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ABSTRACT

Studies have shown that evoked calcium release from sarco-
plasmic reticulum is compromised in diabetic rat hearts. The
present study was undertaken to determine whether this de-
crease might be ascribed to a reduction in expression and/or
alteration in function of ryanodine receptor (RyR2) and whether
changes could be minimized with insulin treatment. Hearts
were isolated from 4- and 6-week streptozotocin (STZ)-induced
diabetic, 4-week diabetic/2-week insulin-treated, and age-
matched control rats. RyR2 mRNA and protein levels were
determined using reverse transcription-polymerase chain reac-
tions and polyacrylamide gel electrophoresis, respectively,
whereas the functional integrity of RyR2 was assessed from
their ability to bind [*H]ryanodine. RyR2 protein was unchanged
with up to 6 weeks of untreated STZ-induced diabetes. Two
weeks of insulin treatment initiated after 4 weeks of diabetes

increased RyR2 mRNA levels by 42% and RyR2 protein levels
by 45 to 61%. At equivalent amounts, RyR2 protein from
4-week STZ-induced diabetic rat hearts bound 9% less [*H]ry-
anodine than age-matched control rats (74.1 += 3.9 versus
67.4 = 3.4 fmol/ug RyR2), whereas that from 6-week STZ-
diabetic rats bound 36% less than control rats (47.9 = 4.8
versus 74.2 + 4.5 fmol/ug RyR2, p < 0.05). RyR2 from insulin-
treated animals bound significantly less [*H]ryanodine than
control rats (65.2 = 4.9 fmol/ug RyR2, p < 0.05). Apparent
affinity of ryanodine for RyR2 was similar among all groups
(Kq = 1.04 £ 0.08 nM). Because expression did not change
significantly but ryanodine binding decreased, these data sug-
gest that the functional integrity of RyR2 is compromised in
diabetic rat hearts, and these changes can be attenuated with
2 weeks of insulin treatment.

Despite compliance with mainstay insulin and/or oral hy-
poglycemic therapies, the incidence of congestive heart fail-
ure is 2- to 5-fold higher in the diabetic population than it is
in subjects without diabetes, and the increased risk is inde-
pendent of coronary artherosclerosis and/or hypertension
(Rubler et al., 1972; Bell, 1995). This specific diabetic cardio-
myopathy (DC) is seen in later stages as a reduction in heart
rate, a decrease in rate of left ventricular systolic pressure
development and diminished peak tension, an elevation in
end-diastolic pressure (from slower relaxation kinetics), and
a concomitant decrease in cardiac output (Mahgoub and Abd-
Elfattah, 1998).

Cardiac contraction depends critically on the integrity of
the sarcoplasmic reticulum (SR). After depolarization, rapid
release of calcium ions from the SR via type 2 ryanodine
receptor calcium-release channels (RyR2) is a prerequisite
for efficient contraction. Similarly, re-uptake of the released
calcium into the SR via Ca®*/Mg?*-ATPase pumps (SERCA
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2a) is crucial for cardiac relaxation (Bers, 1991; Berridge,
1997). Proteins involved in storage of calcium inside the
lumen of the SR may also be important (for review, see
Kiriazis and Kranias, 2000). As such, it is conceivable that a
decrease in expression and/or activity of one or more of SR
proteins may contribute to diminish peak tension and slower
relaxation kinetics seen in DC (de la Bastie et al., 1990;
Davidoff and Ren, 1997; Klautz et al., 1997).

SERCA2a is the most studied of SR proteins and its is
generally accepted that its activity decreases with diabetes
(Ganguly et al., 1983, Lopaschuk et al., 1983). However, it is
still not clear whether this decrease results from a decrease
in expression (Russ et al., 1991; Zarain-Herzberg et al.,
1994), diabetes-induced changes to its secondary/tertiary
structures, a decreased steady-state phosphorylation of phos-
pholamban (resulting perhaps from alteration in the comple-
ment of B-adrenoceptors; Dinger et al., 2001), increase in the
ratio of phospholambam to SERCAZ2a (Kiriazis and Kranias,
2000; Teshima et al., 2000), or combinations thereof.

Yu and McNeill (1991) suggested that RyR2 may be impli-
cated in the genesis and progression of DC when they found

ABBREVIATIONS: DC, diabetic cardiomyopathy; MV, membrane vesicles; RyR2, type 2 ryanodine receptor; PCR, polymerase chain reaction;
STZ, streptozotocin; SR, sarcoplasmic reticulum; AGEs, advanced glycation end products; bp, base pair(s); NPH, neutral protamine hagedorn; Tfl,

Thermus flavus.
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that potentiation after rest (or Woodworth staircase: an en-
hanced contraction that follows a long pause between con-
tractions) was significantly reduced in hearts (papillary mus-
cles) from 6-week STZ-induced diabetic rats. In follow-up
studies, these workers (Yu et al., 1994) found that SR mem-
branes from STZ-diabetic rat hearts bound less [*H]ryanod-
ine (expressed as a decrease in B, ,,) than those from age-
matched control rats and suggested that this may result from
a decrease in the density of RyR2 protein on SR membranes.
In a recent study, Teshima et al. (2000) found that 3 weeks of
untreated diabetes did not alter mRNA levels encoding RyR2
compared with age-matched control rats. Although sugges-
tive, mRNA levels do not always parallel steady-state protein
levels.

The principal goal of the present study was to determine
whether the decrease in [*H]ryanodine binding seen with SR
membranes from STZ-induced diabetic rat hearts stems from
a reduction in expression and/or a dysfunction of RyR2 pro-
tein. We also investigated whether diabetes-induced changes
to RyR2 could be minimized with insulin treatment initiated
after 4 weeks of untreated diabetes.

