
Acta Pharmacologica Sinica  (2014) 35: 1375–1384
© 2014 CPS and SIMM    All rights reserved 1671-4083/14  $32.00
www.nature.com/aps

npg

Ryanodine receptor 2 contributes to hemorrhagic 
shock-induced bi-phasic vascular reactivity in rats
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Aim: Ryanodine receptor 2 (RyR2) is a critical component of intracellular Ca2+ signaling in vascular smooth muscle cells (VSMCs).  The 
aim of this study was to investigate the role of RyR2 in abnormal vascular reactivity after hemorrhagic shock in rats.
Methods: SD rats were hemorrhaged and maintained mean arterial pressure (MAP) at 40 mmHg for 30 min or 2 h, and then superior 
mesenteric arteries (SMA) rings were prepared to measure the vascular reactivity.  In other experiments, SMA rings of normal rats and 
rat VSMCs were exposed to a hypoxic medium for 10 min or 3 h.  SMA rings of normal rats and VSMCs were transfected with siRNA 
against RyR2.  Intracellular Ca2+ release in VSMCs was assessed using Fura-2/AM.
Results: The vascular reactivity of the SMA rings from hemorrhagic rats was significantly increased in the early stage (30 min), but 
decreased in the late stage (2 h) of hemorrhagic shock.  Similar results were observed in the SMA rings exposed to hypoxia for 10 min 
or 3 h.  The enhanced vascular reactivity of the SMA rings exposed to hypoxia for 10 min was partly attenuated by transfection with 
RyR2 siRNA, whereas the blunted vascular reactivity of the SMA rings exposed to hypoxia for 3 h was partly restored by transfection 
with RyR2 siRNA.  Treatment with the RyR agonist caffeine (1 mmol/L) significantly increased Ca2+ release in VSMCs exposed to 
hypoxia for 10 min or 3 h, which was partially antagonized by transfection with RyR2 siRNA.
Conclusion: RyR2-mediated Ca2+ release contributes to the development of bi-phasic vascular reactivity induced by hemorrhagic shock 
or hypoxia.
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Introduction
Vascular reactivity to vasoconstrictors, including norepineph-
rine (NE) and angiotensin II (Ang II), is significantly changed 
after severe trauma and shock (hemorrhagic or endotoxic)[1].  
Our previous studies have shown that vascular reactivity to 
vasoconstrictors increases in the early phase and decreases sig-
nificantly during late stage following hemorrhagic shock (also 
called bi-phasic reactivity)[2].  However, the possible mecha-
nisms involved in the development of vascular bi-phasic reac-
tivity after shock remain largely unknown.

Ca2+ release from the sarcoplasmic reticulum (SR) and the 
sensitivity of the contractile apparatus of vascular smooth 
muscle cells (VSMCs) to Ca2+ are the two major mechanisms 
that underlie the regulation of vascular reactivity to vasoac-
tivators and vascular tone, which is critical for maintaining 
peripheral blood pressure and sustaining tissue perfusion.  
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There are two types of Ca2+ release regulation receptors 
located in the SR: the inositol triphosphate-sensitive recep-
tor (IP3R) and ryanodine-sensitive receptors (RyRs)[3].  Under 
normal conditions, NE-induced vasoconstriction associated 
with both the increased IP3R-mediated Ca2+ release in VSMCs 
and the blunted RyR-mediated Ca2+ release[4].  Our previous 
research showed that it was RyR-mediated Ca2+ release but 
not IP3R-mediated Ca2+ release from the SR in VSMCs that 
played a central role in the development of vascular dysfunc-
tion after hemorrhagic shock[5].  Three subtypes of RyR recep-
tors (RyR1, RyR2, and RyR3) located in the SR of VSMCs have 
been demonstrated to be closely associated with the regulation 
of vascular tension[6, 7].  It has been well documented that RyR2 
is broadly distributed within the SR in VSMCs and that RyR2-
mediated Ca2+ release is over-activated in ischemic/hypoxic 
VSMC injury[8].  Because ischemic/hypoxic cellular injury is 
one of the most prominent pathophysiologic mechanisms fol-
lowing hemorrhagic shock, RyR2-mediated Ca2+ release in 
VSMCs may be over-activated in VSMCs after hemorrhagic 
shock.
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Although the activation of RyR2 results in Ca2+ release from 
the SR in VSMCs, its regulation on vascular tone is controver-
sial.  Studies have shown that the activation of RyR2-mediated 
Ca2+ release resulted in vasoconstriction[9] through the Ca2+/
CaM-dependent myosin light chain (MLC) kinase (MLCK) 
pathway[10].  Other studies have reported that RyR2-evoked 
Ca2+ release could activate Ca2+-dependent potassium (BKCa) 
channels, which negatively regulate vasoconstriction.  In addi-
tion, RyR2-evoked Ca2+ release has been shown in our previ-
ous reports to be involved in the development of vascular 
hyporeactivity in the late stage after hemorrhagic shock[11–13].  
Based on this evidence, we further hypothesized that RyR2 
may be engaged in the occurrence of vascular bi-phasic reac-
tivity at different stages after hemorrhagic shock.

