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Abstract

The neuroprotective role of Hsp72 has been demonstrated in several ischemic/stroke models to

occur primarily through mediation of apoptotic pathways, and a number of heat shock proteins are

upregulated in animal models capable of extended anoxic survival. In the present study, we

investigated the role of Hsp72 on cell death and apoptotic regulators in one anoxia tolerant model

system, the freshwater turtle Trachemys scripta. Since Hsp72 is known to regulate apoptosis

through interactions with Bcl-2, we manipulated the levels of Hsp72 and Bcl-2 with siRNA in

neuronally enriched primary cell cultures and examined downstream effects. The knockdown of

either Hsp72 or Bcl-2 induced cell death during anoxia and reoxygenation. Knockdown of Bcl-2

resulted in increases in apoptotic markers and increased ROS levels 2-fold. However, significant

knockdown of Hsp72 did not have any effect on the expression of key mitochondrial apoptotic

regulators such as Cytochrome c and caspase-3. Hsp72 knockdown however significantly

increased Apoptosis Inducing Factor in both anoxia and reoxygenation and resulted in a six-fold

induction of hydrogen peroxide levels. These findings suggest that the neuroprotection offered by

Hsp72 in the anoxia/reoxygenation tolerant turtle is through the mediation of ROS levels and not

through modulation of caspase-dependent pathways.
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Introduction

It has proven difficult to distinguish pathological from adaptive strategies in mammalian

models of anoxia or ischemia, as the mammalian brain is exquisitely sensitive to these
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insults, and pro-death and survival pathways are activated simultaneously. Because cellular

function is similar between upper and lower vertebrates, potential therapeutic targets to

enhance anoxic or reoxygenation survival may be investigated using model organisms that

survive such conditions. Anoxia tolerance of at least several hours is known in Drosophila

(Haddad, 2006), some frogs (Milton et al., 2003), and certain fish (Wilson et al., 2004;

Smith R.W. et al. 2009; Stensløkken et al., 2010). Among the most anoxia-tolerant

vertebrates are certain North American pond turtles, which withstand anoxia for days at

room temperature to months at 3°C in a hypometabolic state (Jackson, 2000). Survival is a

result of complex physiological and molecular adaptations that defend the turtle against the

stress of oxygen deprivation (Milton and Prentice, 2007), with protective pathways robustly

expressed (Krivoruchko and Storey, 2010). Adaptations to survive anoxia include

suppression of excitatory amino acid release, increased Gamma-Aminobutyric Acid

(GABA) and adenosine, and decreased membrane ion permeability, which together decrease

electrical activity (reviewed in Lutz and Milton, 2004; Milton and Prentice, 2007).

Freshwater turtles ameliorate reoxygenation damage via a combination of high antioxidant

levels (Rice et al., 1995; Willmore and Storey, 1997a,b) and an innate suppression of

reactive oxygen species (ROS) (Milton et al., 2007; Pamenter et al., 2007). It has been

suggested that the ability to restrict oxidative stress may also contribute to the renowned

longevity of certain vertebrates, including turtles (Lutz et al., 2003; Krivoruchko and Storey,

2010), and perhaps naked mole-rats (Andziak et al., 2006; Perez et al., 2009), though parrot

lifespan does not appear to be related to significant differences in oxidative stress resistance

compared to short-lived birds (Montgomery et al., 2012b).

At the molecular level, anoxia induced changes in the turtle include increases in heat shock

proteins (HSPs) in several organs upon both anoxia and reoxygenation (Krivoruchko and

Storey, 2010), including in the brain (Prentice et al. 2004; Kesaraju et al., 2009), along with

increases in expression of the anti-apoptotic protein Bcl-2 (Haddad, 2007b; Kesaraju et al.,

2009). HSPs are thought to enhance survival in part through an upregulation of protective

mechanisms and/or by the suppression of pro-apoptotic pathways. One of the most studied

stress proteins in mammalian models is Hsp72 (inducible Hsp70), due to its protective

effects in cerebral ischemia (Kelly et al., 2001; van der Weerd et al., 2005; Giffard et al.,

