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Ischemia Enhances Activation by Ca’" and Redox
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Cerebral ischemia stimulates Ca>* influx and thus increases neuronal intracellular free [Ca®"]. Using a rat model of cerebral ischemia
without recirculation, we tested whether ischemia enhances the activation by Ca*" of ryanodine receptor (RyR) channels, a requisite
feature of RyR-mediated Ca>*-induced Ca’" release (CICR). To this aim, we evaluated how single RyR channels from endoplasmic
reticulum vesicles, fused into planar lipid bilayers, responded to cytoplasmic [Ca>*] changes. Endoplasmic reticulum vesicles were
isolated from the cortex of rat brains incubated without blood flow for 5 min at 37°C (ischemic) or at 4°C (control). Ischemic brains
displayed increased oxidative intracellular conditions, as evidenced by a lower ratio (~130:1) of reduced/oxidized glutathione than
controls (~200:1). Single RyR channels from ischemic or control brains displayed the same three responses to Ca>* reported previously,
characterized by low, moderate, or high maximal activity. Relative to controls, RyR channels from ischemic brains displayed with
increased frequency the high activity response and with lower frequency the low activity response. Both control and ischemic cortical
vesicles contained the RyR2 and RyR3 isoforms in a 3:1 proportion, with undetectable amounts of RyR1. Ischemia reduced [ *H]ryanodine
binding and total RyR protein content by 35%, and increased at least twofold endogenous RyR2 S-nitrosylation and S-glutathionylation
without affecting the corresponding RyR3 endogenous levels. In vitro RyR S-glutathionylation but not S-nitrosylation favored the emer-
gence of high activity channels. We propose that ischemia, by enhancing RyR2 S-glutathionylation, allows RyR2 to sustain CICR; the
resulting amplification of Ca>* entry signals may contribute to cortical neuronal death.
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Introduction

During cerebral ischemia, cytoplasmic [Ca** ] rises and activates
several Ca>"-dependent pathways that participate in cell survival
and/or cell death (Tauskela and Morley, 2004; Lo et al., 2005).
Increased cytoplasmic [Ca**] enhances nitric oxide (NO) syn-
thesis, which inhibits the mitochondrial electron transport chain
and favors superoxide anion release and peroxynitrite produc-
tion (Moncada and Erusalimsky, 2002). In turn, peroxynitrite
contributes to long-lasting modifications of mitochondrial pro-
teins and to the release of proapoptotic proteins from mitochon-
dria (Blomgren and Hagberg, 2006). Few minutes after uncom-
pensated ischemia, cell death pathways overcome survival-
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promoting pathways, leading to neuronal death through three
interacting mechanisms: excitotoxicity attributable to excess glu-
tamate, oxidative stress, and/or stimulation of apoptotic-like
pathways (Lo et al., 2005).

Increased Ca®" entry through plasma membrane channels
during cerebral ischemia is well documented (Lo et al., 2005;
Bano and Nicotera, 2007; Xiong et al., 2007). In contrast, the
effects of ischemia on endoplasmic reticulum (ER) Ca*" re-
lease have received less attention (Herndndez-Fonseca and
Massieu, 2005). The ER has an important role as a regulator of
intracellular [Ca*"] in neurons (Berridge et al., 1998; Pape et
al., 2004; Verkhratsky, 2005), and depletion of Ca** from the
ER can induce neuronal death (Verkhratsky and Toescu, 2003;
Xing et al., 2004). It is unclear, however, whether Ca**-
induced Ca*" release (CICR) from the ER amplifies the initial
cytoplasmic [Ca®"] increase produced by Ca** influx during
ischemia (Clodfelter et al., 2002). In neurons, ER ryanodine
receptor (RyR) channels release Ca®" either through
depolarization-induced Ca** release (Ouardouz et al., 2003)
or via CICR (Berridge et al., 1998; Emptage et al., 1999; Pape et
al., 2004; Verkhratsky, 2005). Therefore, RyR channels could
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amplify by CICR the cytoplasmic [Ca®"] increase caused by
Ca’" entry during cerebral ischemia.

The redox state of highly reactive cysteine residues regulates
RyR channel activation, enabling these channels to act as cellular
redox sensors (Eu et al., 2000; Xia et al., 2000; Pessah et al., 2002).
In particular, RyR redox state determines the three types of re-
sponse (low, moderate, or high) to cytoplasmic [Ca"] increases
of single RyR channels from rat brain cortex ER (Marengo et al.,
1996, 1998; Bull et al., 2003, 2007). Thus, sulthydryl (SH) modi-
fying agents added while recording channel activity cause a single
low activity channel to adopt sequentially and stepwise, first the
moderate and then the high activity response (Marengo et al.,
1998). Furthermore, S-nitrosylation and/or S-glutathionylation
of SH residues of skeletal or cardiac RyR channels enhance CICR
kinetics at micromolar [Ca*"] (Hidalgo et al., 2002; Aracena et
al., 2003; Sanchez et al., 2005).