In the current study, the superior mesenteric artery (SMA) 
was selected as a model for elucidating the role of RyR2 in the 
development of vascular bi-phasic reactivity after hemorrhagic 
shock.  SMAs from a hemorrhagic shock rat model, hypoxia-
treated SMA rings and hypoxic VSMCs were used to observe 
the changes of RyR2-evoked Ca2+ release from the SR and its 
role in the development of vascular bi-phasic reactivity at dif-
ferent stages after hemorrhagic shock.  To our knowledge, this 
is the first report about the role of RyR2 in the development of 
vascular bi-phasic reactivity to NE after hemorrhagic shock in 
rats.

Materials and methods
This study was approved by the Research Council and Animal 
Care and Use Committee of the Research Institute of Surgery, 
Daping Hospital, the Third Military Medical University.  All 
experiments conformed to the guidelines of ethical use of ani-
mals, and all efforts were made to minimize animal suffering 
and to reduce the number of animals used.  

Drugs and reagents 
The RyR agonists caffeine (Caf) and pentobarbital sodium 
were purchased from Sigma Co (St Louis, MO, USA).  
L-glutamine and penicillin-streptomycin were purchased 
from Gibco Co (BRL Co, Ltd, USA), and RyR2 siRNA, control 
siRNA and the siRNA transfection reagent were purchased 
from Santa Cruz (Dallas, TX, USA).  Norepinephrine (NE) was 
obtained from Shanghai Harvest Pharmaceutical Co (Shang-
hai, China).  The illustra QuickPrep Micro mRNA Purification 
Kit was obtained from GE Healthcare (Little Chalfont, UK), 
SuperScript III Reverse Transcriptase was obtained from Invi-
trogen/Life Technologies (Grand Island, NY, USA), and Taq 
DNA polymerase was obtained from Takara (Dalian, China).  
Fura-2/AM was obtained from Beyotime Institute of Biotech-
nology (Haimen, China), and Dulbecco’s modified Eagle’s 
medium (DMEM)/F12 and fetal bovine serum were obtained 
from HyClone Co (Logan, UT, USA).  

Surgical procedures and preparation of a hemorrhagic shock 
model
A hemorrhagic shock rat model was established in our previ-
ous reports[5].  Briefly, Sprague-Dawley (SD) rats (210–230 g) 

provided by the Animal Center of the Research Institute of 
Surgery, the Third Military Medical University (Chongqing, 
China) were anesthetized with pentobarbital sodium (40 
mg/kg, iv).  Then, the right femoral artery was catheterized 
with a polyethylene catheter for monitoring the mean arte-
rial pressure (MAP) and bleeding.  The catheter was filled 
with normal (0.9%) saline containing 30 U/mL of heparin to 
prevent clot formation.  The rats were hemorrhaged and main-
tained at 40 mmHg of MAP for 30 min or 2 h.  

Preparation of VSMCs
VSMCs were obtained as previously described[2].  Briefly, SD 
rats were anesthetized using pentobarbital solution, and the 
SMA was removed under sterile conditions and washed sev-
eral times in phosphate-buffered saline (PBS, mmol/L: NaCl 
154, Na2HPO4·12H2O 19.5, NaH2PO4·2H2O 3.6, pH 7.4) to 
remove excessive blood cells and connective tissues.  Next, the 
endothelium was gently scraped, and the tissues were gen-
tly cut into 0.2 mm×0.2 mm pieces.  Each piece of tissue was 
placed in a culture bottle.  Then, DMEM/F12 culture medium 
supplemented with inactivated 10% fetal bovine serum, strep-
tomycin (100 μg/mL) and penicillin (100 U/mL) were added.  
Cultures were incubated in a humidified atmosphere of 5% 
CO2 and 95% air at 37 °C.  

Hypoxia treatment
The hypoxia treatment of VSMCs or vascular rings was con-
ducted as previously reported[2, 14].  Briefly, VSMCs (3×105 per 
well) or cultured vascular rings were placed into a hypoxia 
culture compartment that was bubbled into an atmosphere of 
95% N2 and 5% CO2 at 10 L/min for 10 min and then equili-
brated for 10 min.  This procedure was repeated four times 
until the oxygen concentration in the culture compartment 
was less than 0.2%.  In the control experiments, the tissues or 
cells were treated as above but were exposed to a normoxic 
medium.  The hypoxia time was based on the experimental 
design.  