2008), neuronal cultures (Sato et al., 1996; Amin et al., 1996, Hoehn et al., 2001; Kelly et

al., 2002), and in ischemic/reperfused myocardium (Corneleusen et al., 2003, Guisasola et

al, 2006). The cytoprotective function of Hsp72 has been ascribed to its inhibitory effects on

apoptotic and necrotic cell death pathways (Giffard et al, 2008), with the fate of cell survival

decided by the equilibrium established between stress proteins and the apoptotic pathway of

cell death (Beere, 2001), especially the ratio of the anti-apoptotic and pro-apoptotic proteins,

Bcl-2 and Bax. Hsp72 has been implicated in the suppression of the translocation of Bax

from the cytosol to the mitochondria (Stankiewicz et al., 2005), abrogating the release of

Cytochrome c (Cyt c) from the mitochondria (Tsuchiya et al., 2003), and blocking formation

of the apoptosome through interaction with Apaf 1 and through binding with caspases

(Matsumori et al., 2006). Hsp72 also promotes cell survival by inhibiting the release of

Apoptosis Inducing Factor (AIF) from the mitochondria and its translocation to the nucleus,

where it leads to condensation of the chromatin and apoptosis independent of the action of

caspases (Choudhury et al, 2011).
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Due to its strong upregulation, Hsp72 is assumed to be protective in the anoxia tolerant

turtle, however, its function and links to other molecular pathways in turtle neurons has not

been previously investigated. Here we directly test the hypothesis that the innately high

levels of Hsp72 and Bcl-2 offer neuroprotection during anoxia and reoxygenation in the

turtle Trachemys scripta by manipulating their levels in neuronally enriched primary cell

cultures. While the upregulation of Bcl-2 is required for preventing activation of apoptotic

pathways during anoxia and reoxygenation in T. scripta, neuroprotection by Hsp72 appears

to be associated instead with the maintenance of low levels of ROS.

2. Results

2.1. Increased expression of Bcl-2/Bax during anoxia and reoxygenation

Based on previous work showing that the Bcl-2:Bax ratio is critical to promote cell survival

in mammalian models of ischemia/reperfusion (Qui et al., 2010; Li et al., 2012; reviewed in

Ferrer and Planas, 2003; Chan, 2004), and the generally higher levels of Bcl-2 vs. Bax in

anoxic turtles (Kesaraju et al., 2009; Nayak et al., 2011), we thus examined changes in

Bcl-2, Bax, and cell survival following 4h anoxia and upon reoxygenation.

Both Bcl-2 and Bax mRNA and protein levels increase in 4h anoxic cells and upon anoxia/

reoxygenation (4h/4h), but the increases in Bcl-2 transcription and translation are greater

than changes in Bax (Fig. 1). Transcript levels of Bcl-2 as determined by Q-PCR showed

significant 2.6-fold and 3.4-fold induction over basal during anoxia and reoxygenation,

respectively, while Bax mRNA levels increased only 1.6-fold under the same conditions

(not statistically significant). Protein changes were slightly lower, with Bcl-2 increasing 1.8-

fold and 2-fold in anoxia and reoxygenation, but Bax increasing only1.4- and 1.3-fold over

basal. The Bcl-2:Bax ratio thus increased 20% over 4h anoxia and 60% following 4h

reoxygenation compared to normoxia.

2.2. Suppression of Bcl-2 during anoxia and reoxygenation increases cell death and
activates caspase-3

To determine if Bcl-2 is indeed protective during anoxia and reoxygenation, we used turtle-

specific siRNA to knockdown Bcl-2. Transfections were performed using Stealth™ RNA in

Lipofectamine-2000 (LF); controls were LF alone or LF plus scrambled siRNA sequence.