Materials and Methods

Chemicals and Drugs. Ryanodine used in this study was iso-
lated from chipped Ryania wood supplied by Integrated Biotechnol-
ogy Corporation (Carmel, IN) and purified by chromatography to =
98%. [*H]Ryanodine (specific activity 87 Ci/mmol) was purchased
from PerkinElmer Life Science Products (Boston, MA). Methohexital
sodium (Brevital) and intermediate-acting insulin (NPH Ilentin II)
were obtained from Eli Lilly & Co. (Indianapolis, IN). Streptozotocin
(STZ) was obtained from Sigma-Aldrich (St Louis, MO). Mouse anti-
RyR2 antibodies (MA3-916) were obtained from Affinity Bioreagents
Inc. (Golden, CO). All other reagents and solvents used were of
analytical grade.

Induction and Verification of Experimental STZ-Induced
Diabetes. All animal procedures were done in accordance with in-
stitutional guidelines established by the Institutional Animal Care
and Use Committee, Indiana University School of Medicine. Male
Sprague-Dawley rats weighing between 200 and 250 g were pur-
chased from Harlan Laboratories (Indianapolis, IN). After anesthe-
sia (Brevital, 25 mg/kg i.p.), animals were injected via tail veins with
a single dose of STZ in 0.1 M citrate buffer, pH 4.5 (45 mg/kg), or
citrate buffer only. Three days later, blood glucose levels were deter-
mined using a Glucometer II and Glucostix (Peridochrom Glucose
GOD-PAP Assay Kit; Roche Molecular Biochemicals, Indianapolis,
IN) to ensure induction of diabetes. Throughout this study, all ani-
mals were housed individually at 22°C with fixed 12-h light/12-h
dark cycles and given free access to food and water.

Insulin-Treatment Protocols. Four weeks after the initial STZ
injections, diabetic animals were divided randomly into three
groups. One group of animals was placed on an insulin regimen
(NPH Ilentin II) for 2 weeks. Insulin doses were individually ad-
justed so as to maintain euglycemic states and varied between 8 and
15 U/kg (sc), given once per day between 9 and 10 AM. Another group
of animals continued as nontreated diabetics for 2 additional weeks.
The third group of diabetic animals was sacrificed along with age-
matched control rats (4 weeks).

Sample Collection. All animals were sacrificed by injection of
Brevital (75 mg/kg, i.p.). Abdominal cavities were opened and blood
samples were collected via the left renal arteries for analysis of
plasma glucose, insulin, and hemoglobin A, content. Animals within
each group were further divided into two subgroups of three and
=six animals, respectively. Crude membrane vesicles were prepared
using hearts from each of the larger subgroups. For 4-week age-
matched control and 4-week STZ-induced diabetic rats, three prep-
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arations were made (two hearts per preparation), and for 6-week
age-matched control, 6-week STZ-induced diabetic, and 4-week STZ-
diabetic/2-week insulin treated four preparations were made (six
hearts per preparation). Total RNA was isolated from individual
hearts from the smaller subgroup and reverse transcribed into first
strand ¢cDNA (three preparations for each group).

Isolation and Quantitation of Total RNA. After sacrifice,
hearts designated for isolation of total RNA were removed, quick-
frozen by sinking into and covering with powdered dry ice, and then
stored at —80°C. Total RNA was later extracted using the procedure
provided by Amersham Pharmacia Biotech (Piscataway, NJ) with
the Quick Prep total RNA extraction kit. At the end of the isolation
procedure, RNA samples were suspended in 1 ml of diethylpyrocar-
bonate-treated water, pH 7.5, and absorbance values were deter-
mined spectrophotometrically at 260 nm (Ay4,). The amount of total
RNA in each sample was then determined using the formula, [RNA]
= A,560 X dilution factor X 40 pg/ml. Absorbance values of RNA
samples were also determined at A,g, and only RNA samples with
A, o60/A 080 Tatios greater than 1.8 were used for synthesis of first
strand cDNA. RNA samples were also electrophoresed using dena-
turing formamide/formaldehyde agarose gels to ensure that mini-
mum degradation occurred during the isolation and relative
ethidium bromide intensities of 28S and 18S ribosomal RNA bands
parallel absorbance values.

Preparation of First Strand ¢cDNA via Reverse Transcrip-
tase Reactions. RNA of acceptable quality (A,s60/Ases0 Values
greater than 1.8 and possessing distinct 28S and 18S ribosomal RNA
on formamide/formaldehyde gels) were used as templates for the
synthesis of first strand ¢cDNA. Briefly, 1 ul of oligo dT,; was added
to an equivalent amount of total RNA isolated from control, diabetic,
and insulin-treated rat hearts. The mixtures were then heated for 10
min at 70°C in a thermocycler (model 2400; PerkinElmer, Norwalk,
CT). At the end of this time, the samples were transferred to an ice
bath to permit selective binding of the oligo dT;; to the poly-A tail of
the mRNA. Thereafter, 10 pwmol of deoxynucleotide triphosphate
(dANTP), 200 pmol of dithiothreitol, 4 ul of 5X first strand buffer, 1 ul
of Superscript II, and 1 pul of RNasin were added, followed by water
to a final volume of 20 ul. The tubes were then heated for 45 min at
42°C for reverse transcription followed by 5 min at 94°C for dena-
turation. First strand ¢cDNA samples were cooled and stored at
—80°C until use.

Amplification of cDNA Encoding RyR2. Gene-specific primers
were used in PCR to determine the amount of RyR2 transcript in
each sample. For this, 5 ul of 10X Tfl buffer, 55 umol of MgSO,, 100
pmol of ANTP, 0.2 ul of Tfl DNA polymerase (5 U/ul; Promega,
Madison, WI), 1 ul of respective cDNA (control, diabetic, or insulin-
treated), and 25 pmol of sense and anti-sense RyR2 and pB-actin
primers were added to PCR tubes. Diethylpyrocarbonate-treated
water was added to each tube for a final volume of 50 ul. PCRs were
then carried out using the program: 5 min of denaturation (94°C), 1
min of annealing (54°C), and 2 min of extension (72°C), repeated for
a total of 37 cycles. At the end of the reaction, 5 ul from each PCR
reaction was mixed with Blue/Orange loading dye (Promega) and
electrophoresed for 1.5 h at 100 V using 2% agarose gels containing
ethidium bromide. The gels were visualized and photographed (Gel-
Doc 1000 complete with Molecular Analyst software; Bio-Rad, Her-
cules, CA). Images were opened using Scion Imaging software (ver-
sion 1.62; Frederick, MD), and the band intensities were quantitated
and used as measures of RyR2 mRNA concentrations.