Ischemia-induced generation of NO and reactive oxygen spe-
cies (ROS) in neurons may promote RyR SH modifications, re-
sulting in ROS/NO-enhanced Ca® " -activation of RyR channels,
favoring CICR. To test this hypothesis, we investigated the re-
sponses to Ca>" of single RyR channels from cortical ER vesicles
isolated from ischemic rat brains. In vesicles from ischemic or
control ER, we also compared [*H]ryanodine binding, relative
RyR isoform content, and their S-nitrosylation and
S-glutathionylation levels.

Parts of this work was published previously in abstract form
(Behrens et al., 2006).

Materials and Methods

Global ischemia. Twelve-week-old Sprague Dawley male rats were decap-
itated with a guillotine. Their brains were quickly removed, placed in a
solution containing 135 mm NaCl and 25 mwm 3-(N-morpholino)-
propanesulfonic acid (MOPS)-Tris, pH 7.3, and incubated during 2-15
min at 37°C or 4°C. Brains incubated for 5 min at 37°C were considered
ischemic, whereas those incubated at 4°C were defined as controls (see
Results). After incubation, the brain cortex was rapidly dissected (ex-
cluding the hippocampus) and homogenized in a solution containing
300 mm sucrose, 20 mm MOPS-Tris, pH 7.0, 1 pg/ml leupeptin, 1 pg/ml
pepstatin, 0.4 mm benzamidine, 1 mm phenylmethylsulfonyl fluoride,
and 10 ug/ml trypsin inhibitor, and glutathione content was determined
as described previously (Griffith, 1980). To quantify cellular redox state,
the ratio of reduced (GSH) over oxidized (GSSG) glutathione was calcu-
lated. All experimental protocols used in this work were approved by the
Bioethics Committee for Investigation in Animals of the Facultad de
Medicina, Universidad de Chile.

Isolation of membrane fractions. RyR-enriched ER vesicles were iso-
lated from rat brain cortex as reported previously (Marengo et al., 1996),
using 5 mM total glutathione instead of dithiothreitol (DTT) throughout
the isolation procedure. To maintain cellular redox conditions, GSH/
GSSG ratios of 100:1 or 200:1 were used to isolate ER from ischemic or
control brains, respectively, except when explicitly stated otherwise. To
isolate the standard brain cortex ER vesicles (brains were not incubated
without blood flow before ER isolation), 5 mm DTT was used during
isolation as described previously (Marengo et al., 1996). Sarcoplasmic
reticulum (SR) vesicles were isolated from either fast skeletal muscle of
New Zealand rabbits or cardiac muscle of mongrel dogs, as described
previously (Hidalgo et al., 1993; Sanchez et al., 2003). Small aliquots of
the vesicle-containing suspensions were quickly frozen in liquid N, and
stored at —80°C.

Detection of RyR isoforms and their SH modifications. ER vesicles (30 ug
of protein) were incubated in nonreducing loading buffer plus 5 mm
N-ethylmaleimide for 20 min at 60°C and separated by SDS-PAGE in
3.5—-8% gradient gels under nonreducing conditions. After electrophore-
sis and transfer to polyvinylidene difluoride (PVDF) membranes, pro-
teins were probed with isoform-specific anti-RyR antibodies. After en-
hanced chemiluminescence detection of the antigen—antibody reaction,
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Figure1. Time-dependent changesin the GSH/GSSGratioin brain cortex homogenates after

blood flow interruption. Isolated rat brains were incubated in the absence of blood flow for
2-15min at 37°C (ischemic, filled bars) or 4°C (control, open bars). After incubation, the brain
cortex was quickly dissected and homogenized at 4°C. Total and reduced glutathione were
measured, and the GSH/GSSG ratio was calculated (see Materials and Methods). *p << 0.05,
differed from the corresponding control value. ¥p < 0.05, differed from values of control brains
at2or 5 min.

PVDF membranes were stained with Coomassie blue. The different
bands were quantified by densitometry. RyR protein bands were normal-
ized with respect to the density of a 170 kDa protein band, which was
constant in all gels under control or ischemic conditions. To analyze RyR
SH modifications, we used specific antibodies raised against either GSH
or nitrosocysteine, which have been validated for the detection of RyR
S-glutathionylation and S-nitrosylation levels (Aracena-Parks et al.,
2006). ER vesicles were separated by SDS-PAGE under nonreducing con-
ditions, transferred to PVDF membranes as above, and probed with
anti-GSH antibody (1:10000; Virogen) or anti-nitrosocysteine antibody
(1:10,000; AG Scientific). After immunodetection, membranes were
stripped and probed with anti-RyR antibodies. S-Glutathionylation and
S-nitrosylation levels were expressed as the ratio between anti-GSH or
anti-nitrosocysteine, respectively, and anti-RyR band densities (Sinchez
et al., 2005).

Equilibrium [°H]ryanodine binding. ER vesicles (0.1 mg/ml) were in-
cubated at 37°C for 120 min using a solution containing the following (in
mu): 500 KCI, 0.5 5"-adenylylimido diphosphate (AMP-PNP), 20 MOP-
S-Tris, pH 7.0, 1 N-(2-hydroxyethyl)-ethylenediamine-triacetic acid
(HEDTA), 1 CaCl,, and 0.01 3 H]ryanodine. We used HEDTA to buffer
free [Ca®"] at 18 um, calculated with WinMAXC (www.stanford.edu/
~cpatton/wmaxc.zip). After incubation, [’H]ryanodine binding was
determined by filtration as described previously (Bull et al., 1989).