Transfection of cells with scrambled (non-target) siRNA did not alter Bcl-2 or Bax levels,

but the use of Bcl-2 specific siRNA resulted in a dose-dependent knockdown of Bcl-2

expression in 4h anoxic cells (Fig. 2A). At 250 pm siRNA, Bcl-2 decreased to a mean 38%

of control and cell death increased significantly. Cell death increased from 11% to 31% in

anoxic cultures and from 19% in anoxia/reoxygenation cells treated with scrambled siRNA

oligomer to 46 % in cells with siRNA against Bcl-2 (Fig. 2B). Neither LF alone nor control

siRNA increased cell death; cell death in cells treated with scrambled siRNA was not

significantly different under any condition compared to levels of cell death in untreated

cultures. The mean 62% decrease in Bcl-2 levels with siRNA treatment (250 pm) was

accompanied by an increase in Bax to 238 ± 2% of basal (vs. 113 ± 11% of control in cells

transfected with scrambled siRNA), and detectable levels of activated caspase-3 (Fig. 2A).
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Bcl-2 knockdown also resulted in a more than 2-fold increase in H2O2 release in transfected

cells exposed to anoxia followed by 4h reoxygenation vs. control cells as determined by

Amplex Red staining (Fig. 2C). H2O2 levels in untreated and scrambled siRNA cells, by

contrast, return only to normoxic levels in untreated turtle neuronal cultures upon anoxia/

reoxygenation, without the excess release characteristic of mammalian cells subjected to

ischemia/reperfusion (Fig. 2C; Milton et al., 2007; Pamenter et al., 2007).

2.3. Anoxia enhances the expression of Hsp72 in vitro

Anoxia (4h) increased the expression of Hsp72 in vitro, to 170 ± 8% of normoxic levels

(Fig. 3), though mean levels following 4h reoxygenation returned nearly to basal. As Hsp72

is thought to affect Bcl-2 and Bax activity, and is strongly upregulated in the turtle brain in

vivo (Kesaraju et al., 2009), we tested the hypothesis that Hsp72 protects turtle neurons by

preventing activation of apoptotic pathways. We used specific siRNA designed against turtle

Hsp72 to knock down constitutively high levels, and determined the effects on cell survival,

levels of Bcl-2 and Bax, activated caspase-3, and AIF during anoxia and reoxygenation.

2.4 Hsp72 is critical for cell survival

Specific siRNA transfection knocked down Hsp72 in both normoxic and anoxic cultures in a

dose dependent manner; through these titration experiments we found that a higher

concentration of siRNA was required to achieve an equivalent knockdown (40-60%) in

anoxic and anoxic/reoxygenation cultures (250 pM) than in normoxic ones (100 pM) due to

the greater upregulation of HSPs in anoxia (Fig. 3). At 100 pM, the siRNA decreased native

expression in normoxia to 64 ± 1% of basal (vs. 96 ± 3% for scrambled siRNA, not

detectable in most gels with 250 pM dose), while in anoxia the higher dose of siRNA

knocked down Hsp72 to 34 ± 2% of anoxic untreated controls (100 pM dose no effect).

While Lipofectamine alone did not affect Hsp72 expression, the scrambled siRNA did also

decrease Hsp72 expression between 4% and 25% (significant only in anoxia, Fig. 3B).

Detectable basal levels of Hsp72, and its strong and immediate upregulation (Kesaraju et al.,

2009) suggest an important role in cell survival. Consistent with this hypothesis, we found

that specific siRNA treatment significantly increased cell death (Fig. 4), even in normoxia

(to 29 ± 3% versus 17 ± 2% for scrambled siRNA). And while 4h anoxia increased cell

death in the group treated with the scrambled siRNA (to 26 ± 1% versus 13 ± 3% in anoxic

controls), specific Hsp72 knockdown increased cell death more than four-fold compared to

untreated anoxic cultures, to 57 ± 10% of total cells. Reoxygenation increased cell death

from 32 ± 2% of total cells in siRNA controls to 69 ± 1% in knockdown cultures.

2.5. Major apoptotic regulators are altered following Hsp72 knockdown

As Hsp72 knockdown increased cell death, we hypothesized that decreasing the expression

of Hsp72 in the turtles would lower the expression of Bcl-2 and/or increase Bax levels.