Sense (5,60GTGTTTGGATCCTCTGCAGTTCAT,;55) and anti-
sense (57;62AGAGGCACAAAGAGGAATTCGG5,4;) primers for RyR2
were designed based on rabbit RyR2 ¢cDNA sequences (GenBank
accession number M59743). Primers used for amplifying a segment
of B-actin cDNA were designed from nucleotide sequence encoding
rat cytosolic B-actin gene (accession number V01217) and are as
follows: sense (5750CGTAAAGACCTCTATGCCA,,¢s) and anti-sense
(3200AGCCAT GCCAAATGTCTCAT 3503).
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Characterization of the Rat RyR2 PCR Product. The identity
of PCR product encoding a segment of RyR2 was established by
comparing its nucleotide sequences with those in GenBank. Twenty-
four PCRs were carried out as described above except that only
primers for RyR2 were used. At the end of the reaction, the contents
of the tubes were pooled, diluted 1:1 with dye, and electrophoresed
using 2% agarose gel (low melting). The gels were irradiated (Az45)
and the bands of interest were excised. The DNA was then extracted
from the agarose using a QIAEX II gel extraction kit (QIAGEN Inc.,
Valencia, CA) according to the manufacturer’s protocol. DNA was
ethanol precipitated to remove residual salts and its nucleotide se-
quence was determined using an ABI 377 DNA sequencer (Applied
Biosystems, Foster City, CA). Experimentally obtained sequences
were then compared with published sequences using the Web-based
alignment program MultAlin (http://www.toulouse.inra.fr/multal-
in.html). Endonuclease restriction mapping was also conducted as
another way of confirming the identity of the PCR product.

Preparation of Membrane Vesicles. Membrane vesicles (MV;
mixture of sarcolemma and sarcoplasmic reticular membranes) were
prepared from rat hearts using procedures described previously (Bi-
dasee et al., 2000), with the exception that the tissue was homogenized
six times for 10 s instead of three times for 30 s at Polytron setting 6.5.

RyR2 Binding of [*H]Ryanodine. The functional integrity of
RyR2 on MV prepared from rat hearts was determined from their
ability to bind [*H]ryanodine. Briefly, 0.1 mg/ml SR membrane pro-
tein from 4- and 6-week control rats, 4- and 6-week STZ-diabetic, and
4-week STZ-induced diabetic/2-week insulin treated animals were
incubated in binding buffer (500 mM KCI, 20 mM Tris-HCI, and 200
uM CaCly, pH 7.4) for 2 h at 37°C with 6.7 nM [*H]ryanodine and
increasing amounts of unlabeled ryanodine up to 300 nM. After
incubation, vesicles were filtered and washed, and the amount of
[*Hlryanodine bound to RyR2 was determined using liquid scintilla-
tion counting. Nonspecific binding was determined simultaneously
by incubating vesicles with 1000 nM unlabeled ryanodine. IC;, val-
ues were determined using the binding analysis program Prism 2.0
(GraphPad Software Inc., San Diego, CA), whereas K, values were
ascertained using the Cheng-Prussoff relationship (Cheng and Pru-
soff, 1973): K4 = IC;5,/ (1 + [L] / K;), where L is the concentration of
[*Hlryanodine used (6.7 nM) and K7, is the equilibrium dissociation
constant of [*’H]ryanodine (1.2 nM for RyR2; see Bidasee et al., 2000).

Determination of RyR2 Content in MV Preparations. Two
steps were used to determine the amount of RyR2 protein in each MV
preparation. In the first step, 100 ug of protein from each MV
preparation was solubilized with gel-dissociation medium (62.5 mM
Tris base, 6% SDS, 20% glycerol, and 0.002% bromphenol blue),
boiled for 10 min and electrophoresed on 4 to 20% linear gradient
polyacrylamide gels (Bio-Rad) for 3.5 h at 150 V. At the end of this
time, the gels were stained with 0.25% Coomassie blue dye for 1 h,
destained for 16 h, and then dried between blotting paper and cel-
lophane. Images of gels were captured and stored using the computer
program Photoshop 5.0 (Adobe Systems, Mountain View, CA). Stored
gels were then open using the analysis program Scion Image 1.62c
(based on NIH Image, Bethesda, MD). The intensities of Coomassie-
stained RyR2 bands were determined using the rectangular box

TABLE 1

method (a closed loop was also hand drawn around bands that were
too irregular for the rectangular box method). The average intensity
of identical size rectangular boxes (or close loops) above and below
each RyR2 band on the gel was used as its corresponding background
staining and subtracted.

In the second step, intensities of Coomassie-stained RyR2 in MV
preparations were interpolated on RyR2 calibration curves to deter-
mine their concentration equivalent. For this, purified RyR2 (0.5-3
ng) was added to gel-dissociation medium and electrophoresed on 4
to 20% linear gradient polyacrylamide gels as described above. At the
end of this time, the gels were Coomassie-stained, destained, and
then dried. Images of calibration gels were captured using Adobe
Photoshop 5.0 and the intensities of RyR2 bands were determined
using Scion Image 1.62c. Background staining was determined as
described above and subtracted. Several calibration curves were run
on polyacrylamide gels for quantitation of RyR2 in 4-week control/
4-week STZ diabetic and 6-week control/6-week STZ diabetic/4-week
STZ diabetic/2-week insulin-treated samples.