Superoxide anion measurement. Superoxide production was measured
by lucigenin chemiluminescence (Sdnchez et al., 2005). ER vesicles (0.1
mg/ml) were incubated at 25°C in a solution containing 100 mm MOPS—
Tris, pH 7.0, 100 um NADPH, 100 M total glutathione at a GSH/GSSG
ratio 0of 200:1, and 5 um lucigenin. Chemiluminescence was measured in
a Berthold FB 12 luminometer and expressed as nanomoles of superox-
ide anion per milligram of protein per minute.

RyR channel experiments. Channel recordings were obtained as re-
ported previously (Marengo et al., 1996; Bull et al., 2003). The cis-
(cytoplasmic) solution contained 4 mu total glutathione, 0.5 mm Ca®* -
HEPES, and 225 mm HEPES-Tris, pH 7.4. Sufficient HEDTA and/or
EGTA, calculated as above, were added to set the desired free [Ca®"]. The
trans (intrareticular) solution contained 40 mm Ca?*—HEPES and 15
muM Tris—HEPES, pH 7.4; therefore, the charge carrier was Ca?*. The
lipid bilayer was held at 0 mV; channel recordings were obtained at 22 =
2°C. Current data were filtered at 400 Hz (—3 dB) using an eight-pole
low-pass Bessel type filter (902 LPF; Frequency Devices) and digitized at
2 kHz with a 12-bit analog-to-digital converter (Labmaster DMA inter-
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Figure2.

Representative current recordings of single RyR channels that displayed low, moderate, or high activity responses to cytoplasmic [Ca 2 * 1. ER vesicles were obtained from isolated brains

incubated in the absence of blood flow for 5 min at 37°C (ischemic) or at 4°C (controls). Five millimolar total glutathione with a GSH/GSSG ratio of 200:1 or 100:1 was added to all the solutions used
inthe ER isolation procedure for control and ischemic brains, respectively. Single-channel recordings were obtained with 4 mw total cis-glutathione in a GSH/GSSG ratio of 200:1 for control (top) or
100:1forischemic (bottom) brains. Average P, * values, calculated from at least 80 s of continuous recordings, are given at the top right of each trace. The lipid bilayer was held at 0 mV. Channels open

upward.

face; Scientific Solutions) using the commercial software Axotape (Mo-
lecular Devices).

Fractional open time (P,) values were computed using the commercial
software pClamp (Molecular Devices). According to their extent of acti-
vation by [Ca?*], channels were classified as low (P, < 0.1 atall [Ca®"]
tested), moderate (P, > 0.1 in the [Ca®"] range of 10-100 pum, with
reduction in P, at 500 um [Ca>*]), or high (P, near 1.0 between 3 and

500 um [Ca?™]) activity channels (Marengo et al., 1996; Bull et al., 2003,
2007). Because low and moderate activity channels gated with fast kinet-
ics between closed and open states, P, values (denoted as P_*) were
calculated as the ratio between the mean current of the entire channel
recording and the single-channel current amplitude measured in long-
lasting (>30 ms) fully open events (Bull et al., 2003).

Data expression and analysis. Data were expressed as mean * SE val-
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Figure 3.  Responses to cytoplasmic [Ca>"] of RyR channels from control (open symbols)
and ischemic (filled symbols) brains. Fractional open times (P,*) of low (circles), moderate
(triangles), and high (diamonds) activity channels are depicted as a function of free [Ca**].
Symbols and error bars depict mean and SE values, respectively. Continuous lines represent the
best nonlinear fits to the equation in Materials and Methods of all individual experimental data
values obtained for control channels with low, moderate, or high activity. All parameter values
obtained are displayed in Table 1.

ues, except when explicitly stated otherwise. Differences between mean
values were statistically analyzed using the Student’s ¢ test. Frequencies of
emergence of channels with different Ca®" responses in different ER
preparations were compared using the y test.

The function used to fit the Ca*>* dependence of single-channel P_*
values is given by the following general equation, which gives P_* values
asafunction of cis-[Ca " : P,* = {(P, ax X [Ca> ])/([Ca* "] + K,)} X
{K/([Ca*"] + K;)}. In this equation, P, . _corresponds to the theoret-
ical P, value of maximal activation by Ca®". K, and K; correspond to the
Ca*" concentrations for half-maximal activation and inhibition of chan-
nel activity, respectively. Nonlinear fitting was performed with the com-
mercial software SigmaPlot (Systat Software). To include the variability
of experimental data in the parameter values, curve fitting was performed
using the individual P_* values instead of the mean values obtained for
each experimental condition.

Materials. All reagents used were of analytical grade. Lipids were ob-
tained from Avanti Polar Lipids. Ryanodine, bovine serum albumin,
GSH, GSSG, and protease inhibitors (leupeptin, pepstatin A, benzami-
dine, trypsin inhibitor, and phenylmethylsulfonyl fluoride) were from
Sigma. NADPH and (*)-(E)-ethyl-2-[(E)-hydroxyimino]-5-nitro-3-
hexeneamide (NOR-3) were from Calbiochem, and lucigenin was from
Invitrogen. [ ’H]Ryanodine was from NEN Life Science Products.