RNA interference in VSMCs
The technique for the suppression of RyR2 expression in rat 
VSMCs using siRNA against RyR2 has been described previ-
ously[15].  Briefly, VSMCs at 80% confluence were transfected 
with RyR2 siRNA using transfection reagent in DMEM/ 
F12 without FBS.  The negative control or RyR2 siRNA was 
dissolved at 100 nmol/L in 100 mL of serum-free culture 
medium, mixed with 8 mL of transfection reagent, and incu-
bated for 10 min at room temperature.  The mixture was then 
added to the cultures with 0.9 mL of the culture medium, 
which resulted in a final siRNA concentration of 10 nmol/L.  
Fresh growth medium was added 6 h after transfection, and 
the experiments were performed after 48 h.  Cell viability was 
tested by MTT assays, and the knockdown of RyR2 was con-
firmed by RT-PCR and immunocytochemistry.

RNA interference and reverse permeabilization in SMA rings
To downregulate the expression of RyR2 in an isolated SMA 
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ring, RNA interference and reverse permeabilization was con-
ducted to introduce control siRNA or RyR2 siRNA molecules 
into intact SMA rings, as previously report[16].  Briefly, RyR2 
siRNA and control siRNA were dissolved at a concentration of 
20 μmol/L in siRNA suspension buffer, following the manu-
facturer’s instructions.  To permeabilize the arteries, segments 
were first incubated for 20 min at 4 °C in the following solu-
tion (in mmol/L): 120 KCl, 2 MgCl2, 10 EGTA, 5 Na2ATP, and 
20 TES (pH 6.8).  Arteries were then placed in a similar solu-
tion containing siRNA (final concentration: 10–50 nmol/L) for 
3 h at 4 °C and transferred to a third siRNA-containing solu-
tion with elevated MgCl2 (10 mmol/L) for 30 min at 4 °C.  For 
reverse permeabilization, the arteries were placed in a MOPS-
buffered physiological siRNA-containing solution consisting 
of (in mmol/L) 140 NaCl, 5 KCl, 10 MgCl2, 5 glucose, and 2 
MOPS (pH 7.1, 22 °C) for 30 min at room temperature.  After 
the reverse permeabilization procedures, the arteries were 
organ cultured for 2–3 d in DMEM/F12 culture medium sup-
plemented with 2 mmol/L L-glutamine and 0.5% penicillin-
streptomycin.  The arteries were then used for evaluating 
RyR2 siRNA transfection efficiency by RT-PCR or for the 
detection of vascular reactivity to NE after hypoxic treatment.

RyR2 RT-PCR 
Poly(A)+ RNA was extracted from VSMCs using the illustra 
QuickPrep Micro mRNA Purification Kit and served as the 
template for cDNA synthesis with SuperScript III Reverse 
Transcriptase.  The cDNA obtained was then amplified by RT-
PCR with Taq DNA polymerase.  The primer pairs used were 
5’-TCCAGCGATACTGCTAAAGTGACC-3’/5’-TGCATC-
GCTGAAATCTAGTGCAGC-3’ for RyR2 and 5’-TTCTA-
CAATGAGCTGCGTGTGG-3’/5’-ACACAGAGTACTTGC-
GCTCAGGA-3’ for β-actin.  The PCR conditions were as 
follows: an initial denaturation at 95 °C for 2 min, 40 cycles of 
amplification [95 °C for 30 s, 50 °C (RyR2) or 58 °C (β-actin) for 
30 s, 72 °C for 50 s], and a final extension at 72 °C for 7 min.  
The PCR products were electrophoresed in 1.5% agarose gel 
and stained with ethidium bromide, as previously reported[17].

Immunocytochemistry 
Cells transfected with RyR2 siRNA were washed with 0.01 
mol/L PBS 3 times and fixed with 4% paraformaldehyde in 
PBS for 10 min at room temperature.  Cells were then rinsed 
twice with PBS, incubated with PBS containing 0.5% Triton 
X-100 for 5 min, and then washed again 3 times.  The cells 
were blocked with 0.1% BSA in PBS for 1 h and then incubated 
with primary anti-RyR2 monocolonal antibody at a dilution 
of 1:50 overnight at 4 °C.  After being washed 3 times with 
PBS, the cells were incubated with a FITC-tagged secondary 
antibody at a dilution of 1:100 in PBS at room temperature 
(20–25 °C) for 1 h.  Immunofluorescence images were obtained 
using a laser scanning confocal microscope (Fluoview 1000, 
Olympus, Japan).  Excitation of FITC was accomplished by 
illumination at 488 nm, and the emission was collected using a 
variable band-pass filter set at 500–540 nm.