Confirmation of Relative Levels of RyR2 in MV Prepara-
tions. Western blot analyses were also used to confirm relative
levels of RyR2 in each MV preparation. Briefly, 100 ug of MV from
each of the five samples were dissolved in gel dissociation medium
and electrophoresed as described above. The proteins were then
transferred overnight (100 mA) onto polyvinylidene difluoride mem-
branes (Immobilon; Millipore Corporation, Bedford, MA) using a
semidry electroblotter (Panther; Owl Scientific Inc., Woburn, MA)
with buffer consisting of 10 mM cyclohexylamino-1-propanesulfonic
acid/0.01% SDS in 10% methanol, pH 9.0. The next day, the mem-
branes were blocked (0.01 M Tris-HCI, 0.05 M NaCl, 5% nonfat dry
milk, and 0.04% Tween 20, pH 7.4, for 1 h), washed with phosphate-
buffered saline, pH 7.4, and incubated for 20 h with mouse anti-RyR2
antibodies at 4°C. At the end of this time the membranes were again
washed and incubated for 2 h at room temperature with anti-mouse
IgG-horseradish peroxidase (Roche Molecular Biochemicals, India-
napolis, IN). Membranes were then incubated for 1 min with en-
hanced chemiluminescence (ECL; Amersham Pharmacia Biotech,
Piscataway, NJ) and exposed to X-ray films (Hyperfilm; Amersham
Pharmacia Biotech). Auto-radiograms were developed after 10 min.
Intensities of RyR2 signals on films were then measured and used as
relative levels of RyR2 in 100 pg of each MV preparation.

Data Analysis and Statistics. Differences among values from
each of control, STZ-induced, and insulin-treated diabetic rats were
evaluated by one-way analysis of variance followed by Neuman-
Keul’s test. The data shown are means = S.E.M. Results were
considered significantly different if p < 0.05.

Results

Induction of Experimental STZ-Induced Diabetes
Mellitus. Some characteristics of the animals used in this
study are summarized in Table 1. All rats injected with STZ
had blood glucose levels greater than 25 mM within 3 days.
At the end of the in vivo experimental protocol, analysis of

General characteristics of control, streptozotocin-induced and insulin-treated diabetic rats

Values shown are mean = S.E.M.

Age-Matched Control Rats

Parameter

4-Week STZ-Induced

4-Week STZ-Induced

6-Week STZ-Induced Diabetic/2-Week Insulin

?nvie'iléﬁ ?nviegléﬁ Diabetic (n = 9) Diabetic (n = 27) Treated (n — 27)
Body weight (g) 292.8 = 6.4 333.3 = 15.9 219.5 = 3.9% 215 = 8.3* 360.2 = 7.3
Heart weight (g) 1.0 0.1 1.0 0.1 09=*0.1 0.8 = 0.09 1.1 +£05
Plasma glucose (mM) 5.8+ 0.3 5.9 +0.2 34.1 = 1.0* 35.1 = 1.0* 5.7+04
Insulin (ng/ml) 2.6 £0.2 2.7+0.2 0.07 = 0.01%* 0.07 = 0.01* 23 %7
Hemoglobin A, (%) 50=*0.3 4.8 +0.2 9.6 = 0.2% 9.7 = 0.2% 59+ 13

* Significantly different from control and insulin-treated animals.
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plasma from diabetic animals showed increased levels of
glucose and hemoglobin A, and a decrease in insulin level.
After 4 weeks of untreated diabetes mean body weights were
significantly lower in diabetic rats than control rats. Mean
body weights decreased further after 6 weeks of untreated
diabetes. Heart weight to body weight ratios were signifi-
cantly higher in 4-and 6-week diabetic rats compared with
control rats (4.10 versus 3.22 mg/g and 4.46 versus 3.00 mg/g,
respectively). This ratio returned to near control values with
insulin treatment (3.28 versus 3.00 mg/g).

Quantitation of Total RNA Isolated from Rat Hearts.
Minimum degradation of total RNA occurred during the iso-
lation procedures, as indicated by A, 550/A 050 Values ranging
between 1.88 to 1.95 and distinct 28S and 18S ribosomal
RNA in denaturing formamide/formaldehyde agarose gels
(data not shown). However, we did find that the amount of
total RNA isolated from 4- and 6-week STZ-induced diabetic
rat hearts were significantly less than that isolated from
age-matched control rats (486 + 120 and 256 *= 144 pug
compared with 640 = 72 and 632 * 72 ug, respectively).
These data are consistent with those in the literature show-
ing that transcription rate of several proteins are slowed in
the diabetic heart (Brownsey et al., 1997). The amounts of
total RNA isolated from insulin-treated diabetic rat hearts
were similar to those from age-matched control rats (656 =
80 ng) and are consistent with the observation that insulin
replacement stimulates protein synthesis (Wolfe, 2000).

Quantitation of RyR2 Transcripts. PCR was used to
determine the amounts of RyR2 transcripts in ¢cDNA from
control (4- and 6-week), STZ-induced (4- and 6-week), and
insulin-treated diabetic rats (4-week STZ-diabetic/2-week in-
sulin-treatment) hearts. After normalization to concomitant
B-actin expression, levels of mRNA encoding RyR2 in hearts
from 4- and 6-week STZ-induced diabetic rats were not sig-
nificantly different from control rats (96 = 4% of control and
95 *+ 7% of control, respectively, Fig. 1). It should be pointed
out that RyR2 from 4-week (control and STZ diabetic) and
6-week (control and STZ-diabetic) rats were assayed at dif-
ferent times, hence the reason for differences in ethidium
bromide intensities. Interestingly, 2 weeks of insulin treat-
ment significantly increased RyR2 transcripts to levels that
were 42 *+ 4% greater than age-matched control rats (Fig. 1,
lane 5). Although suggestive, an increase transcription is not
conclusive evidence that steady-state levels of RyR2 protein
increase, because the latter depends on the balance between
rates of synthesis and degradation.