Results

Temporal course of redox changes in brain cortex

during ischemia

During ischemia, the brain tissue is subject to important oxida-
tive stress (Lei et al., 1997; McManus et al., 2004). Accordingly, as
an index of the redox state present in rat brain cortex during the
absence of blood flow, we measured the ratio between the oxi-
dized and reduced forms of glutathione, the major brain redox
buffer couple (Dringen, 2000), and compared these values in
cerebral cortex homogenates obtained from brains incubated at
37°C or at 4°C (Fig. 1). The initial GSH/GSSG ratio, measured in
brain cortex homogenates obtained 2 min after suspension of
blood flow, fluctuated around 200 for both conditions. In ho-
mogenates from the cortex of brains kept at 4°C (Fig. 1, open
bars), the GSH/GSSG ratio remained close to this value during
the first 5 min of incubation, to decline afterward reaching a value
of 130 = 14 at 15 min. In contrast, only 5 min of incubation at
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Figure4. Frequency of incorporation of channels with low, moderate, or high activity from

ischemic or control brains. Depicted on each bar appear the number ( n) of channels displaying
either response to cytoplasmic [Ca™*] recorded from ER vesicle preparations obtained of isch-
emic or control brains. The frequencies of emergence of the three types of responses differed
between channels from ischemic and control brains ( p << 0.001).

Table 1. Fitting parameters for the three RyR channel responses

Calcium response Parameter K, (um) K (jum) Py max
Low Control 80+ 8 17+2 0.65°
Ischemic 80 =19 12=+3 0.65°
Moderate Control 10 +1° 60 =+ 8 1.0°
Ischemic 14 +3° 4+ 10
High Control 0.33 = 0.08° 2350° 1.0°
Ischemic 032 == 0.05° 2350° 10

Parameter values == SE were obtained by fitting to the equation in Materials and Methods all individual data
obtained with single channels from ischemic or control brains that displayed low, moderate, or high activity (see
legend for Fig. 3).

“Significant differences ( p = 0.001) between corresponding parameter values were found. Parameter values of
moderate activity channels from ischemic or control brains were compared with the respective values of low activity
channels. Values of high P, channels from ischemic or control brains were compared with the respective values of
moderate P, channels.

bParameter was fixed to the indicated value for data fitting (Bull et al., 2007).

37°C sufficed to decrease the GSH/GSSG ratio to 131 = 10; this
ratio remained constant at values ~130 for incubations of up to
15 min at 37°C (Fig. 1, filled bars). These results indicate that
lowering the temperature to 4°C delayed for >5 min the global
oxidative increase caused by ischemia. Accordingly, we used
brains incubated for 5 min at 37°C in the absence of blood flow as
a model of global ischemia, whereas brains incubated without
blood flow but maintained at 4°C for the same 5 min period were
used as controls. To maintain the redox state that prevailed in the
brain at the end of the 5 min incubation period, unless otherwise
stated, the isolation procedure of ER vesicles from ischemic or
control brains was performed using in all solutions GSH/GSSG
ratios of 100:1 or 200:1, respectively.

Calcium dependence of single RyR channels

The activity of RyR channels from ischemic or control brains was
recorded using GSH/GSSG ratios of 100:1 or 200:1 in the cyto-
plasmic compartment, respectively, to maintain the redox con-
ditions present at the end of the incubation period of the brains.
According to their response to cytoplasmic [Ca**], RyR channels
obtained from both control and ischemic ER preparations were
readily classifiable into low, moderate, or high activity channels.
Representative current recordings taken from individual experi-
ments showing the different responses to [Ca*"] of channels
from control and ischemic brains are illustrated in Figure 2,
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Figure 5.

Response to cytoplasmic [Ca®"] of single RyR channels measured sequentially at GSH/GSSH ratios of 200:1 and
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trol ER vesicles, their frequencies of emer-
gence were quite different (Fig. 4). RyR
channels from control ER displayed most
frequently the low activity response
(58%), followed by the moderate (37%)
and high (5%) activity responses, whereas
channels from ischemic ER displayed most
frequently the moderate activity (48%),
followed by the low (27%) and high (25%)
activity responses.

To test whether these changes were at-
tributable to the use of different GSH/
GSSG ratios during isolation of control or
ischemic brains, we isolated ER vesicles
from control brains (4°C) using a GSH/
GSSG ratio of 100:1. Of the 27 channels
recorded from three preparations, 63%
displayed the low, 33% the moderate, and
4% the high activity behavior when using a
cytoplasmic GSH/GSSG ratio of 100:1.
This distribution was the same as that en-
countered with the usual control prepara-
tion (p = 0.856) and differed from the
distribution obtained with ER vesicles
from ischemic brains ( p = 0.003). More-
over, single RyR channels from ER prepa-
rations from control or ischemic brains
that displayed low or moderate activity
when recorded with a GSH/GSSG ratio of
200:1 preserved in each case their P,* val-
ues after changing the GSH/GSSG ratio
during recording to 100:1 (Fig. 5). There-
fore, ischemia induced a marked change in
the emergence of the different channel re-
sponses: it reduced the fraction of low ac-
tivity channels from 58 to 27% and in-
creased the fraction of high activity
channels from 5 to 25%.

