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Advanced glycation endproduct modified basement membrane
attenuates endothelin-1 induced [Ca*]. signalling and contraction
In retinal microvascular pericytes
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Purpose: To assess the effects of advanced glycation endproduct (AGE) modification of vascular basement membrane
(BM) on endothelin-1 (Et-1) induced intracellular fG4[Ca?*],) homeostasis and contraction in retinal microvascular
pericytes (RMP).

Methods: RMPs were isolated from bovine retinal capillaries and propagated on AGE modified BM extract (AGE-BM)

or non-modified native BM. Cytosolic €avas estimated using fura-2 microfluorimetry and cellular contraction deter-
mined by measurement of planimetric cell surface arearé€Eptor mRNA and protein expression was assessed by real
time RT-PCR and western blotting, respectively.

Results: Exogenous endothelin-1 (Et-1) evoked rises in*{ICand contraction in RMPs were found to be mediated
entirely through ET receptor (ETR) activation. Both peak and plateau phases of the Et-1 induc#&}| {€sponse and
contraction were impaired in RMPs propagated on AGE modified BYRETRNA expression remained unchanged in
RMPs exposed to native or AGE-BM, but protein expression fQRE®6 kDa) was lower in the AGE exposed cells.
Conclusions: These results suggest that substrate derived AGE crosslinks can influence RMP physiology by mechanisms
which include disruption of ETreceptor signalling. AGE modification of vascular BMs may contribute to the retinal
hemodynamic abnormalities observed during diabetes.

As contractile cells attached to the wall of capillariesRMPs in vitro. ATP, angiotensin Il, and endothelin-1 (Et-1)
pericytes are thought to be particularly important in the retinfave been identified as contracting factors [7-9] whereas ni-
where the ratio of these cells to vascular endothelial cells isic oxide (NO) and adenosine elicit a relaxing effect [10,11].
greater than in any other microvascular bed [1]. A distinctive  The most potent vasoconstrictor released by the endothe-
feature of the retinal microvasculature is the absence of adiym is Et-1 and this is known to contribute to basal vascular
pre-capillary sphincters, which in other tissues regulate capitone in the retina [12]. Two types of endothelin receptor have
lary perfusion [2]. The absence of these sphincters suggedteen characterized in mammalian tissues, namgha&d ET,
that local perfusion within the retina is controlled, at least imeceptors, and studies have demonstrated that RMPs possess
part, at the capillary level. Contraction and relaxation of retiboth receptor subtypes [13]. The contractile effect of Et-1 is
nal microvascular pericytes (RMPs) is thought to regulate theediated entirely through ETeceptors in retinal microvessels
luminal diameter of retinal capillaries [3-5] and these cells ar§l4]. Receptor occupation leads to the activation of the inosi-
believed to play a major role in adjusting blood flow throughtol phosphate signalling pathway andGalease from intra-
the retinal capillary beds. cellular stores which, in the presence of calmodulin and myo-