Characterization of PCR Product. The nucleotide se-
quence of the PCR product was determined for two reasons.
First, the oligo primers used in the PCR were designed based
on rabbit RyR2 ¢cDNA sequence. Secondly, this sequence will
provide additional information on the ¢cDNA encoding rat
RyR2. After sequencing and alignment, the PCR product
exhibited greater than 90% homology with nucleotide se-
quences encoding rabbit RyR2 (bases 5184 and 5750; Otsu et
al., 1990) and human RyR2 (nucleotides 5005 and 5571;
Tunwell et al., 1996) (data not shown). Endonuclease restric-
tion mapping also generated predicted size fragments based
on experimentally derived sequence. Digestion with Smal
generated two fragments of 380 and 222 bp, Pstl generated
482- and 120-bp fragments and BamHI generated two frag-
ments of sizes 550 and 52-bp (data not shown). These data
confirm that the product generated in PCR resulted from
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specific amplification of cDNA encoding rat RyR2. The nu-
cleotide sequence of this PCR product is listed in GenBank
under accession number AF363960.

RyR2 Binding of [*H]Ryanodine. Ryanodine binding
assays were used to assess the functional integrity of RyR2
from each of control (4- and 6-week), STZ-induced (4- and
6-week), and insulin-treated diabetic MV preparations. As
shown in Fig. 2, MV from 4- and 6-week age-matched control
rats bound 79.5 + 4.16 and 79.9 + 4.8 fmol of [*H]ryanodine/
100 pg of membrane protein, whereas those from 4- and
6-week STZ-induced diabetic bound significantly less [*H]ry-
anodine and the extent of the decrease was dependent on the
duration of untreated diabetes (66.9 * 3.4 and 49.8 * 5.0
fmol of [*H]ryanodine/100 ug of membrane protein). On the
other hand, MV protein from insulin-treated STZ-diabetic
animals bound 38% more [*Hlryanodine than those from
control rats (109.7 = 8.3 fmol of [*Hlryanodine/100 ug of
membrane protein).

£
[ ) 5
£ B T
8 E 8 3 3
S 5 £ £3
5= Lo £ ? a‘g
I I { B I 1
g2 4% g &35  IsE
1 2 3 4 5
N | e o= g
£s . |
SE 150 .y
?g 125
£% 715
3e
[y 50 ’
€% /
./%
E-é 0 /Zﬁz'/.:/%'./_..{i
&

B

120
100 e

p-actin mRNA
(Percent relative to control)

80
60
40
20

0

Fig. 1. PCR products obtained using ¢cDNA from 4- and 6-week STZ-
induced, 4-week STZ-induced/2-week insulin-treated diabetic, and age-
matched control rat hearts. Total RNA was reverse-transcribed using
oligo dT,; and first strand cDNA was subjected to amplification by PCR
using RyR2 and B-actin-specific primers. A, representative sample of
PCR product generated using RyR2 primers. Signal intensities are nor-
malized to concomitant B-actin and are relative to those of age-matched
control rats. B, representative sample of PCR product generated using
B-actin primers and relative quantitation of signal intensities. Values
shown are means = S.E.M. obtained from = three experiments performed
using at three different cDNA preparations. PCR products were of ex-
pected sizes: 602 bp for RyR2 and 387 bp for B-actin. * denotes value
significantly different from control and STZ-induced diabetic rats.
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Although the capacity of RyR2 from 4- and 6-week age-
matched control rats and insulin-treated animals to bind
[*Hlryanodine was significantly greater than those from 4-
and 6-week STZ-induced diabetic animals, the apparent af-
finity of ryanodine for RyR2 from these five experimental
groups was essentially identical (IC5, = 6.9 = 0.5 nM,; Fig. 3).
Using the Cheng Prusoff equation, K, values were calculated
to be 1.04 + 0.08 nM.

Quantitation of RyR2 Protein in MV from Rat
Hearts. Denaturing polyacrylamide gel electrophoresis was
used to quantitate the amount of RyR2 in 100 pg of each MV
preparation. Shown in Fig. 4A are the Coomassie-stained
protein bands present in 100 ug of MV from 4-week age-
matched control and 4-week STZ-diabetic animals (left
panel) and from 6-week control, 6-week STZ-diabetic, and
4-week STZ-diabetic/2-week insulin-treated animals (right
panel). Under conditions used in this study, RyR2 exhibits
the slowest electrophoretic mobility and represents only a
small fraction of the total proteins present in MV prepara-
tions. It should also be pointed out that MV from 4-week
control and 4-week STZ-diabetic animals were electropho-
resed on polyacrylamide gels at different times from those for
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Fig. 2. Comparison of the amount of [*H]ryanodine capable of binding to
membrane vesicles from 4- and 6-week STZ-induced, 4-week STZ-in-
duced/2-week insulin-treated diabetic, and age-matched control rat
hearts. Briefly, MV (0.1 mg/ml) from each of control, STZ-induced dia-
betic, and insulin-treated diabetic rat hearts were incubated for 2 h at
37°C with 6.7 nM [*H]ryanodine in binding buffer consisting of 500 mM
KCl, 0.2 mM CaCl,, and 20 mM Tris-HCI, pH 7.4. After incubation, the
vesicles were filtered and washed, and [*H]ryanodine bound to RyR2 was
determined by liquid scintillation counting. Data shown are means =+
S.E.M. for at least six experiments done in duplicate using three different
membrane preparations. # denotes significantly different from control
rats (4 and 6 weeks) and insulin-treated. * denotes significantly different
from control rats (4 and 6 weeks), 4-week STZ-diabetic, and insulin-
treated. #+ denotes significantly different from STZ-diabetic (4 and 6
weeks), and age-matched control rats (4 and 6 weeks).