P, =003

100:1. Recordings showing single-channel activity from control () and ischemic (B) brains were obtained at the indicated

cytoplasmic free [Ca® 1. Each channel was first recorded using a GSH/GSSG ratio of 200:1in the cis-compartment (left traces) and
after changing ¢is-GSH/GSSG ratio to 100:1 (right traces). Average P * values, calculated from at least 120 s of continuous
recordings, are given at the top right of each trace. The lipid bilayer was held at 0 mV. Channels open upward.

whereas the Ca”" dependence of the average P * values are de-
picted in Figure 3. As illustrated in Figures 2 and 3, the three
responses to Ca>* displayed by RyR channels from both control
and ischemic brains were analogous. Moreover, curve fitting of
the data obtained with single RyR channels with the same Ca**
response from either ischemic or control brains yielded similar
parameter values (Table 1) ( p > 0.09), showing that each one of
the three types of response to Ca** was undistinguishable be-
tween channels from ischemic or control ER vesicles. The appar-
ent affinities for activation and inhibition by Ca** were different,
however, for each channel type (Table 1). Low activity channels
displayed significantly higher K, values than moderate activity
channels, whereas moderate activity channels exhibited higher K,
values than high activity channels. Conversely, the K; values for
low activity channels were lower than those exhibited by moder-
ate activity channels. The K; values for high activity channels were
>1 mM and could not be accurately determined because the high-
est [Ca”"] used in our experiments was 0.5 mm (Table 1, Fig. 3).

Albeit the three types of response to cytoplasmic Ca*" were
undistinguishable for single RyR channels from ischemic or con-

RyR isoforms present in the ER of rat
brain cortex

Figure 6 A shows that specific antibodies to
the different RyR isoforms recognized
only two high molecular bands in ER vesicles from rat brain
cortex. The RyR2-specific antibody recognized a band that mi-
grated as cardiac RyR2, whereas the RyR3-specific antibody rec-
ognized a different band that migrated to a lower molecular mass
position (Jeyakumar et al., 1998). The RyR1 isoform was not
detected in our ER preparation, because the general antibody that
recognizes both RyR1 and RyR2 only interacted with the band
that corresponded to RyR2, which migrated more that the skele-
tal muscle RyR1 isoform. Western blot analysis revealed de-
creased RyR2 and RyR3 bands in ischemic when compared with
control ER preparations (Fig. 6 B), with reduced reactivity to an-
tibodies raised against RyR2 or RyR3 (Fig. 6C). In agreement with
these antibody results, the RyR2 and RyR3 protein bands stained
with Coomassie blue displayed lower intensities in ischemic rel-
ative to control brains (Fig. 7A). Ischemia decreased RyR2 and
RyR3 content to 68 * 8 and 49 = 8% of their respective control
values (Fig. 7B) ( p < 0.05); both reductions were of similar mag-
nitude ( p = 0.17). Total RyR content (RyR2 + RyR3) was lower
(p = 0.01) in ischemic (1.7 = 0.1) than in control (2.7 * 0.2)
brains. RyR3 represented ~V4 of the total RyR content in both
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control (29 = 6%) and ischemic (23 *
3%) cortical ER (Fig. 7B) (p = 0.38).

Coomassie Blue
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RvR1 + RyR2 RyR2 RvR3

As an independent method to evaluate
total RyR content in cortical ER vesicles,
we measured the binding density of
[°H]ryanodine, a plant alkaloid that pref-
erentially binds to open RyR channels.

Bl = — —
RyR3 —

(250 kDa)— =

Under conditions of maximal channel ac- SM
tivation, ischemia reduced [ *H]ryanodine

binding density from 0.63 * 0.05

pmol/mg (obtained with five independent B

control ER vesicle preparations) to 0.41 =

CM BC SM

RyR2

CM BC SM CM BC SM CM BC

R"R.S : Control

0.04 pmol/mg (n = 7; p = 0.01). There-
fore, [*H] binding from ischemic ER was
65 * 12% of control ER, a value compara-
ble with the decrease caused by ischemia
(63 = 9%) in total RyR (RyR2 + RyR3)
protein band densities.

RYR3I—)| w

(250 KDa)=—|

(130 kDa)— E

SH modification of cortical

RyR2—)| s ES ]

B ischemic

1.0 4

RyR isoforms C

Our current findings show that ischemia
increased the oxidative cellular tone and
favored the appearance of channels dis-
playing higher activation by Ca**. Ac-
cordingly, we evaluated the redox state of
the two RyR isoforms present in ischemic
and control brains. As illustrated in Figure
8, ischemia increased significantly RyR2
S-glutathionylation and S-nitrosylation
(p = 0.01) but did not modify the endog-
enous levels of RyR3 S-glutathionylation
and S-nitrosylation ( p > 0.14).