However, Hsp72 knockdown decreased anoxic Bcl-2 expression only slightly, by less than

8% over 4 hr anoxia. A greater and statistically significant decrease of 48% occurred upon

reoxygenation vs. controls (Fig. 5A, B); Bax increased concurrently. The normoxic

expression of Bax increased in Hsp72 knockdown samples to146 ± 2% over control; Bax

levels were higher in knockdown cultures than in control siRNA treated samples in anoxia

Kesaraju et al. Page 4

Brain Res. Author manuscript; available in PMC 2015 September 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(127±7% of basal vs. 91 ± 5%) and reoxygenation (146 ±7% vs. 113 ± 8% in control). Thus

the Bcl-2:Bax ratio decreased from 1.2 - 1.5 in control cultures to approximately 0.8 - 1.0 in

siRNA treated cells. Unlike the direct knockdown of Bcl-2, however, which significantly

increased levels of cleaved caspase-3, the smaller changes in Bcl-2 related to Hsp72

knockdown were not accompanied by increases in apoptotic factors downstream of the

mitochondria. There was no elevation of cleaved caspase-3 (Fig. 5A, C) nor was there an

increase in Cyt c in either whole cell extractions or in the cytosolic fraction, or any decrease

in mitochondrial Cyt c (data not shown). AIF expression in untreated cultures was

unchanged from control over 4h anoxia but increased significantly to 138 ± 7% of basal

upon reoxygenation; Hsp72 knockdown increased AIF under all conditions, with significant

increases in anoxia (to 161% of control) and upon reoxygenation (to 211% of basal).

2.4. Hsp72 aids in suppression of ROS release upon reoxygenation

Several studies have shown that AIF release is mediated through ROS (Kang et al., 2004;

Thayyullathil et al., 2008), while HSPs play a vital role in ameliorating ROS damage

(Smolka et al., 2000) especially in neurodegenerative disorders (Calabrese et al., 2004), thus

we also investigated the release of ROS (H2O2) following knockdown of Hsp72 in culture.

In turtles, it has been shown that ROS levels fall by 4h anoxia, and increase upon

reoxygenation only to basal, without the massive overproduction which occurs in

mammalian cells following anoxia/ischemia (Milton et al., 2007; Pamenter et al., 2007);

previous investigations in our laboratory have suggested that Hsp stabilization of the

mitochondrial membrane may be responsible in part for this suppression of ROS production.

And indeed, the greatest effect of Hsp72 knockdown was a six-fold increase in H2O2 release

upon reoxygenation in siRNA treated cells (Fig. 6); ROS release increased in normoxic and

anoxic knockdown cells as well, though not significantly.

3. Discussion

In earlier analyses of whole brain anoxic adaptations in the turtle we find constitutive

preconditioning in normoxia involving Hypoxia Inducible Factor-1 (HIF-1), elevated HSPs

(which stabilize HIF-1), and NFkB (Lutz and Milton, 2004) followed by activation of

pathways in anoxia that enable cell survival. Utilizing primary neuronal cultures, we have

shown these anoxia-triggered pathways are inherent to the turtle neurons, and include the

activation of survival kinases, the suppression of apoptotic pathways (Nayak et al., 2011),

and a critical modulation of ROS generation. By contrast, Hsp72 is expressed at minimal to

undetectable levels under normal conditions in rodent models and is induced only after such

insults as experimental ischemia by middle cerebral artery occlusion (Chen et al., 1996;

Weinstein et al., 2004). In mammals, the expression of Hsp72 determines the delineation of

the unsalvageable ischemic core and the salvageable penumbra in a cerebral infarction

(Sharp et al., 2000; Weinstein et al., 2004), and is thus also a significant factor in

preconditioning models (Sharp, 2000). Overexpression of Hsp72 through viral vectors or in

transgenic animals also reduces infarct size and induces protective pathways (Rajdev et al.,

2000; Hoehn et al., 2001; van der Weerd et al., 2005; Badin et al., 2006). Therefore, we had

hypothesized that Hsp72 would be protective in the turtle through its interaction with pro-

survival and pro-apoptotic pathways, as suggested by mammalian models.
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While our results show that the Hsp72 increases are indeed protective in anoxic turtle

neurons as well as those re-exposed to oxygen, this protection does not appear to be

primarily through interactions with the intrinsic apoptotic pathway. Mammalian ischemic

studies have shown the interaction of Hsp72 at several points upstream and downstream of

mitochondria in the apoptotic pathway in preventing cell death, including increased Bcl-2

(Kelly et al., 2002, Yenari et al., 2005), and decreased Bax activation (Cheng et al., 2011).