Measurement of [Ca2+] 
To observe the RyR-mediated Ca2+ release from the SR, cul-
tured VSMCs from the SMA were loaded with the fluorescent 
Ca2+ indicator dye Fura-2/AM (5 μmol/L) in normoxic PSS at 
room temperature (20–25 °C) for 30 min, followed by washing 
three times with dye-free PSS.  The fluorescent dye was alter-
natively excited at 340 nm and 380 nm, and the emitted fluo-
rescence was detected at 510 nm using a silicon-intensified-
target video camera (C2400-8, Japan) and then digitized by an 
image processor.  The background signal was corrected by the 
fluorescence recorded in either non-cell regions.  The Fura-2 
ratio corrected for background fluorescence was converted 
to [Ca2+] by the ratio between the two excitation wavelengths 
(340 and 380 nm).  Because of the recognized uncertainties 
inherent to the measurement of absolute [Ca2+], the results are 
expressed as the R340/380 nm fluorescence ratio throughout 
this study.

Measurement of vascular contraction 
Each arterial ring from the superior mesenteric rat artery 
was stretched to a passive force (preload) of approximately 
0.6 g preload and equilibrated for 2 h in normal Krebs solu-
tion (in mmol/L: 118 NaCl, 4.7 KCl, 1.03 KH2PO4, 1.4 MgSO4, 
25 NaHCO3, 2.2 CaCl2 and 11.5 glucose, pH 7.3) or Ca-free 
K-H solution (substituting MgCl2 for CaCl2 in the Krebs solu-
tion and adding 0.2 mmol/L EGTA).  Next, the solution was 
bubbled with 97% O2 and 3% CO2.  The contractile response of 
each artery ring to NE was recorded by a Powerlab polygraph 
(AD instrument, Castle Hill, Australia) through a force trans-
ducer.  NE was added cumulatively from 10-9 to 10-5 mol/L.  
The contractile force of each artery ring was calculated as the 
change of tension per mg tissue (g/mg).  The NE cumulative 
dose-response curve and the maximal contraction induced by 
10-5 mol/L NE (Emax) were used to evaluate the vascular reac-
tivity to NE.

Changes of the vascular reactivity to NE from hemorrhagic shock 
rat and hypoxia-treated SMA
Vascular rings from hemorrhagic shock rat 
To exclude the neural and humoral interferences in vivo and 
to observe the changes in vascular reactivity to NE after hem-
orrhagic shock in rats, 48 rings (2–3 mm in length) from the 
SMAs of rats subjected to hemorrhagic shock (40 mmHg, 
30 min or 2 h) or sham-operated control rats were random-
ized into 3 groups (n=8/group): control, 30-min hemorrhagic 
shock, and 2-h hemorrhagic shock.  The contractile response 
of each artery ring to NE was recorded in normal K-H solution 
with 2.2 mmol/L [Ca2+] or in Ca2+-free K-H solution.  

Hypoxia-treated vascular rings in vitro 
To search for a good model to mimic the hypoxic conditions 
of hemorrhagic shock, 48 artery rings (2–3 mm in length) 
of SMAs from rats subjected to hypoxia for 10 min or 3 h or 
sham-operated controls were randomized into 3 groups (n=8/
group): control group, 10-min hypoxia group, and 3-h hypoxia 
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group.  The contractile response of each artery ring to NE was 
recorded in normal K-H solution with 2.2 mmol/L [Ca2+] or in 
Ca2+-free K-H solution.  

Changes of RyR2-evoked Ca2+ release in hypoxic VSMCs
Hypoxic VSMCs or normal controls were randomly divided 
into 10 groups (n=6/group): control, control+caffeine, 
10-min hypoxia, 10-min hypoxia+caffeine, 10-min hypoxia+ 
caffeine+RyR2 siRNA, 10-min hypoxia+caffeine+control 
siRNA; 3-h hypoxia, 3-h hypoxia+caffeine, 3-h hypoxia+ 
caffeine+RyR2 siRNA, and 3-h hypoxia+caffeine+control 
siRNA to evaluate the changes of RyR2-mediated Ca2+ release 
in VSMCs subjected to hypoxia for 10 min or 3 h.  The RyR2 
siRNA-transfected cells subjected to hypoxia treatment were 
incubated with caffeine (10-3 mol/L) for 5 min in D-Hank’s 
solution.  The single cell [Ca2+] was measured using Fura-2/
AM as described above.  