Secretion of neurotransmitters from autonomic nerve tersin light chain kinase, activates the contractile mechanism [15].
minals is a mechanism frequently observed in many circula-  Clinical studies of retinal hemodynamic changes in dia-
tory systems to control changes in vessel caliber. The retinbktes indicate that increased blood flow and impaired auto-
microcirculation, however, has a unique lack of autonomicegulation are features of diabetic retinopathy (DR) and may
innervation past the optic nerve head, indicating the existen@®ntribute to pathogenesis of this disease [16,17]. Indeed, pa-
of alternative regulatory mechanisms [6]. Hence, it is believetlents who fail to demonstrate improvement of hemodynamic
that RMP tone is regulated locally in response to endotheliahdices through normalization of blood glucose on follow-up,
and retinal derived vasomodulators acting in paracrine fastend to show a more rapid progression of disease [18]. Within
ion. A number of studies have examined the vasoreactivity o vitro systems, RMPs cultured under high ambient glucose
exhibit reduced contractile responses following stimulation
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served. Several independent investigators have related vasuith native BM or AGE modified BM. After 12 h the RMPs
constrictor insensitivity to increased activation of protein ki-were loaded in the dark for 1 h at@7 with 5uM fura-2. The
nase C, an enzyme recognised to alte¥ @ameostasis in coverslips bearing the adherent cells were then placed in a
retinal vessels [24,25]. However, recent studies have suggestestording bath mounted on an inverted microscope (Eclipse
that other glucose mediated pathogenic mechanisms, inclu@E300 from Nikon, Kingston Upon Thames, UK) with a final
ing formation of advanced glycation endproducts (AGEs), maynagnification of 600x. Hanks solution (140 mM NaCl, 5 mM
also impair agonist induced intracellular’Csignalling [26-  KCI, 5 mM D(+) glucose, 1.3 mM MgCl2 mM CaCJ, 10
28]. AGEs have been shown to accumulate in the intra- amdM HEPES (free acid), pH 7.3) was allowed to flow into one
extracellular domains of retinal blood vessels [29] and thiend of the bath and was withdrawn from the other at 2 ml/
may induce a range of pathophysiological responses in retinalin. The solution passed through a heat exchanger to ensure
pericytes [30]. that the temperature in the recording bath was maintained at
Motivated by these considerations, the current study wa37 °C. The system for the delivery of solutions, including those
designed to examine whether AGE modification of the vascusontaining drugs, consisted of a manifold (volume)3nto
lar basement membrane alters Et-1 inducett §ignalling  which seven separate reservoirs fed. Its outlet was positioned
and contraction (change in 2-dimensional surface area) in reétbout 50Qum away from the cell of interest. The flow into the
nal pericytes. Efforts have also been made to delineate thxath and over the cells was streamlined and the delay time for
molecular mechanisms responsible for the changes observexw solution to reach the cell of interest was 1 s as measured
by switching to a dye solution [14]. Et-1 and BQ123 were
METHODS from Tocris (Bristol, UK) and American Peptide Corporation
Isolation of retinal microvascular pericyte (RMP) cellBo-  (Sunnyvale, CA), respectively.
vine eyes were obtained from a local abattoir and RMPs were Cells of interest, defined as those that had spread sub-
isolated by selective sieving and digestion as previously destantially on their underlying substratum, were illuminated by
scribed [31]. The cells were propagated on T25 Falcon flask30/380 nm light from a dual monochromator (5 nm band-
(Fisher Scientific, Loughborough, UK) in Dulbecco’s modi- width) and a light chopper (Cairn Research Ltd., Faversham,
fied Eagle’s medium (DMEM,; Invitrogen, Paisley, UK) con- UK). Emitted fluorescence was measured from the side port
taining 5 mM glucose and 20% fetal calf serum (FCSpfthe microscope via an adjustable rectangular window, a fil-
Invitrogen). Preliminary intracellular [€4 ([Ca**]) experi-  ter (510 nm) and a photon counting photomultiplier tube (PMT)
ments (see below) showed that bovine retinal pericytes b@ the light path. Fluorescence equipment was controlled by
come less responsive to Et-1 (10 nM) at passages 3 and abo&egquisition Engine (Cairn) software (version 1.1.5) which also
and consequently cells beyond passage 2 were not used. performed the storage and analysis of the fluorescence data.
Preparation of AGE modified basement membrane (BM):  Upon completion of an experimental protocol, the fura-2
AGE modified BM was prepared as described [32]. In briefjn the cell was quenched with Tdree Hanks solution con-
Matrigel (BD Biosciences, Oxford, UK) was diluted 1:10 with taining 5 mM MnCJ. The delivery of this solution continued
DMEM containing 50 mg/ml Normocin (InvivoGen, San Di- until fluorescence counts had declined to a constant level. The
ego, CA). A thin layer of Matrigel was applied to the surfaceremaining unquenched fluorescence was used as a background
of the tissue culture vessel or glass coverslips depending ¢msubtract from the fluorescence signal. The ratio maximums
the experimental protocol and allowed to polymerize for 1 KR ., 4.2; n=10) and minimums (R, 0.4; n=12) of the 340/
at 37°C. AGE modification of Matrigel was achieved through 380 counts were obtained using ionomycinuld; Sigma,
exposure to 50 mM glycoaldehyde in PBS (145 mM NaCl, 3®Poole, UK) containing 100 mM Caor C&* free/1 mM EGTA
mM NaH,PO,, and 95 mM NgHPO,, pH 7.3) for 4 h at 37 Hanks solution, respectively. For the in-cell dissociation con-
°C. The glycation reaction was then terminated by incubatiostant for fura-2 (K), which was measured as 94 nM, RMPs
with glycine ethyl ester (1 M in PBS) for 1 h at 3. The were exposed to a range of solutions containing increasing
AGE modified matrigel was rinsed thrice with PBS and fur-C&* concentrations and iM ionomycin. [C&'] was esti-
ther incubated in PBS overnight to completely remove anynated from the 380/340 fluorescence ratio using the relation-
residual glycoaldehyde and glycine ethyl ester. Control matriship of Grynkiewicz et al. [34].
ces (native BM) were treated in a similar fashion without the  Cell contraction: Contraction of RMPs was determined
addition of glycoaldehyde. We have previously established thdty measurement of planimetric cell surface area, using image
10-100 mM glycoaldehyde modification of Matrigel for 4 h analysis (Nikon Lucia, Nikon, Kingston Upon Thames, UK),
results in the formation of distinct AGE profiles, with approxi- from a library of imported images acquired using a frame grab-
mately 10 fold higher levels of ®carboxymethyl)lysine ber (Data Translation, Marlboro, MA) coupled with screen
(CML) and negligible formation of N(carboxyethyl)lysine recording software (Hypercam, Hyperionics, Murrayfield, PA;
(CEL) when compared to extracellular matrix from diabeticVersion 2.10.02). Cells were allowed to adhere to native BM
animal models [30,33]. or AGE-BM coated coverslips for 12 h as described above
[Ca**], measurements: [C&*], was estimated and superfused with Hanks solution at’87 on an inverted
fluorometrically in cultured RMPs loaded with the intracellu- microscope with a final magnification of 400x. RMPs were
lar C&* probe fura-2 AM (Biotium, Hayward, CA). For these pre-relaxed with forskolin (10 mM; Tocris, Avonmouth, UK),
experiments, cells were passed onto glass coverslips coatad elevator of intracellular cyclic adenosine monophosphate,
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for 10 min before stimulation with Et-1. In addition to provid-
ing a common baseline, the pre-administration of forskolir
seemed to sensitize the contractile machinery to Et-1 since
its absence the cells displayed only partial contraction. Dui
ing image analysis, RMP edges were identified with automate
threshold detection, and cell surface area changes were m
sured by means of a hand held cursor which was used to o
line the perimeter of the cell.