However, while Hsp72 knockdown significantly increased cell death and altered Bax levels

in this study, unlike the larger effect of direct suppression of Bcl-2, Hsp72 knockdown

apparently did not impact Bcl-2:Bax ratios sufficiently to trigger apoptosis through Cyt c

release and caspase activation.

In T. scripta, the greater anoxia-induced increase in Bcl-2 compared to Bax also contrasts

sharply with the mammalian brain, where oxygen depletion is associated with decreased

Bcl-2 levels and increases in Bax and activated caspase-3 (Feldenberg et al., 1999; Zovein et

al., 2004; Li et al., 2012). In the turtle in vivo, Bcl-2 and Bax change concurrently in anoxia,

maintaining a relatively constant Bcl-2:Bax ratio greater than one despite initial decreases in

both proteins (Kesaraju et al., 2009). In vitro, both proteins increase in anoxia, but with a

greater increase in Bcl-2 (this study; Nayak et al., 2011). This contrasts dramatically with

mammalian models of cellular stress, where Bax increases as much as 12-fold and

significantly decreases Bcl-2:Bax ratios (Zhu et al., 2010) and increases apoptosis (Li et al.,

2010). Bcl-2 knockdown, however, directly decreased Bcl-2:Bax ratios and allowed caspase

activation, shifting cells away from survival and towards apoptosis. In vivo, neither

procaspase 3 nor cleaved caspase-3 levels increased even over 24h anoxia (Kesaraju et al.,

2009), showing the extraordinary resistance of turtle neurons to apoptosis even in extended

anoxia.

Thus the turtle neurons clearly possess the machinery for apoptosis, but activation is

suppressed in anoxia and reoxygenation. This suppression, though, does not appear to be

due to the elevation of Hsp72. And while we did see increases in AIF in the cells treated

with Hsp72 siRNA, there was still no accompanying activation of caspase-3 or loss of

mitochondrial Cyt c. Similar increases in AIF in vivo during anoxia (to 181% of normoxia)

did not result in any translocation to the nucleus or apparent increases in neuronal death, nor

were there further increases upon reoxygenation (Kesaraju et al., 2009), suggesting that the

AIF levels observed here are not likely to be the main cause of cell death. The 6-fold

increase in ROS release upon reoxygenation, then, is likely the primary cause of cell death,

though as there are no increases in Cyt c release or caspase-3 activation, the mechanism of

cell death is apparently through pathways independent of mitochondrial-triggered apoptosis.

We conclude that turtle neurons do indeed possess apoptotic machinery, but that

compensatory molecular pathways strongly inhibit execution of the apoptotic pathway and

promote cell survival. The levels of Bcl-2 vs. Bax, while reduced compared to controls, may

still be sufficient to overcome any direct effects of Hsp72 knockdown on apoptotic

activation; these mechanisms, however, are unable to prevent ROS increases and subsequent

cell death in reoxygenated cells in which Hsp72 levels are significantly decreased. In

mammalian studies, overexpression of Hsp72 prevents the release of ROS in astrocytes

(Ouyang et al., 2006, Voloboueva et al., 2008, Xu et al., 2011) as well as increases the
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activity of SOD (Suzuki et al., 2002). Hsp72 also suppressed cell death and caspase-3 and -9

activation induced by H2O2 in Schwann cells, and increased Bcl-2 expression (Luo et al.,

2012).

Interestingly, ROS production is also known to increase with age (Sohal and Sohal, 1991;

Lee and Wei, 2012), while antioxidant capacities decrease (Feuers, 1998; Vinokur et al.,

2009). The free radical theory of aging states that the inevitable generation of ROS from the

mitochondrial respiratory chain causes oxidative damage to proteins, lipids, and DNA

(Harman, 1956), and the buildup of such damaged macromolecules has been implicated in a

wide variety of diseases and age-related disorders. The ability to suppress ROS production

and thus avoid oxidative damage may then also be linked to the reputation of turtles for

aging with “negligible senescence” (Miller, 2001; Congdon et al., 2001; Lutz et al., 2003;

Krivoruchko and Storey, 2010). Low levels of mitochondrial free radicals are correlated

with longer lives in some homeotherms (Lambert et al., 2007), though not in the long-lived

parrots (Montgomery et al., 2012a); and increased Hsp72 expression is associated with

decreased oxidative damage in aging rats (Murlasits et al., 2006) and humans (Simar et al.,

2007). While the free radical theory of aging is thus still a matter of controversy (Hekimi et

al., 2011), clearly a vertebrate model of exceptional longevity that presents enhanced

protection against ROS production and damage, and presents an anoxia-regulated HSP

induction in vivo, could be of considerable value to elucidate the links between neuronal

resistance to oxidative damage and longevity.

