PAGE
and transferred to a nitrocellulose membrane. The membranes
were immunoblotted with the appropriate primary and secon-
dary antibodies, and the proteins were visualized using an en-
hanced chemiluminescent (ECL) kit according to the manufac-
turer's instructions (Amersham Biosciences, USA). Each blot
was stripped and reprobed with o-tubulin. Protein levels for
each antibody were normalised to o-tubulin, and the results
expressed as the fold-change compared with each control.

AIP treatment
AIP was completely dissolved in sterile 100 mM phosphate-

buffered saline (PBS; pH 7.4) to a final concentration of 500 pM.

Two microliters of AIP were injected into the right vitreous 2
days before sacrificing diabetic and non-diabetic mice. The left
vitreous was injected with PBS as a control. The efficacy of AIP
in inhibiting CaMKII was verified by western blot analysis for
total and phospho-CaMKII at 0, 1, 2, and 4 days after the injec-
tion. The maximum decrease in the level of phospho-CaMKII
protein was observed 2 days after treatment (data not shown);
therefore, this time point was used throughout this study.

CaMKIl activity assay

CaMKIl activity was examined using total protein lysate (100
ng) from each retina using the CaMKIl Kinase Assay Kit (Up-
state) according to the manufacturer’s directions. CaMKIl was
stimulated with buffer containing 40 mmol/L HEPES, 1 mM Mg-
acetate, 100 uM EGTA, 200 uM Ca*, 50 uM ATP, and 10 uM
calmodulin. The reaction was initiated by the addition of cal-
modulin and terminated by the addition of 1 mM EGTA at the
indicated times. Total enzyme activity was measured as pmol
of phosphate incorporated into the CaMKII substrate peptide/
min/mg total retinal protein. Results are expressed as the fold-
change compared with controls.

Co-labeling with iNOS and ASMA in parallel with the
terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP nick end labeling (TUNEL) assay

To determine the correlation between pericyte death and INOS
expression, double immunofluorescent staining for INOS and
ASMA was performed, followed by the TUNEL assay with TMR

red on the same frozen sections, as described previously (Kim
et al., 2007). The retinal sections were incubated in Image-iT™
FX signal enhancer (Invitrogen), a mixture of INOS and ASMA
antibodies, and a mixture of Alexa Fluor™-488 and -350 goat
anti-rabbit and -mouse IgGs, consecutively, and wet-mounted
in ProLong® Gold anti-fade reagent (Invitrogen). All reactions
were performed in a moist chamber to avoid evaporative loss
throughout the procedure. Pericytes co-stained with TUNEL
and iNOS were carefully observed using an IX2-DSU disk
scanning biological microscope (Olympus, Germany).

Evans blue leakage assay

Vessel leakage was assessed using the Evans blue leakage
assay, following a previously reported protocol (Kim et al.,
2007b) without any modifications. The concentration of Evans
blue dye in the retinal extracts was calculated using a standard
curve for Evans blue in formamide and normalized to the dried
retinal weight of each sample. The results are expressed as
micrograms of Evans blue per milligram of total protein content.

Image capture and statistical analysis

Retinas were imaged using an IX2-DSU microscope. Images of
the retinal sections were captured at a distance of approxi-
mately 0.8-1 mm from the optic nerve head. Quantitative analy-
ses were obtained using the Soft Imaging System (System
GmbH, Germany) and SigmaGel 1.0 (Jandel Scientific, Ger-
many) software. All diagrams were manufactured by SigmaPlot
4.0 (SPSS Inc., USA) software and Adobe lllustrator CS3
(USA). The significance of inter-group differences was evalu-
ated by the Kruskal Wallis H-test and Mann-Whitney U-test
(SPSS). Data are representative of four independent tests and
presented as the mean + SEM. Differences were considered
significant at P < 0.05.