In the presence of 0.1 mM NADPH and 0.1 mM total glutathi-
one (GSH/GSSG ratio of 200:1), ER vesicles isolated from control
brains produced superoxide anion during at least 5 min of incu-
bation and ata constant rate of 64 == 8 nmol * mg ™' - min "' (n =
4). To reproduce in vitro the SH modifications of RyR found
during ischemia, we preincubated control ER vesicles with agents
that selectively promote either S-glutathionylation or
S-nitrosylation. For this purpose, we incubated control ER vesi-
cles for 3 min at 30°C with NADPH, which, acting as a substrate
for the NADPH oxidase, enhances RyR2 S-glutathionylation in
cardiac SR vesicles (Sanchez et al., 2005). As shown in Figure 9,
NADPH increased S-glutathionylation levels of RyR2 and RyR3,
whereas the endogenous S-nitrosylation levels of both isoforms
remained unchanged. In five independent experiments in which
ER vesicles were preincubated with NADPH, RyR channels re-
sponded to cytoplasmic [Ca*"] with moderate or high activity;
low activity channels were not observed. Moderate activity chan-
nels displayed, as usual, maximal P, values of 0.60 * 0.18 at 10
uM [Ca*"] and were inhibited at 500 um [Ca®"] (P, of 0.11 =
0.06), whereas high activity channels reached maximal P, values
0f0.95 * 0.02 (mean * range; n = 2) at 10 um [Ca**] and were
not inhibited at 500 um [Ca®*] (P, = 0.81 * 0.13; n = 2). As
shown in Table 2, 60% of the channels responded to Ca’" with
moderate activity and 40% with high activity; thus, single low
activity channels, the most frequent channel response observed
in control ER, were not observed after incubation with NADPH.
This distribution resembles that found in ischemic ER and differs
clearly ( p = 0.003) from that displayed by control ER (Table 2).

Preincubation of control ER for 5 min at 25°C with 100 um
NOR-3 as NO donor increased by 1.5 = 0.2-fold (mean * range;

Figure 6.

Relative RyR isoform content

0.0

RyR2 RyR3

Presence of different RyR isoforms in ER vesicles. 4, Proteins bands of SR from skeletal (SM) and cardiac (CM) muscle
and ER from rat brain cortex (BC) were separated by gel electrophoresis and electrotransferred to a PYDF membrane (for details,
see Materials and Methods). Reactivity to antibodies that recognize RyR1 together with RyR2 (RyR1 + RyR2), RyR2, or RyR3 are
shown. After exposure to the different antibodies, the membrane was stained with Coomassie blue to reveal protein bands (first
left blot). B, Reactivity of ER vesicles isolated from control (C) and ischemic (1) brain cortex to specific RyR2 or RyR3 antibodies. A
Coomassie blue-stained membrane for control ER vesicles is shown on the left side. , The RyR2 and RyR3 contents in ER of control
and ischemic brains were estimated from Western blot analysis; values were normalized by their respective controls. *p << 0.05,
content differed from the corresponding control.

Table 2. Number of low, moderate, and high activity channels incorporated from
ER vesicles

Calcium response
Condition Low Moderate High
Control 64 41 6
Ischemic* 14 25 13
NADPH* 0 3 2
NOR-3 2 2 0

Single RyR channels recorded after fusion of ER vesicles obtained from control or ischemic brains and of ER vesicles
from control brains preincubated with NADPH or NOR-3. *p << 0.005, the distribution of channel responses differed
significantly from control.

n = 2) RyR2 S-nitrosylation levels but did not modify RyR3
endogenous levels (1.1 = 0.3; n = 2). However, the frequency of
obtaining the different RyR channel responses to Ca** did not
change; 50% of the channels displayed low activity and 50%
moderate activity, and no high activity channel was recorded
(Table 2).

ER vesicles isolated from brains not subjected to a preincuba-
tion period without blood flow and isolated using 5 mm DTT
during all isolation steps displayed negligible endogenous RyR
SH modifications (Fig. 9C). The frequencies of emergence of the
three responses to Ca’™ after fusion of ER isolated with DTT (77,
22, and 1% for low, moderate, and high activity channels, respec-
tively) (Bull et al., 2007) differs from the frequencies found here
with control ER isolated using physiological GSH/GSSG ratios
(p = 0.02). The very low endogenous levels of S-glutathiony-
lation and/or S-nitrosylation displayed by the RyR isoforms
present in ER isolated with DTT may underlie their lower degree
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Figure7. Ischemiareduced contentof RyRisoformsin cortical ER. 4, Coomassie blue-stained
PVDF membrane. Each lane corresponds to different independent control or ischemic ER vesicle
preparations. The density of the band, marked with an asterisk, was used to normalize the RyR2
and RyR3 bands in each lane. B, Mean == SE values of normalized RyR2 and RyR3 contents in ER
vesicles obtained from control or ischemic brains are depicted. *p << 0.05, values obtained in
ischemic ER differed significantly from that obtained in control ER. *p < 0.01, RyR3 content
differed from the corresponding RyR2 value.

of Ca*" activation when compared with RyR channels from con-
trol ER used in the present work.