4. Experimental Procedure

Experiments conducted were approved by the Florida Atlantic University Institutional

Animal Care and Use Committee.

4.1.Development of enriched neuronal cell culture

We prepared neuronal enriched cultures from juvenile turtle brains by modification of

Brewer’s (1997) method of density gradient isolation of neurons, as previously described

(Milton et al., 2007; Nayak et al., 2011).

4.2.RNA isolation and RT-PCR

Total RNA was isolated from the turtle brain and from cell cultures using Trizol reagent

following the manufacturer’s protocol. The RNA sample was treated with DNase

(Invitrogen, Eugene, OR) and RNA was quantified using UV spectrophotometry; 1 μg of

total RNA was used for RT-PCR. Reverse transcription was performed at 50°C for 55 min

using 5 units Superscript III, 125 pM forward and reverse primers (IDT DNA), 1X First

strand synthesis buffer, 0.1 mM DTT, and 2 units of RNAse OUT ribonuclease inhibitor. All

the reagents for RT-PCR were obtained from Invitrogen, (Eugene, OR) To detect Hsp72,

PCR was performed using 100 ng of template, 200μM dNTP, 50 pM Forward and Reverse

primer, 1X PCR buffer with 1.5 mM Mg and 5 U Taq polymerase. All PCR reagents were

obtained from Fisher Scientific (Pittsburgh, PA). The amplification cycle consisted of 5 min

initial denaturation at 94°C followed by 35 cycles of 94°C for 1min; 58°C for 1 min and

72°C for 1min. Degenerate primers were made to detect Hsp72; Forward Primer: 5′
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GTGTAGAAGTCGATGCCCTCA 3′ and Reverse primer: 5′

AANGAGCCCAGCGCNCCC3′ where “N” could be A/G/C/T with a 300 bp PCR product.

Complementary DNA was synthesized from total RNA using primers specific for Bcl-2, and

actin. The PCR using Taq polymerase for Bcl-2 comprised denaturation for 7 min, 94°C,

PCR: 40 cycles (1 min, 94°C; 45 s, 55°C; 1.0 min, 72°C), followed by elongation: 10 min,

72°C. For actin, 30 cycles (1 min 94°C; 45 s, 55°C; 1.5 min 72°C) followed by elongation:

10 min 72°C. Primers specific to turtle Bcl-2 cDNA were designed from a partial cDNA

sequence that was obtained previously by RT-PCR analysis of turtle brain mRNA using

degenerate primers from mouse and zebrafish. The primers employed for PCR were the

following: turtle brain specific: Bcl-2 primers 5′-GGTGCCACC- TGTGGTCCACCTG- 3−

(forward) and 5′-CTTCACTTGTGGCCCAGATAGG-3′(reverse); actin primers: 5′-CAC

CAACTGGGACGACATGG-3′ (forward) and 5′-GTCGGCCAGCTCGTAGCTCT-3′

(reverse). PCR products were separated by gel electrophoresis, visualized by ethidium

bromide and photographed using a digital camera for quantification using National Institute

of Health Image J 1.60 software. For semi-quantitative measurement of transcript levels,

RT-PCR signal intensities were calculated as a ratio of levels of PCR products amplified

from turtle actin cDNAs.

For all the reactions actin was run as an internal control, as it does not change under these

experimental conditions (Prentice et al., 2004). All the data were normalized to actin and

expressed as percent control.