6-week control, 6-week STZ-diabetic, and 4-week STZ-diabet-
ic/2-week insulin-treated animals. Hence the reason for dif-
ferences in resolution of proteins and degree of Coomassie
destaining.

The amount of RyR2 present in 100 pg of each MV prepa-
ration was then determined by interpolating Coomassie-
stained intensities on RyR2 calibration curves. As an exam-
ple, Fig. 5 shows that the Coomassie-stained intensity was
linearly related to concentration of purified RyR2 protein,
over a range of 0.5 to 3 ug RyR2 protein (> = 0.991). Several
RyR2 calibration curves were generated so as to match as
closely as possible, the degree of Coomassie destaining (back-
ground staining) for each polyacrylamide gel. The concentra-
tion range of RyR2 was chosen so as to encompass the spread
of Coomassie-stained intensities observed for RyR2 in all MV
preparations.

No significant differences were found in the amount of
RyR2 protein present in MV preparations from 4- and 6-week
age-matched control and 4- and 6-week STZ-diabetic animals
(1073 = 32 ng, 1077 = 30 ng, 992 + 28 ng, and 1041 + 40 ng
per 100 pg of membrane protein, respectively). On the other
hand, MV preparations from 4-week STZ-induced diabetic/2-
week insulin-treated animals contained 1683 = 23 ng of
RyR2/100 pg of MV protein, an amount that was 56.6%
greater than that from age-matched control rats and 65.5%
greater than that from STZ-induced diabetic animals (aver-
age of 61%).
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—@— 4-weeks STZ-induced diabetic
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Fig. 3. Displacement of [*H]ryanodine from high-affinity binding sites on
RyR2. Equilibrium dissociation constant (K,) and IC,, values were de-
termined by incubating MV proteins (0.1 mg/ml) from 4- and 6-week
control rats, 4- and 6-week STZ-induced, and 4-week STZ-induced dia-
betic/2-week insulin treated 6-week STZ-induced animals for 2 h at 37°C
with 6.7 nM [*H|ryanodine and increasing concentrations of unlabeled
ryanodine up to 300 nM. At the end of this time, the vesicles were filtered
and washed, and [*H]ryanodine bound was determined by liquid scintil-
lation counting. Nonspecific binding was simultaneously determined by
incubating vesicles with 1 uM ryanodine. GraphPad Prism 2.0 was used
to calculate IC, values, and these values then used to determine K,
values using the Cheng-Prusoff equation. Data shown are means for at
least six experiments done in duplicate using three different membrane
preparations. S.E.M. values were less than 5% and were omitted for
clarity.
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These data parallel those obtained from Western blot anal-
yses using antibodies specific to RyR2 (Fig. 4B). When nor-
malized to the intensity of concomitant age-matched control,
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Fig. 4. SDS-polyacrylamide gel electrophoresis and Western blots of MV
protein from 4- and 6-week STZ-induced, 4-week STZ-induced/2-week
insulin-treated diabetic, and age-matched control rat hearts. Briefly, 100
ng of MV protein from each of control, STZ-induced diabetic, and insulin-
treated diabetic rat hearts was dissolved in 30 ul of gel dissociation
medium and electrophoresed for 3.5 h at 150 V using 4 to 20% linear
gradient polyacrylamide gels. At the end of this time, gels were either
stained with Coomassie dye or transferred onto polyvinylidene difluoride
membrane and probed for RyR2 using isoform specific antibodies. A,
representative electrophoretogram of MV proteins visualized using Coo-
massie dye. B, (i) representative auto-radiogram showing intensities of
RyR2 from 4-week control and 4-week STZ-induced diabetic rats (lanes 1
and 2) and 6-week age-matched control, 6-week STZ-induced, and 4-week
STZ-induced diabetic/2-week insulin-treated diabetic rats (lanes 3, 4, and
5); (ii) intensity of auto-radiogram signals relative to that of age-matched
control rats. Values shown are means = S.E.M. obtained from at least five
experiments performed using three different MV preparations for each
sample. # denotes value significantly different from control and 6-week
STZ-induced diabetic rats.
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STZ-induced diabetes did not significantly alter expression of
RyR2 protein. Interestingly, the intensity of RyR2 Western
blot from insulin-treated animals were 47.3 = 7.8% greater
than that from control rats.

To more effectively assess the effect of untreated diabetes
and insulin treatment on the functional integrity of RyR2
protein, the amount of [*H]ryanodine bound to each MV
preparation was normalized to 1 g (1000 ng) of RyR2 pro-
tein. After this transformation, no significant difference was
found in the amount of [*H]ryanodine bound to RyR2 from
either 4-week STZ-diabetic and 4-week age-matched control
rats (67.4 + 3.4 versus 74.1 = 3.9 fmol of [*H]ryanodine/ug of
RyR2 protein; see Fig. 6). On the other hand, RyR2 protein
from 6-week STZ-induced diabetic rat hearts bound signifi-
cantly less [*H]ryanodine than those from corresponding age-
matched control rats (47.9 * 4.8 versus 74.2 = 4.5 fmol of
[*Hlryanodine/ug of RyR2 protein). It should be mentioned
that RyR2 is the only protein in our MV preparations that
bind [*H]ryanodine. These data show for the first time is that
at equivalent amounts, RyR2 protein from 6-week STZ-in-
duced diabetic animals binds less [*H]ryanodine than those
from age-matched control rats. Because [*Hlryanodine is a
measure of the functional integrity of RyR2, these data fur-
ther suggest that the functional integrity of RyR2 is compro-
mised in the hearts of STZ-induced diabetic rats.