Involvement of RyR2 in the regulation of vascular bi-phasic 
reactivity to NE in hypoxia-treated SMA from rat
To explore the role of RyR2 in the regulation of vascular 
reactivity to NE after hemorrhagic shock, 160 artery rings 
(2–3 mm in length) of SMAs from rats subjected to hypoxia 
(for 10 min or 3 h) or normal controls were randomized into 
13 groups (n=8/group): control, control+control siRNA, 
control+caffeine, 10-min hypoxia, 10-min hypoxia+caffeine, 
10-min hypoxia+RyR2 siRNA, 10-min hypoxia+control 
s iRNA, 10-min hypoxia+RyR2 s iRNA+caffeine,  3-h 
hypoxia, 3-h hypoxia+caffeine, 3-h hypoxia+RyR2 siRNA, 
3-h hypoxia+control siRNA, and 3-h hypoxia+RyR2 
siRNA+caffeine.  After transfection with RyR2 siRNA, the 
contractile response of each artery ring to NE was recorded in 
normal K-H solution with 2.2 mmol/L [Ca2+] or Ca2+-free K-H 
solution after the incubation with caffeine (10-3 mol/L) for 10 
min.  

Statistical analysis 
The results are presented as the mean±standard error of mean 
(SEM).  For continuous variables, Student’s t test was used 
for comparison between two groups and one-way analysis of 
variance (ANOVA) was used for multiple comparisons with 
the post-hoc Fisher’s LSD test.  A value of P<0.05 was consid-
ered significant, and P<0.01 was considered highly significant.

Results
Changes of the vascular reactivity to NE from hemorrhagic shock 
rat and hypoxia-treated SMA
First, we observed the changes of the rat SMA vascular reac-
tivity to NE at different stages after hemorrhagic shock.  Our 
results showed that during the early stage after hemorrhagic 
shock (40 mmHg for 30 min), the SMA reactivity to NE was 
up-regulated significantly, characterized by an NE-induced 
cumulative dose-response curve that shifted upwards in either 
the 2.2 mmol/L [Ca2+] K-H solution or in the Ca2+ free K-H 
solution.  In addition, 10-5 mol/L NE induced the maximum 
contraction (Emax) in the 2.2 mmol/L [Ca2+] K-H solution also 

increased.  However, at the late stage after hemorrhagic shock, 
the SMA vascular reactivity to NE was blunted significantly, 
and the NE-induced cumulative dose-response curve shifted 
downwards in either the 2.2 mmol/L [Ca2+] K-H solution or in 
the Ca2+ free K-H solution, and the NE (10-5 mol/L)-induced 
Emax decreased significantly in either the 2.2 mmol/L [Ca2+] 
K-H solution or in the Ca2+ free K-H solution (Figure 1A and 
1B).  

Figure 1.  Changes of isolated SMA reactivity to NE after hemorrhagic 
shock in rats. (A) Vascular contractile reactivity to NE in normal K-H 
solution with 2.2 mmol/L [Ca2+]; (B) Vascular contractile reactivity to 
NE in Ca2+-free K-H solution.  Values are the mean±SEM, and there are 
8 observations in each group.  bP<0.05, cP<0.01 vs control group.  NE, 
norepinephrine.

Next, we explored whether different extents of hypoxia in 
SMA rings could mimic the bi-phasic reactivity of SMA to 
NE at different stages after hemorrhagic shock in vitro.  Our 
results showed that in hypoxic SMA rings, the vascular reac-
tivity to NE increased significantly following hypoxia for 10 
min compared with controls, and the NE-induced cumulative 
dose-response curve shifted upwards in either the 2.2 mmol/L 
[Ca2+] K-H solution or in the Ca2+ free K-H solution.  The NE 
(10-5 mol/L)-induced Emax significantly increased in the 2.2 
mmol/L [Ca2+] K-H solution.  By contrast, vascular reactivity 
to NE decreased significantly after the arteries were exposed 
to hypoxia for 3 h, characterized by a downward shift of the 
NE-cumulative dose-response curve and a significant decrease 
in the Emax (10-5 mol/L NE) in both the 2.2 mmol/L [Ca2+] K-H 
solution and the Ca2+ free K-H solution (Figure 2A and 2B).  
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Changes of RyR2-mediated Ca2+ release in hypoxia-treated 
VSMCs
To explore the changes of RyR2-mediated Ca2+ release from 
the SR in VSMCs after hemorrhagic shock, we further explored 
the changes of caffeine-induced, RyR2-mediated Ca2+ release 
in hypoxic VSMCs transfected with RyR2 siRNA.  The results 
showed that transfection of RyR2 siRNA (10 nmol/L) could 
significantly inhibit the expression of RyR2 in VSMCs (Figure 
3A–3C).  In addition, compared with normal controls, the 
[Ca2+] increased significantly in VSMCs subjected to hypoxia 
for 3 h.  Caffeine (10-3 mol/L) significantly increased the [Ca2+] 
in VSMCs subjected to hypoxia for 10 min and 3 h.  Transfec-
tion with RyR2 siRNA could significantly attenuate caffeine-
induced Ca2+ release in VSMCs subjected to hypoxia for 10 
min or 3 h (Figure 3D–3F), whereas transfection with control 
siRNA had no significant influence on caffeine-triggered, RyR-
mediated Ca2+ release.