4.3. Q-PCR

Following reverse transcription as described earlier a 95 °C incubation for 10 min, forty

cycles of PCR (95 °C/15 s; 60 °C/1 m), were then performed on an ABI Prism 7900HT

Sequence Detection System with 1 l of the RT reaction, 100 um PCR primers (Actin, Bax

and Bcl-2), and SYBR Green PCR Master Mix in 20-μl reactions. Threshold cycles (CT) for

three replicate reactions were determined using Sequence Detection System software

(version 2.0, release 4) and relative transcript abundance calculated following normalization

with actin PCR amplicon. Amplification of only a single species was verified by a

dissociation curve for each reaction.

4.4. siRNA design and transfection

Target siRNA against turtle Hsp72 was identified by using the siRNA design tool of

Invitrogen/Molecular Probes (Eugene, OR) from the turtle Hsp72 specific sequence.

Specific siRNA sequences against Hsp72 and the scrambled control are as follows: 5′

UGUCCCGCUUGUGCUUGCGCUUGAA3′;

5′UGUCGCGUUCGUGUUCGCUUCGGAA3′. All the controls in the siRNA experiments

were performed using scrambled siRNA. Transfection was performed using

Lipofectamine-2000 as per the manufacturer’s protocol. The amount of siRNA was

optimized for different experimental conditions. Titration experiments (Figure 3) showed

that a higher concentration of siRNA was required to achieve an equivalent knockdown

(40-60%) in anoxic and anoxic/reoxygenation cultures (250 pM) than in normoxic ones (100

pM) due to the greater upregulation of HSPs in anoxia. Protein /cell lysate was harvested
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from the transfected cell cultures for further analysis. Transfection efficiency of

lipofectamine was analyzed using GFP. Cells were transfected with 1 ug GFP plasmid

following a similar protocol as experimental samples.

Specific siRNA against turtle Bcl-2 was designed using the Invitrogen/Molecular Probes

(Eugene, OR) siRNA design tool from the turtle Bcl-2 specific sequence (ref: NG_009361)

and cells transfected (250 pmol) as above.

4.5. Cell viability assay

Propidium iodide (PI) staining was used to obtain the ratio of dead cells to total cells for

each treatment, including in the cell cultures transfected with siRNA against Hsp72 and the

control siRNA. The ratio of live to dead cells ratio was obtained by using 1.5 μM of PI

(Molecular Probes) where the dying cells take up the red stain. Cells were viewed under

confocal microscope and at least 5 fields were counted per each experimental condition.

4.6. Hydrogen peroxide (H2O2) release assay

Although the turtle is able to survive repeated anoxia/reoxygenation events, turtle neurons

were found susceptible to extrinsic stress of hydrogen peroxide (Milton et al., 2007).

Hydrogen peroxide (H2O2) by itself is inactive but it can diffuse freely across the cell

membrane and can transform into the highly reactive hydroxyl radical (Cui et al., 2004). The

extent of H2O2 released into the extracellular medium of the control and knockdown

cultures was measured by using Amplex Red assay kit (Molecular Probes) utilizing the

manufacturer’s protocol. A mix of horseradish peroxidase (HRP) and the fluorescent

Amplex Red was added to 50 μl of the culture medium of each condition and the

fluorescence emitted (on reduction of H2O2) was read using a microplate reader at 560 nm.

4.7. Western blot analysis

The primary antibodies used were Hsp72 (Stressgen, Victoria, BC, Canada); Bcl-2

(Chemicon, Temecula, CA); Bax (Santa Cruz Biotechnology, Santa Cruz, CA); Cyt C

(Abcam Inc, Boston, MA) Caspase 3 (Cell Signaling Technology, Danvers, MA); AIF

(Stressgen); pJNK(Cell Signaling Technology); and pERK (Cell Signaling Technology). All

primary antibodies except for Hsp72 (1:4000) were used 1:1000 dilution.

Total cell protein was extracted using RIPA cell lysis buffer (0.15 M Nacl, 5 mM EDTA pH

8, 1% Triton X100, 10 mM Tris-Cl pH 7.4; with added 5 M DTT, 100 mM PMSF, 5 M

mercaptoethanol diluted 1:1000) and 10 μg of the protein was loaded on a 12% SDS-PAGE

gel. The gel was transferred onto a nitrocellulose membrane (Hybond ECL, Amersham

Biosciences, Piscataway, NJ) for 1 h at 0.3 mA. The membrane was blocked in 5% milk for

1 h and then incubated with the respective primary antibody overnight at 4°C in 2% milk.