ET, receptor expressionRMPs used for these studies
were cultured for 12 h on T25 flasks treated as previousl
outlined. RMP total RNA was extracted using TRI RE-
AGENT™ (Sigma). The quantity of RNA in each experimen-
tal group was determined spectrophotometrically (U110(
model, Hitachi Europe Ltd., Maidenhead, UK) and the purity
and quality of each RNA sample was estimated by visualize
tion of clear 18S and 28S ribosomal RNA bands after electrc
phoresing 21g of each sample on a 1% agarose gel.

Reverse transcription was performed with Superscript |
reverse transcriptase (Invitrogen, Paisley, UK), primed witt
random hexanucleotides (Roche, Lewes, UK). Real-time R1
PCR was conducted for quantitative analysis of mRNA ex
pression using sequence specific primers for boviner&T
ceptor (Forward: 5'-AGT CGT GTT CAG GGAATT GG-3'
and Reverse: 5'-AAG GTACCATGACAAAGC CG-3', yield-
ing a 115 bp fragment). Primers to amplify the housekeepin
gene, acidic ribosomal phosphoprotein (ARP: Forward 5'-CG/
CCT GGAAGT CCAACT AC-3' and Reverse: 5'-ATC TGC

A

_ E

TGCATC TGC TTG-3, yielding a 109 bp fragment), and 28< c

rRNA (Forward: 5-TTG AAA ATC CGG GGG AGA G-3'
and Reverse: 5'-ACATTG TTC CAA CAT GCC AG-3'yield-
ing a 100 bp fragment) were also designed. Primers were d
signed from mouse, rat, and human conserved regions.
Real-time PCR was performed using a LightCycler rapic
thermal cycler system (Roche, Welwyn Garden City, UK) ac
cording to protocols outlined by Simpson et al. [35]. The PCF
reaction was performed in glass capillary reaction vessels in
20 ul volume with 0.5 mM primers. Reaction buffer, 2.5 mM