Insulin treatment initiated after 4 weeks of untreated di-
abetes minimizes the loss in [*H]ryanodine binding induced
by untreated diabetes (65.2 * 4.9 fmol of [*H]ryanodine/ug of
RyR2 protein). Compared with RyR2 from 4-week STZ-in-
duced diabetic animals, daily doses of replacement insulin
given for 2 weeks prevented and/or minimized loss in RyR2
function induced by untreated diabetes. Compared with

R
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Fig. 5. Relationship between intensity of Coomassie staining and RyR2
concentration. Calibration curves were generated to relate the intensity
of Coomassie-stained RyR2 in MV preparations to an amount of RyR2
protein. For this, purified RyR2 (0.5 to 3 ng) were dissolved in gel
dissociation medium and electrophoresed on 4 to 20% linear gradient
polyacrylamide gels as described. At the end of this time, the gels were
Coomassie-stained, destained and then dried. A representative curve
generated by plotting intensities of Coomassie-stained RyR2 as a function
of RyR2 concentration is shown above.
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RyR2 from 6-week STZ-induced diabetic animals, insulin
therapy decreases the severity of RyR2 dysfunction induced
by diabetes. Thus, insulin treatment slows the progression of
RyR2 dysfunction induced by untreated diabetes.

Discussion

A principal finding of the present study is that 4 and 6
weeks of untreated STZ-induced diabetes produces no appar-
ent alteration in expression of RyR2 in rat hearts. This con-
clusion is based on studies at the mRNA (reverse transcrip-
tion-PCR) and protein levels (SDS-polyacrylamide gel
electrophoresis and Western blot analyses) of RyR2. Our data
also show that at equivalent amounts, RyR2 protein from
6-week STZ-induced diabetic rats bound significantly less
[*Hlryanodine (lower B,,.) compared with 6-week age-
matched control rats. The decrease in [*H]ryanodine binding
is consistent with that reported by Yu et al. (1994) and
Imanaga and Uehara (1997), but our data for the first time
show that the decrease results from an apparent dysfunction
of RyR2 rather than a decrease in the membrane density of
the protein. We found no significant loss in activity of RyR2
after 4 weeks of untreated diabetes. It should be pointed out
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Fig. 6. Comparison of functional integrity of RyR2 from 4- and 6-week
STZ-induced, 4-week STZ-induced/2-week insulin-treated diabetic, and
age-matched control rat hearts. Capacity of RyR2 to bind [*H]ryanodine
was used as a measure of its functional integrity. For this, the amount of
RyR2 protein in 100 pg of each MV preparation was determined by
interpolating Coomassie-stained intensities on RyR2 calibration curves.
RyR2 contents were then normalized to 1 pug and the adjusted amounts of
[*Hlryanodine bound to MV preparation from 4- and 6-week age-matched
control rats, 4- and 6-week STZ-diabetic, and 4-week STZ-diabetic/2-week
insulin-treated animals were used as measures of their functional integ-
rity. Values shown are means = S.E.M. for at least six experiments done
in duplicate using three different membrane preparations. * denotes
significantly different from control rats (4 and 6 weeks), 4-week STZ-
diabetic, and insulin-treated. ** denotes significantly different from STZ-
diabetic (6 weeks) and age-matched control rats (4 and 6 weeks).

that a decrease in protein activity is not unique to RyR2.
Dhalla et al. (1998) reported that diabetes decreases the
activity but not expression of SERCAZ2a in rat hearts.

Data from our studies also show that the apparent affinity
of ryanodine for RyR2 from control, STZ-induced, and insu-
lin-treated diabetic rat hearts remains essentially un-
changed (IC;, = 6.9 nM, K; = 1.04 nM). These data are
consistent with those of Yu et al. (1994) but differ from those
of Imanaga and Uehara (1997), who found that RyR2 from
diabetic dog hearts had a slightly higher affinity for ryano-
dine compared with age-matched control rats (K; = 2.4 nM
for diabetics compared with 3.8 nM for control animals).
Because the latter report listed no standard errors, it is
uncertain whether the differences in mean values are statis-
tically significant. It is also possible that differences if real,
might be species related.

A decrease in B,,,, is usually suggestive of a decrease in
the density of receptor protein available for binding. This
may be attributed to a decrease in transcription and/or an
increase in degradation rates of the protein. A salient ques-
tion arising from the present study is how can the same
amount of RyR2 protein, displaying the same apparent affin-
ity (K, bind less [*Hlryanodine (lower B,,..)? Although these
results may seem paradoxical at first, they can be rational-
ized by considering factors that affect the binding of [*H]ry-
anodine to RyR2. It is generally accepted that binding sites
for ryanodine on RyR are located within the transmembrane
segments of the channel (Chu et al., 1990; Pessah and Zima-
nyi 1991; Tinker et al., 1996). It therefore follows that the
amount of [*H]ryanodine bound to RyR2 under any given
condition is dependent on the amount of time the channels
resides in the open state, P,. Several endogenous and exog-
enous modulators can regulate the latter. For example, we
have shown that the binding of [*H]ryanodine to RyR1 (skel-
etal muscle isoform) is dependent on buffer concentrations of
free calcium and B-y-methyleneadenosine 5'-trisphosphate
and their effects are biphasic (Emmick et al., 1994). Because
our binding affinity assays were performed in the presence of
200 uM calcium and pH 7.4 one plausible explanation for the
decrease in [*H]ryanodine binding could be that the sensitiv-
ity of RyR2 to calcium is altered with diabetes. If this is the
case then the P, of RyR2 could be altered and this could lead
to a decrease in B, ., without any change in K. This effect of
diabetes on RyR2 is currently under investigation.