Involvement of RyR2 in the regulation of vascular bi-phasic 
reactivity to NE in SMA subjected to hypoxia
To explore the role of RyR2 in the development of vascular 
bi-phasic reactivity after hemorrhagic shock, the efficiency 
of RyR2 siRNA transfection for knocking down the expres-
sion of RyR2 in the vascular rings was evaluated by RT-PCR.  
The results showed that transfection of RyR2 siRNA (10, 50 
nmol/L) could inhibit the expression of RyR2 (Figure 4A).  
The vascular reactivity to NE of SMAs increased when sub-
jected to 10 min of hypoxia but decreased after 3 h of hypoxia.  
Transfection of RyR2 siRNA (10 nmol/L) significantly 
antagonized the enhanced vascular reactivity to NE in SMAs 
subjected to 10 min of hypoxia, as evidenced by the NE cumu-
lative dose-response curve shifting downwards and the 10-5 
mol/L NE induced the maximum contraction (Emax) decreas-
ing significantly (P<0.05, Figure 4B).  Moreover, preincubation 
with the nonselective RyR agonist caffeine (10-3 mol/L for 10 

Figure 2.  Changes of vascular reactivity to NE in hypoxic isolated SMAs from rats.  (A) The original force recording traces of normal and hypoxic SMA 
from rats.  (B) Vascular contractile reactivity to NE in normal K-H solution with 2.2 mmol/L [Ca2+]; (C) Vascular contractile reactivity to NE in Ca2+-free 
K-H solution.  Values are the mean±SEM, and there are 8 observations in each group.  bP<0.05, cP<0.01 vs control group.  NE, norepinephrine.
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Figure 3.  Effects of RyR2 siRNA transfected into VSMCs on caffeine-induced Ca2+ release from the SR.  (A) Knockdown efficiency of RyR2 siRNA in 
VSMC cultures.  The observation of RyR2 expression in cultured VSMCs transfected with RyR2 siRNA through a fluorescence microscope (×200).  
Cells were incubated with RyR2 monoclonal antibody and FITC-labeled secondary antibody; cellular fluorescence was captured using a fluorescence 
microscope; (B) Knockdown efficiency of RyR2 siRNA in VSMCs.  After negative control siRNA or RyR2 siRNA was transfected into VSMCs using an siRNA 
transfection agent, RyR2 expression levels were analyzed using RT-PCR.  (C) The values were normalized to those obtained under control conditions. (D) 
Images of intracellular free Ca2+ loaded with the fluorescent Ca2+ indicator dye Fura-2/AM in VSMCs (×400).  (E) Changes of [Ca2+] in hypoxic VSMCs.  
(F) Involvement of RyR2-mediated Ca2+ release from the SR in hypoxic VSMCs.  The values were normalized to those obtained under control conditions. 
Values are the mean±SEM, and there are 5 observations in each group.  bP<0.05, cP<0.01 vs control group.  eP<0.05, fP<0.01 vs control+caffeine (10-3 
mol/L) group.  hP<0.05 vs 10 min hypoxia+caffeine group.  kP<0.05 vs 3 h hypoxia+caffeine group.
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min) resulted in no significant upregulation in the vascular 
reactivity of SMAs to NE.  Transfection with RyR2 siRNA 
resulted in decreased vascular reactivity to NE in SMAs sub-
jected to 10 min of hypoxia, as indicated by the NE cumulative 
dose-response curve shifting downwards and the Emax decreas-
ing significantly (P<0.01, Figure 4Bc and 4Bd).  However, the 
vascular reactivity of the SMA rings to NE decreased signifi-
cantly after 3-h hypoxia treatment, and transfection with RyR2 
siRNA (10 nmol/L) partially but significantly restored the 
decreased vascular reactivity to NE, as characterized by the 
NE cumulative dose-response curve shifting upwards and the 
significant increase in Emax (P<0.01, Figure 5A and 5B).  Pre-

incubation with caffeine (10-3 mol/L) decreased the vascular 
reactivity of hypoxia-treated SMAs to NE, which was further 
exacerbated by transfection with RyR2 siRNA (Figure 5C and 
5D).