MgCl,, dNTPs, Hotstart Tag DNA polymerase and SYBR

Green | were included in the QuantitTect LightCycler-SYBR
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Green PCR Master Mix (Qiagen, Crawley, UK). All reactionssubsequently fell back down to resting levels (Figure 1B). In
were performed for 40 repeats of the following cycle: 15 s athese experiments, abolition of the characteristic plateau com-
94°C, 15 s at 50C, and 20 s at 72C. The specificity of the ponent suggests that the plateau phase of the Et-1 induced
amplification reactions was confirmed by melting curve analy{Ca*], response probably results from*Ciaflux across the
sis and subsequently by agarose gel electrophoresis [35]. Faasma membrane. BQ123{M), a reversible EJreceptor
each gene, PCR amplifications were performed in triplicatantagonist [37-39], prevented the Et-1 mediated rises if][Ca
on three independent RT reactions. an effect that was reversed following washout in Hanks solu-
SDS-PAGE and western immunoblottivghole cell pro-  tion (Figure 1C). These observations demonstrate that the
tein samples of RMP that were grown on AGE-BM or native{Ca&*], response evoked by Et-1 was mediated entirely through
BM controls for 12 h were prepared by scraping the cells ofET, receptors.
the flasks in an extraction buffer solution of PBS containing  When stimulated with Et-1, RMPs grown on AGE-BM
protease inhibitors (Complete™ Mini, Boehringer Mannheimdemonstrated an attenuation in both peak and plateau increases
Mannheim, Germany). The samples were solubilized and the
protein concentration was determined using the BCA protein
kit (Pierce, Rockford, IL). SDS-PAGE was conducted accord
ing to standard protocols [36] with protein samples (8P 50nM I_
diluted in Laemmli lysis buffer (Bio-Rad, Richmond, CA) Ca>
containing 5% (V/V)p-mercaptoethanol. Equal amounts of
each protein sample were separated on denaturing 4-20% S
gels (Bio-Rad) and transferred onto nitrocellulose membran
(Bio-Rad). After blocking, the membrane was incubated ovet
night with a polyclonal antibody to the Efleceptor (anitibody
diluted to 0.ug/ml; product number AER-001 from Alomone
Laboratorlgs, Jerusal'em, Israel).Afterwgshmg, the mempral AGE-modified BM
was then incubated in a goat anti-rabbit secondary antiboc
with a horseradish peroxidase conjugate (Dako Ltd., Ely, UK 10nM endothelin-1
for 2 h. Labeled protein was detected using enhance B
chemiluminesence (Amersham, Little Chalfont, UK) exposec

50s

Native BM

to Hyperfilm X-ray film (Amersham) in a dark room. To con- % 500
firm equal protein loading, the blot was re-probed with a pri- = 400 T
mary monoclonal antibody, diluted to @d/ml, against HSC- S 300 T
70 (constitutive heat shock protein, 70 kDa, Stressgen Bic O, 200
technologies, Victoria, Canada) and using an appropriate se ‘% 100 "k
ondary antibody (anti-rat HRP). To obtain quantitative dat: &
for protein expression, the dgvelopegE'c.eptor immunoblot . 0- Native BM T AGE-BM
was placed in the GeneGenius bio-imaging system (Synapti Substrate
Ltd., Cambridge, UK), and the density of each band (relatinc
light units) was measured individually using Syngene soft
ware (Synaptics Ltd.; version 3.1). % 50-
Statistical analysisData are presented as means and star = i
dard error of the mean (SEM). Unpaired comparisons wer &, 40 [
made using the Student’s t-test and data were considereds O, 307 l
nificant at 95% (p<0.05). Percentage data were arcsine trar <5 20 *
formed to normalize the distribution prior to performing sta-  § 10-
tistical analyses. Each experiment was conducted at leastthi  ® ﬁ—.
times, and the exact number is given in the figure legends. & 0 Native BM ' AGE-BM
Substrate

RESULTS

Et-1 induced calcium transients and contractidvhen stimu- _ _ _ ) _
Figure 2. Et-1 induced calcium transients in RMPs cultured on na-