Discussion

Summary of main findings

In a rat model of global cerebral ischemia without recirculation,
we show, for the first time, that 5 min of ischemia increased
fivefold the probability of finding RyR channels that displayed
high activity in response to cytoplasmic Ca*" when compared
with controls, which seldom yielded high activity channels. Isch-
emia reduced the GSH/GSSG ratio (from ~200 to ~130) in the
isolated tissue and decreased by 32 and 51% the density of the
RyR2 and RyR3 protein bands, respectively. Ischemia also en-
hanced RyR2 redox modifications by increasing at least twofold
its S-glutathionylation and S-nitrosylation levels over the endog-
enous values but did not modify the endogenous levels of RyR3
S-glutathionylation and S-nitrosylation relative to the control.
Incubation of control vesicles with NADPH, which increased
only S-glutathionylation levels of RyR2 and RyR3, yielded only
moderate or high activity channels. On the contrary, although
incubation of control ER with NOR-3 increased RyR2
S-nitrosylation, the frequencies of emergence of the different
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channel responses to Ca®" did not change when compared with
untreated controls.

Brain tissue redox state during ischemia

The GSH/GSSG ratios of ~200 found in brains exposed to 37°C
or 4°C for 2 min are within the range of values reported previ-
ously in brains from normal young rats (Lipton et al., 2003;
Calabrese et al., 2004). The maintenance of GHS/GSSG ratios of
~200 for at least 5 min at 4°C strongly suggests that brain incu-
bation at low temperature prevents the change in global cellular
redox state produced by our model of cerebral ischemia, proba-
bly by reducing free radical formation (Lei et al., 1997; McManus
et al., 2004). Therefore, the preservation of a highly reduced in-
tracellular environment may explain, at least in part, the neuro-
nal protection afforded by hypothermia applied during an isch-
emic insult and reported previously for both in vivo and in vitro
models (Lei et al., 1997; McManus et al., 2004). The maintenance
of the GSH/GSSG ratio at values of ~130, without additional
decrease, observed both at 37°C and 4°C after 15 min in the
absence of blood flow, may be explained by decreased ROS pro-
duction caused by tissue oxygen depletion (Teilum et al., 2007).

Enhanced response of single RyR channels to cytoplasmic
[Ca®™"] after ischemia

Ischemia did not produce a new channel response to Ca** but
increased markedly the relative frequency of appearance of single
RyR channels with high activity. As discussed below, this increase
is possibly the result of RyR redox modifications, which are
known to modify RyR activity (Donoso et al., 2000; Eu et al.,
2000; Xia et al., 2000; Pessah et al., 2002; Aracena et al., 2003). In
particular, oxidation or alkylation of critical SH residues with
dithiodipyridine or thimerosal, respectively, causes single RyR
channel from rat brain cortex to display higher degrees of activa-
tion in response to Ca?* (Marengo et al., 1998; Bull et al., 2003,
2007).

RyR isoforms present in rat brain ER

In accordance with previous findings in rabbit and bovine brain
cortex (Giannini et al., 1995; Murayama and Ogawa, 1996), ER
vesicles from rat brain cortex contained the RyR2 and RyR3 iso-
forms. As reported in brain tissue obtained from other mammals
(Furuichi et al., 1994), RyR2 was the most abundant isoform
present in rat brain cortex; however, RyR3 represented ~30% of
the total RyR protein content, a value higher than expected based
on Northern blot analysis (Giannini et al., 1995). Ischemia pro-
moted in only 5 min a reduction in the content of both RyR
isoforms in cortical vesicles. The decrease in [° H]ryanodine
binding to ER isolated from ischemic brains found in this work
agrees with a report showing that 15 min of cerebral ischemia
reduce by ~30% [’H]ryanodine binding to gerbil hippocampal
CALl neurons (Nozaki et al., 1999). Noteworthy, and in agree-
ment with the current results, after 50 min of ischemia, SR vesi-
cles isolated from dog myocardium also exhibit increased activa-
tion by Ca®" of RyR2 channels concurrently with ~50%
decreased RyR2 content (Domenech et al., 2003). Although we
did not explore here the mechanisms responsible for the fast
reduction in vesicular RyR content, ischemic conditions may en-
hance their degradation by the proteasome (Mackrill, 1998). The
reduction in RyR content may reflect a compensatory cellular
mechanism to counteract the considerable increase in RyR chan-
nels with high activity.
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SH modification of RyR isoforms
As reported previously, ischemia increases
the production of ROS and reactive nitro-
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sources of ROS that are activated by isch-
emia. Hydrogen peroxide, synthesized
from superoxide anion during ER incuba-
tion with NADPH, could lead to
S-glutathionylation of RyR isoforms in the
presence of glutathione via a sulfenic acid
residue intermediate (Bindoli et al., 2008).
In fact, hydrogen peroxide produces S-glutathionylation of RyR
in hippocampal neurons in culture and in skeletal SR vesicles
incubated in the presence of glutathione (Aracena et al., 2005;
Kemmerling et al., 2007).