RESULTS

Upregulation of CaMKiIl, iNOS, and active caspase-3
protein levels and CaMKiIl kinase activity in diabetic
mouse retina and the effect of AIP treatment

CaMKIl kinase activity was 1.98-fold higher in retinas of dia-
betic mice than in the non-diabetic controls (P = 0.013, n = 4)
(Fig. 1A). Furthermore, CaMKII activity was reduced by 42% (P
= 0.033, n = 4) in diabetic mice after AIP treatment. In agree-
ment with this finding, total and phospho-CaMKIl, iNOS, and
active caspase-3 protein levels were greatly increased in reti-
nas of diabetic mice compared with non-diabetic control mice (1
+ 0.177 vs. 1.78 + 0.205, P = 0.0197; 1 + 0.058 vs. 2.72 +
0.414, P=0.0034; 1 £ 0.057 vs. 2.21 £ 0.103, P = 0.00007; 1 +
0.090 vs. 2.90 £ 0.512, P = 0.0107, respectively; n = 4) (Figs.
1B-1F), while total CaMKIl levels remained unchanged after
AIP treatment (Fig. 1B). Levels of phospho-CaMKII, iNOS, and
active caspase-3 were suppressed by 50%, 39%, and 45%,
respectively, in the retinas of AlP-treated mice compared with
PBS-treated diabetic mice (P = 0.0405, 0.003, and 0.031, re-
spectively, n = 4). Total CaMKII protein levels did not signifi-
cantly change (P=0.813,n=4).

Correlation between iNOS expression and pericyte

death in diabetic retinas and the effect of AIP treatment
Increased iINOS expression (small arrows) and TUNEL-positive
signals (large arrows) were observed in diabetic mice com-
pared with control mice (Fig. 2). Thick arrows indicate AMPA-
expression in pericytes. The diabetes-induced increases in INOS
and TUNEL in retinal pericytes was suppressed by AIP treat-
ment.
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25 Fig. 1. CaMKIl and caspase-3 activity
and total CaMKII and iNOS levels in
2.0 4 diabetic mouse retina and the effect
of AIP treatment. (A) CaMKIl kinase
activity and the levels of these pro-
teins increased in the retinas of dia-
betic mice compared with the con-
0.5 | trols (*P = 0.013, n = 4). Activity was
greatly reduced in the retinas of AIP-
0.0 T r treated diabetic mice compared with
RS o PBS-treated diabetic mice (‘P =
0.033, n = 4). (B) Western blot analy-
sis using the indicated specific anti-
bodies on total cell lysates of retinas
from diabetic and control mice. Cas-
1 - pase-3, iINOS and phospho-CaMKII
levels were reduced in AlP-treated
diabetic mice, whereas total CaMKII
protein levels did not significantly
change (P = 0.813, n = 4). (C-F) Quan-
titative representation of Western blot
results for the indicated proteins. All
S0- e e @B o -pCaMKII oyt ;I']“s - 4 - +AIP experiments were performed in quad-
T 1 o Ll A L ruplicate. Data are presented as the
= - - CTL DM

| | E CTL DM mean + SEM (n = 4). *P < 0.05, com-
150§ . _iNOS 4 " paring the PBS-treated control and
100 - diabetic mice; TP < 0.05, comparing
the PBS- and AlP-treated diabetic

2 R groups.
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CTL (PBS) DM (PBS) DM (AIP) Fig. 2. Correlation of CaMKIl activity and iNOS
expression with pericyte death in diabetic mice
retinas. Double immunofluorescent staining for
iINOS and ASMA (pericyte marker) was per-
formed, followed by the TUNEL assay with TMR
red on the same frozen sections. Increased
iNOS and TUNEL-positive cells were observed
in diabetic mice retinas (small and large arrows).
These signals co-localized with ASMA-positive
pericytes (thick arrows). The diabetes-induced
increase in iINOS-positive dead pericytes (ar-
rowheads) was suppressed by AIP treatment.
GCL, ganglion cell layer; INL, inner nuclear
layer; NFL, nerve fiber layer. Scale bar, 12.5 um.
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A 0.020 - Fig. 3. BRB breakdown in diabetic mouse
o 0.018 - * retinas and the effect of AIP treatment. BRB
on T breakdown was assessed using the Evans
§ 0.016 1 ¥ blue leakage assay (A) and angiography using
g — 0.014 4 TMR-D infusion (B, C). (A) Vascular leakage
: Eﬂ 0.012 - increased in diabetic mouse retinas compa-
=2 5 00104 = red with non-diabetic controls (*P = 0.0011).
= 3 Diabetes-induced vascular leakage was sig-
w ~ 0.008 - nificantly inhibited in diabetic mice compared
§ 0.006 with control mice by AIP treatment (‘P =
LE 0.004 0.0083). Experiments were performed in