Discussion 
Our results showed that the vascular reactivity to NE is 
significantly increased during the early stage of hemorrhagic 
shock and significantly decreased after prolonged hemor-
rhagic shock, which is consistent with our previous report[2].  
As hypoxia is one of the major factors contributing to the 
pathogenesis of hemorrhagic shock, to establish a valid model 

Figure 4.  Involvement of RyR2 in vascular hyper-reactivity during the early stage after hemorrhagic shock.  (A) Knockdown efficiency of RyR2 siRNA in 
superior mesenteric artery rings.  After control siRNA or RyR2 siRNA was transfected into the vascular rings with a reverse permeabilization transfection 
method, RyR2 mRNA levels were analyzed using RT-PCR.  The values were normalized by those obtained under control conditions.  Values were the 
mean±SEM, and there are 4 observations in each group. cP<0.01 vs control group.  (B) Influence of siRyR2 transfection on vascular hyper-reactivity 
during the early stage after hemorrhagic shock.  (a) Effects of RyR2 siRNA transfection on vascular reactivity after hypoxia for 10 min in normal K-H 
solution; (b) Effects of RyR2 siRNA transfection on vascular reactivity after hypoxia for 10 min in Ca2+-free K-H solution; (c) Effects of RyR2 siRNA 
transfection and caffeine on vascular reactivity after hypoxia for 10 min in normal K-H solution; (d) Effects of RyR2 siRNA transfection and caffeine on 
vascular reactivity after hypoxia for 10 min in Ca2+-free K-H solution.  Values are the mean±SEM, and there are 8 observations in each group.  bP<0.05, 
cP<0.01 vs control group.  eP<0.05, fP<0.01 vs 10 min hypoxia group.  iP<0.01 vs 10 min hypoxia+caffeine group.
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imitating the changes of vascular reactivity after hemorrhagic 
shock in vitro, the changes of hypoxic SMA artery reactivity 
were observed first in the current study.  Our results showed 
that this so-called “vascular bi-phasic reactivity” after hemor-
rhagic shock could at least be partly imitated in hypoxic vas-
cular rings.  

RyR has been shown to be involved in NE-induced vasocon-
striction.  One report showed that NE induces vasoconstric-
tion associated with RyR-mediated Ca2+ release under normal 
conditions.  The RyR antagonist ruthenium red was shown 
to attenuate approximately 50% of NE-triggered vasocontrac-
tion in rat renal artery[18].  Another report showed that NE-
induced vasoconstriction was associated with blunted RyR-
mediated Ca2+ release[4].  Defects in RyR2, which is localized to 
the SR in VSMCs, are involved in many diseases and contrib-
ute to muscular dystrophy and heart failure[19–21].  It has been 
reported that RyR2-mediated Ca2+ release is over-activated 
in ischemic/hypoxic VSMC injury, which is one of the most 
important mechanisms involved in vascular contraction and 
vasoreactivity regulation after hemorrhagic shock.  Whether 
RyR2-mediated Ca2+ release is associated with the develop-
ment of vascular bi-phasic reactivity after hemorrhagic shock 
remained a question in the field.  

In the current study, caffeine (10-3 mol/L) was used to acti-

vate RyR2-mediated Ca2+ release from the SR.  As a classic 
RyR agonist, caffeine can activate all RyR isoforms without 
selectivity at concentrations above 5×10-3 mol/L[22–24], but 10-3 
mol/L of caffeine activates RyR2>RyR1[24] and RyR3>RyR1[25], 
and can increase the frequency of Ca2+ spark[26].  In addition, 
Ca2+ release induced by caffeine is positively related to the 
expression of RyR2, whereas it is negatively related to the 
expression of RyR3[27].  Our results showed that caffeine (10-3 
mol/L)-triggered Ca2+ release from the SR was augmented 
in VSMCs treated with hypoxia for 10 min or 3 h, whereas 
transfection with RyR2 siRNA could partially but significantly 
antagonize this effect in both groups, which suggested that 
RyR2-mediated Ca2+ release may be over-activated after hem-
orrhagic shock in either the early stage (30 min) or the late 
stage (2 h).  