lated with E.t-l (10 nM), RMPS. exhlblted.a' plphaSIQng}a tive and AGE-BM.A: Representative traces showing that both peak
response (Figure 1A) charaqterlzed by an initial tran;uent peak plateau increases in [awith Et-1 are severely impaired in
n [Ca2+]i followgd by a sustained plateau phase during Wh'crﬂQMPs cultured on AGE-BMB: Mean data demonstrating that peak
the [C&"]. remained elevated above basal levels. RMPs als@creases in [C4, with Et-1 are depressed for native BM (n=11)
exhibited a discernible reduction in planimetric cell surfac&ompared to AGE-BM (n=15). Double asterisk (**) indicates p<0.01.
area, in response to Et-1 (Figure 1D). RMPs exposed to Etd: Mean data demonstrating that plateau increases it [@ih Et-
in a C&*free Hanks solution, showed a monophasic responskare depressed for native BM (n=11) compared to AGE-BM (n=15).
characterized by a rapid transient increase ir#JOahich ~ Asterisk (*) indicates p<0.05.
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in [C&*],, when compared with cells grown on native BM (Fig-bers had been reduced on cells exposed to AGE-BM. To in-
ure 2). RMPs cultured on AGE-BM also showed a decreasegkstigate this possibility we implemented a two pronged ap-
ability to contract in response to Et-1 (Figure 3). proach, examining both ETeceptor mRNA expression and
ET, receptor mRNA and protein level$iaving estab- protein levels.
lished that RMPs grown on an AGE-BM showed blunted  Real-time RT-PCR was conducted to compargrgBRNA
[C&], and contractile responses to Et-1, the next series @xpression when RMPs were propagated on AGE-BM or na-
experiments were designed to unravel the molecular mechtve-BM. No differences in ETmMRNA expression were ob-
nisms involved. We considered that perhapgrE@eptor num-  served between the two treatment groups (Figure 4A).

A B

m
S

Figure 3. Et-1 induced contraction in RMPs cultured on native and
AGE-BM. A B: Light micrograph showing a pre-relaxed (1®l
forskolin for 10 min) pericyte grown on native BM for 12 h, before
(A) and 10 min after 10 nM Et-BJ. Scale bars represent gfn.
C,D: Light micrograph showing a pre-relaxed pericyte cultured on
AGE-BM, before C) and 10 min after stimulation with Et-D).
Fk Scale bars represent gfh. E: Quantification using image analysis

confirmed that RMPs cultured on AGE-BM exhibited a reduced abil-

—_‘ ity to contract (for native BM, n=7; for AGE-BM, n=6). Double as-

AGE-BM terisk (**) indicates p<0.01.
1000

—
o v o o N
—t—

Reduction in cell area
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Western blotting of whole cell RMP fractions indicated the extracellular medium. Although the definitive?Caan-

the migration of two anti-ETimmunoreactive protein spe- dling mechanisms have yet to be elucidated in RMPs, consid-
cies, with apparent molecular weights of 66 kDa and 38 kDarable efforts have been made to delineate these in retinal
(Figure 4B). The low molecular weight band observed corremicrovascular smooth muscle (MVSM) cells and it is now
sponded to a proteolytic fragment of the high molecular weightecognised that Et-1 inducedCeelease from the endoplas-
protein, which still possesses the ligand binding properties ahic reticulum results from activation of the, fathway [14].
the receptor [40]. Quantification by densitometry revealed thdh RMPs the CH influx phase with Et-1 can be inhibited by
RMPs cultured on AGE-BM showed a decline in Ed@cep-  diltiazem and consequently has been attributed to the activa-
tor (66 kDa) levels in comparison to controls (Figure 4C). Irtion of voltage dependent L-type Ta&hannels [41]. How-
contrast, levels of the proteolytic component (38 kDa) of thever, recent work has suggested that such antagonists are also
ET, receptor remained unchanged (Figure 4D). capable of blocking voltage independent@#lux pathways

[42]. Moreover, in choroidal MVSM cells Et-1 reduces rather

DISCUSSION than accentuates the L-type2Ceurrent [43]. Thus it seems

In RMPs, activation of EJreceptors by Et-1 stimulated both most likely that the plateau phase of the Et-1 induceé][Ca
Ca*mobilization from intracellular stores and®daflux from response in RMPs results from?Ciaflux through store and

C
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Figure 4. ET receptor mRNA and protein expression in RMPs cultured on native and AGEABRT-PCR indicated that there was a no

change in E] receptor mRNA expression following exposure of RMPs to AGE-BM. Data were normalized to rRNA and acidic ribosomal
phosphoprotein, whose expression was unchanged on AGE-BM (p<0.05). Each column represents the mean of 3 independent experiments
Variability in absolute levels of gene expression (arbitary values) among replicates was eliminated by dividipgettepEsT expression for

the individual treatments by the sum total of gene expression under both conditions and this value then expressed ge 8p&vestam

blot showing the expression of two Efleceptor species following exposure of RMPs to AGE-BM. The western blot was re-probed with an
antibody to HSC-70 to confirm equal protein loadiGgD: Densitometric analysis revealed that there was a reduction in the 66 kDa ET
receptor species and no change in the 38 kDa&Ceptor proteolytic fragment with AGE modified BM. Each column represents the mean of

6 individual experiments. Asterisk (*) indicates p<0.05.
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receptor operated €achannels.
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