' quadruplicate and the results expressed as
0.002 ~ micrograms of Evans blue per milligram of
0.000 T T T total protein content. Data are presented as

- + - + :AIP the mean + SEM (n = 4). *P < 0.05, compar-
+ + + + :PBS ing the PBS-treated control groups and oth-
ers; TP < 0.05, comparing the PBS- and AlP-

CTL DM treated diabetic groups. (B) TMR-D angio-
graphy confirmed vascular leakage in the

retinal flat mounts of PBS-treated diabetic

DM (PBS) DM (AIP) mice (arrows). (C) AIP treatment prevents

50 pm

Diabetes-induced retinal vascular leakage and the effect of
AIP treatment

Results from the Evans blue leakage assay revealed that vas-
cular leakage increased over 1.55-fold in diabetic mouse reti-

nas compared with the non-diabetic controls (P = 0.0011, n = 4).

However, AIP treatment effectively blocked vascular leakage
without affecting normal BRB in the control mice (Fig. 3A) (P =
0.0083, n = 4). In agreement with this result, fluorescence an-
giography shows vascular leakage in the retinal flat mounts of
diabetic mice (arrows, Fig. 3B), which was prevented with AIP
treatment (Fig. 3C). No leakage was observed in the retinas of
PBS- or AlP-treated non-diabetic control mice (data not shown).

DISCUSSION

Diabetes induces vascular lesions and pericyte loss in the ret-
ina and iINOS has been shown to mediate these events (Leal et
al., 2007; Tang et al., 2003; Zheng et al., 2007). In the present
study, we investigated whether CaMKII activity contributes to
iNOS-mediated diabetes-induced pericyte death in the retina.
Total and active CaMKII, iINOS, and active caspase-3 levels
were greatly increased in diabetic mice compared to non-
diabetic control mice, and these increases were prevented by
AIP treatment expect for total CaMKII. These results show that
CaMKII activity is required for upregulation of iINOS and cas-
pase-3 in the diabetic retinas. CaMKIl is known to be a potent
upstream regulator of INOS (Jones et al., 2007; Ozveren et al.,
2006). In addition, overexpression of CaMKII or iNOS can trig-
ger caspase-3-dependent cell death in damaged retinas (Coo-

vascular leakage in diabetic mice. CTL, non-
diabetic control group; DM, diabetic group.
Scale bar, 50 um.

per et al., 2008; Goebel, 2009; She et al., 2007) and both con-
tribute to diabetic pathology (Ko et al., 2008; Li and Mahato,
2008). On the basis of these facts, we hypothesised that CaM-
Kl blockade may inhibit INOS-mediated cell death in diabetic
mice.

We confirm that diabetes leads to the death of retinal peri-
cytes and iNOS-immunopositive signals induced by diabetes
co-localised with the dead pericytes. Furthermore, diabetes-
induced iINOS expression and pericyte death were suppressed
by inhibition of CaMKII. In multiple diabetic animal models,
induction and activation of CaMKII have been reported to ag-
gravate hyperglycemia-induced abnormal vascular pathology
(Aromolaran and Blatter, 2005; Munevar et al., 2008; Yousif et
al., 2008). The inflammatory enzyme iNOS also plays an impor-
tant role in the pathogenesis of vascular lesions characteristic
of the early stages of DR, including cell loss in retinal pericytes
(Leal et al., 2007; Zheng et al., 2007). Therefore, our results
suggest that increased iINOS expression induces pericyte death
in diabetic retinas and that this process requires CaMKII activity.

Vascular leakage through BRB breakdown is an early char-
acteristic of diabetes-induced vascular destruction in retina and
closely connected to damage of pericyte (Cheung et al., 2005;
Joussen et al., 2004). Vessel leakage was highly increased in
diabetic mouse retinas. Results show that CaMKII inactivation
reduces diabetes-induced retinal vascular leakage. Although, a
correlation between CaMKII activity and vessel leakage has not
been previously reported, CaMKIl induction of INOS has been
shown to lead vascular leakage (Kaur et al., 2009; Leal et al.,
2007). Therefore, the present study suggests that CaMKII me-
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diates increases in INOS levels in the retinas of diabetes, induc-
ing vessel leakage. Taken together, our study demonstrates
that CaMKII activation due to diabetes may contribute to iINOS-
mediated pericyte death in mouse retinas.
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