Correlation between RyR redox modifications and
Ca’* activation
Increased RyR2 S-glutathionylation correlated with the en-
hanced emergence of high activity channels, as seen in RyR from
ischemic ER and control ER preincubated with NADPH. In con-
trast, increased S-nitrosylation of RyR2 by NOR-3 did not change
the frequency distribution of channel responses to Ca’”"
Therefore, we propose that ischemia-induced RyR2
S-glutathionylation underlies the increased emergence of high
activity RyR channels and the accompanying reduction of low
activity channels. This proposal is further supported by the low
S-glutathionylation level of RyR2 in ER vesicles isolated with
DTT, which display with higher frequency low activity channels
and with very low frequency the high activity channels (Bull et al.,
2007) when compared with RyR from ER isolated from brains
exposed to brief interruption of blood flow at 4°C.

Because RyR2 represents >70% of total RyR content in corti-
cal ER, ischemia-induced S-glutathionylation of RyR2 may be
sufficient to explain the changes in the frequencies of emergence

Figure 8.  S-Glutathionylation and S-nitrosylation of RyR isoforms during ischemia. A, Representative Western blots in ER
vesicles obtained from control or ischemic brains probed with anti-GSH or anti-nitrosocysteine (SNO). Membranes were stripped
and sequentially probed with anti-RyR2 and anti-RyR3 antibodies as detailed in Materials and Methods. B, Mean == SE values of
normalized S-glutathionylation (anti-GSH/anti-RyR isoform) and S-nitrosylation (anti-SNO/anti-RyR isoform) calculated from
blots like those shown in A. *p << 0.05.

of the Ca®" responses. We cannot exclude, however, the possible
involvement of other redox modifications in the increased re-
sponse to Ca>" of RyR channels from ischemic brains such as the
formation of disulfide bonds in RyR tetramers. The shift from
low to moderate and from moderate to high activity responses of
single channels during ischemia could reflect an allosteric
increase, presumably attributable to enhanced RyR2
S-glutathionylation, in the affinity of Ca®" binding to activation
sites (reduced K, values), associated with a decreased binding
affinity of Ca>* to inhibitory sites (increased K; values). These
interpretations agree with the effects of S-glutathionylation re-
ported in skeletal RyR1 (Hidalgo et al., 2002; Aracena et al.,
2003). In summary, the present results further support the hy-
pothesis that the three Ca" responses exhibited by RyR channels
arise from discrete redox states of the channel protein (Marengo
et al., 1998); higher responses could be favored by physiological
or pathological cellular production of reactive species.

Pathophysiological consequences

In our study, only 5 min of global ischemia increased consider-
ably the fraction of RyR channels highly activated by micromolar
cytoplasmic [Ca**], an effect presumably attributable to en-
hanced RyR2 S-glutathionylation. The importance of our results
resides in the fact that, at the concentrations of Mg2+ and ATP
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present in the cytoplasm, only high activity channels, such as
those that preferentially emerged during ischemia, are suffi-
ciently activated by Ca®" to sustain CICR (Bull et al., 2007).
Previous experiments, showing that RyR inhibition with dan-
trolene reduces the sustained [Ca**] increase and the subsequent
neuronal death in animal models of ischemia, support the hy-
pothesis that RyR channels mediate CICR during ischemia
(Frandsen and Schousboe, 1991; Zhang et al., 1993; Wei and
Perry, 1996; Yano et al., 2001; Clodfelter et al., 2002; Nakayama et
al., 2002; Li et al., 2005). We propose that local production of
reactive species caused by ischemia initially increases markedly
the high activity response of RyR channels by S-glutathionylation
of RyR2 and thus facilitates RyR-mediated CICR in brain cortex
and steadily amplifies the cytoplasmic [Ca*™ ] increase produced
by ischemia-enhanced Ca** entry. A subsequent decrease in total
RyR mass (~35%) would only partially counteract RyR-
mediated amplification of Ca®" entry signals. Moreover, RyR-
amplified [Ca®"] increase during 2-3 min could play a role in
cerebral preconditioning, because cytoplasmic [Ca*"] increases
and ROS have been implicated in the delayed ischemic tolerance
induced by short periods of brain ischemia (Nandagopal et al.,
2001; Tauskela and Morley, 2004; Furuichi et al., 2005; Pérez-
Pinzon et al., 2005). However, a period of 5 min of ischemia that
usually produces irreversible neuronal damage (Tauskela and
Morley, 2004) may contribute to promote cell death through
enhanced RyR-mediated CICR.

S-Glutathionylation and S-nitrosylation of RyR isoforms. A, Representative Western blots in control ER vesicles
incubated for 3 min at 30°C without (Control) or with 100 rum NADPH and probed with anti-GSH (left) or anti-nitrosocysteine
antibody (Anti-SNO, right). Membranes were stripped and sequentially probed with anti-RyR2 and anti-RyR3 antibodies, as
detailed in Materials and Methods. B, Mean == SE value of normalized S-glutathionylation (anti-GSH/anti-RyR isoform) and
S-nitrosylation (anti-SNO/anti-RyR isoform) calculated from blots like those shown in A. C, Representative Western blots of ER
vesicles isolated with DTT from brains not preincubated without blood flow or isolated with GSH/GSSG (GSH) from control brains
preincubated at 4°C for 5 min, and probed with anti-GSH (left) or anti-SNO (right). Membranes were stripped and sequentially
probed with anti-RyR2 and anti-RyR3 antibodies as detailed in Materials and Methods. *p << 0.05.
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