Previous data from our laboratory suggest that there
might be two binding sites for ryanodine with affinities in the
low nanomolar range on RyR (Bidasee et al., 1995). These
two binding sites were uncovered using a radio-iodinated
derivative of ryanodine with specific activity of 1400 Ci/
mmol, almost 15 times higher than commercially available
[*Hlryanodine. If one of these binding sites were to be fully or
partially occluded by untreated diabetes, then this could
result in a decrease in B, .. But because the apparent affin-
ities of these two sites are similar (less than 50-fold differ-
ence between them), discernible changes in apparent affinity
(K,) may not be measurable with low specific activity [*H]ry-
anodine. It is well known that in diabetes, circulating glucose
and intracellular glucose 6-phosphate and fructose 6-phos-
phate levels increases. These sugars can react nonenzymat-
ically with lysine, hydroxy lysine, and arginine residues on
proteins to form Schiff bases (Bunn and Higgins, 1981).
Schiff bases rearrange to form Amadori products. Over time
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and through a series of random dehydration, oxidation, con-
densation elimination, and cyclization reactions, Amadori
products further rearrange to form advanced glycation end
products (AGEs) (Brownlee et al., 1988; Bucala and Cerami,
1992; Bierhaus et al., 1998). Some of these AGEs fluoresce
with high quantum yields and are capable of irreversibly
cross-linking protein subunits (intra-and intermonomers).
Such changes can alter the conformation in such a manner so
as to occlude binding site(s) for ryanodine on RyR2.

In preliminary studies, MV from 6-week STZ-diabetic an-
imals were excited with ultraviolet light at 350 nm and
emission spectra with A, . between 400 and 450 nm (typical
of AGEs) were observed (data not shown). These emission
spectra were not detected in vesicles prepared from age-
matched control animals. Although these data are intriguing,
they do not identify the protein on which these compounds
are formed or the nature of the AGEs involved. We can
conclude, however, that because the electrophoretic mobility
of RyR2 from 6-week STZ-diabetic animals is similar to those
from control rats and insulin-treated animals, cross-linking
AGEs like pentosidine and 4-furanyl-2-furoyl-1H-imidazole
or analogs thereof may not be formed on RyR2.

Alterations in the oxidative state of sulfhydryl groups on
RyR2 can also affect the binding of [*H]ryanodine to RyR2
(Abramson and Salama, 1989). Such changes can be trig-
gered by the increase oxidative stress associated with diabe-
tes (Dhalla et al., 1998). Studies have shown that hydroxy
and/or superoxide free radicals are capable of oxidizing crit-
ical thiols on the RyR2 and these reactions can lead to
changes in conformation of RyR2 (Kawakami and Okabe,
1998) and by extension, alter the binding of [*H]ryanodine to
RyR2. More recently, Marengo et al. (1998) showed that the
sensitivity of RyR to calcium is dependent on the oxidative
state of sulfhydryl groups. However, which of the 89 cysteine
residues on each RyR2 monomer might be involved in in-
creasing and/or decreasing P, remains uncertain.

Our data also show that insulin replacement given after 4
weeks of untreated diabetes increases expression of the RyR2
protein to levels greater than that of age-matched control
rats. This increase in the density of RyR2 is consistent with
several studies that have shown that insulin replacement
increases rates of both protein synthesis and degradation
(Abu-Lebdeh and Nair, 1996; Tessari, 2000). Interestingly,
after normalization of protein levels we found that RyR2
from insulin-treated animals bound significantly less [*H]ry-
anodine than that from age-matched control rats. Thus, for a
second time the question arises: how can the same amount of
RyR2 protein, displaying the same apparent affinity (Kj)
bind less [*H]ryanodine (lower B, )? Although we cannot
provide a definite answer to this question, we do know that
the functional integrity of RyR2 is compromised in hearts of
diabetic rats and that the severity of the dysfunction is de-
pendent on the duration of untreated diabetes. What we also
know is that after 14 days on insulin treatment the loss in
activity of RyR2 was not completely reversed. Because the
common denominator in both instances is time, we believe
that a likely explanation for the decrease in B, ,, seen with
MYV form insulin-treated animals may reside in the half-life
of RyR2. If the turnover rate of RyR2 is slow, then RyR2
isolated from insulin-treated rat hearts may consist of a
mixture of newly synthesized as well as dysfunctional but not
yet degraded RyR2. Thus, although the total amount of RyR2
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protein increases, the ability (average) of the protein to bind
[*Hlryanodine did not. Assuming that five half-lives are
needed for complete protein turnover, then the turnover rate
for RyR2 may be in the order of days. This long half-life
would allow enough time (days) for Schiff’s bases formed on
RyR2 to rearrange into Amadori and/or AGEs products. A
long half-life may also provide an explanation in support of
the deleterious effects of altering the oxidative state of sulf-
hydryl groups on RyR2.

It is well established that intensity of Coomassie blue
R-250 staining differs among proteins (Merril, 1990). Pro-
teins rich in arginine, histidine, and lysine stain more in-
tensely than those containing fewer of these residues because
the dye is attracted to these basic groups. It is also well
known that glucose, glucose 6-phosphate, fructose 6-phos-
phate, and other ketose and aldose sugars react nonenzymat-
ically with lysine and arginine residues. In diabetes, the rate
at which these nonenzymatic reaction occurs increases
(Brownlee et al., 1988). Thus, it is conceivable that if these
reactions occur, RyR2 from STZ-diabetic animals may stain
less intense with Coomassie blue, than RyR2 from control
animals due to fewer free lysine and arginine residues. For-
tunately, in this study underestimating RyR2 concentration
will result in an underestimation of the degree of RyR2
dysfunction induced by diabetes. Thus, our conclusion that
the functional integrity of RyR2 is compromised in diabetes
will still hold. We are in the process of purifying RyR2 from
control, STZ-diabetic, and insulin treated animals to inves-
tigate how much and which of the arginine residues and
lysine residues on RyR2 monomer are susceptible to glyca-
tion in diabetes.

In conclusion, the present study shows that untreated STZ-
diabetes produced a time-dependent decrease in the func-
tional integrity of RyR2 in rat hearts as assessed from their
ability to bind [*H]ryanodine. Therefore, in addition to loss of
SERCAZ2a activity, which has already been well documented,
loss in activity of RyR2 may also contribute to decrease in
cardiac contractility in addition seen in the hearts of STZ-
induced diabetic rats.
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