It is very interesting that although the RyR2-mediated Ca2+ 
release from the SR was over-activated in VSMCs treated 
with hypoxia for 10 min or 3 h, the vascular reactivity to NE is 
notably different during the early and late stages after hemor-
rhagic shock.  Some reports have shown that local RyR2-medi-
ated Ca2+ release plays an important role in the modulation 
of vasoconstriction, whereas others reported that local RyR2-
mediated Ca2+ release (known as Ca2+ spark in VSMCs) nega-
tively regulated vascular tone through the activation of the 

Figure 5.  Involvement of RyR2 in vascular hypo-reactivity during the late stage after hemorrhagic shock.  (A) Effects of RyR2 siRNA transfection on 
vascular reactivity after hypoxia treatment for 3 h in normal K-H solution; (B) Effects of RyR2 siRNA transfection on vascular reactivity after hypoxia 
treatment for 3 h in Ca2+-free K-H solution; (C) Effects of RyR2 siRNA transfection and caffeine on vascular reactivity after hypoxia treatment for 3 h in 
normal K-H solution; (D) Effects of RyR2 siRNA transfection and caffeine on vascular reactivity after hypoxia treatment for 3 h in Ca2+-free K-H solution.  
Values are the mean±SEM, and there are 8 observations in each group.  bP<0.05, cP<0.01 vs control group.  eP<0.05 vs 3 h hypoxia group.  hP<0.05, 
iP<0.01 vs control+caffeine group.  lP<0.01 vs 3 h hypoxia+caffeine group.
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BKCa channel[10, 12].  Therefore, we further evaluated whether 
the over-activation of RyR2-mediated Ca2+ release from the SR 
at different stages after hemorrhagic shock was involved in 
vascular bi-phasic reactivity to NE.  

Our results showed that in the early stage after hemorrhagic 
shock, although activating RyR with caffeine (10-3 mol/L) 
could not augment the increased vascular reactivity to NE, 
the inhibition RyR2-mediated Ca2+ release with RyR2 siRNA 
could significantly restore the vascular hyperreactivity to NE 
in an SMA ring treated with hypoxia for 10 min.  However, 
activating RyR2 with caffeine (10-3 mol/L) further exacerbated 
the decreased vasoreactivity to NE in SMA rings subjected to 
hypoxia for 3 h, whereas inhibition of RyR2-mediated Ca2+ 

release from the SR by transfection with RyR2 siRNA signifi-
cantly restored the vasoreactivity to NE.  Taken together, these 
results suggested that the over-activation of RyR2 is closely 
associated with the development of vascular bi-phasic reactiv-
ity to NE after hemorrhagic shock.  

It is widely accepted that the primary regulatory pathway 
for vascular smooth muscle contraction is through the Ca2+ 
and calmodulin-dependent reversible phosphorylation of the 
20 000-Da myosin light chain (MLC20)[28].  In VSMCs, free-
CaM binding with Ca2+ could accelerate the formation of the 
CaM-CaM related kinase II (CaMK II) complex, a ubiquitous 
multifunctional serine/threonine kinase expressed in VSMCs 
as multimers of γ- and/or δ-sun units[29], and increase MLCK 
activity and MLC20 phosphorylation, which contribute to 
vascular contraction[30].  However, Ca2+ release located next to 
cytomembranes, also known as Ca2+ spark, triggers the forma-
tion of STOCs[31] and activates the large conductance calcium 
activated potassium channel (BKCa), which at least partially 
contributes to the vascular hyporeactivity observed after 
hemorrhagic shock[32].  However, more research is required 
to determine whether the over-activation of RyR2-mediated 
Ca2+ release during the early stage after hemorrhagic shock is 
coupled with the activation of CaM-CaMK II signal cascade 
and vascular hyperreactivity or whether the over-activation of 
RyR2-mediated Ca2+ release during the late stage after hemor-
rhagic shock is linked to the BKCa-dependent signaling path-
way and the occurrence of vascular hyporeactivity.

In recent years, Ca2+ release from the SR was shown to trig-
ger extracellular Ca2+ influx, which was also named store-
operated Ca2+ entry (SOCE)[13].  In the present study, the role 
of RyR2-mediated Ca2+ release in the modulation of vascular 
reactivity to NE after hemorrhagic shock was observed not 
only in normal K-H solution but also in Ca2+-free K-H solution, 
which excluded the influence of SOCE on vascular reactivity.  
In this study, to exclude the neural and humoral interference 
in vivo, the hypoxia-induced bi-phasic change in SMA rings 
was examined.  Our results showed that hypoxia-treated 
SMA rings in vitro could at least partially imitate the hypoxic-
ischemic condition of shock.  Nevertheless, owing to the limi-
tation that this hypoxia model could only partially mimic the 
shocked state, a more appropriate model is needed to mimic 
the conditions of shock in future research.  Furthermore, the 
hypoxic and NE responses are complex, involving many dif-

ferent pathways of Ca2+ release, entry and removal.  Thus, 
other cellular and molecular mechanisms responsible for their 
roles in the development of vascular bi-phasic reactivity after 
hemorrhagic shock could not be totally excluded.
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