The blot was washed 3X in TBS-T and incubated with respective secondary antibody

(Southern Biotech #4050, Birmingham, AL) at room temperature for 2 h and after 3X rinses,

the bands were visualized by ECL chemiluminescence (Amersham Biosciences). The band

intensity for the band at the correct molecular weight was measured using NIH ImageJ

software; secondary bands are likely post-transcriptional modifications and were not

quantified.
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4.8. Separation of mitochondrial and cytosolic fractions

Mitochondrial and cytosolic fractions were isolated to analyze the levels of Cyt c using

Cytochrome C release apoptosis assay kit based on manufacturer’s instructions(Calbiochem,

Gibbstown, NJ). Briefly, cells that were grown to confluence were first washed with PBS

and then the cells were scraped using a sterile cell scraper. The cells were then centrifuged at

600g for 10 min at 4°C. The pelleted cells were suspended into the cytosolic buffer and

incubated for 10 min on ice. The cells were then homogenized using a glass douncer and the

homogenate centrifuged at 700 g for 10 min at 4°C. The supernatant was collected as the

cytosolic fraction and the pellet suspended in the mitochondrial extraction buffer.

Statistical analysis was performed using the SPSS statistical package. Results were analyzed

using ANOVA (Analysis of variance) with post-hoc analysis and the data were expressed as

Mean ± SE. p<0.05 was considered statistically significant.
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Highlights

• We investigated the role of Hsp72 on cell death in the anoxia tolerant turtle

neuron.

• We manipulated the levels of Hsp72 and Bcl-2 through siRNA in vitro.

• Knockdown of Hsp72 or Bcl-2 induced cell death during anoxia and upon

reoxygenation.

• Knockdown of Hsp72 did not alter key apoptotic regulators, but increased ROS.

• Hsp72 neuroprotection in this model organism may thus be via modulation of

ROS.
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Figure 1.
Bcl-2 mRNA and protein levels increase significantly in anoxia and anoxia/reoxygenation

compared to Bax. (A) Representative RT-PCR gels and western blots from Bcl-2, Bax, and

actin; Bcl-2 and Bax are normalized to actin for all data. N = normoxia, A = 4h anoxia, R =

4h anoxia+ 4h reoxygenation. (B) Induction of Bcl-2 and Bax mRNA and protein levels as

determined by Q-PCR and western blot, respectively. A = significantly different from

respective normoxic control, B = significantly different from respective anoxic control

(p<0.05), Bax mRNA levels did not change significantly between conditions. Data are

normalized to actin signal. N= 5/treatment.
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Figure 2.
(A) Representative western blots (of N=5/treatment) showing Bcl-2 Stealth™ siRNA

decreases anoxia-induced induction of Bcl-2 in a dose dependent manner, correlated with

increases in Bax and caspase-3. Actin levels are unchanged by treatment. Scrambled siRNA

does not affect Bcl-2 expression. (B) Bcl-2 knockdown increases cell death (% propidium

iodide positive cells), p<0.01. (C) Increased release of H202 relative to the respective

scrambled siRNA controls. A = significantly different from normoxia, B = significantly

different from control within treatment group.
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Figure 3.
HSP72 is upregulated in cultured anoxic turtle neurons; this induction can be abrogated with

turtle sequence-specific siRNA against Hsp72. (A) Representative western blots showing

control levels vs. siRNA treatment. Cells were titrated with no treatment (Control, C),

scrambled non-target siRNA (Sc), and target siRNA levels ranging from 50 to 250 pm.

Greater concentrations of siRNA were needed in anoxia and A+R (250pM) to achieve levels

of reduction similar to controls (100pM). SiRNA treatment does not alter actin levels.

Arrows indicate Hsp72 band as determined by mass compared to comparison ladder

(PageRuler) (B) densitometric analysis of siRNA abrogation of anoxia induced increases in

Hsp72. Groups are Normoxic controls (N), 4h anoxia (A), and 4h reoxygenation following

4h anoxia (R). ND = Not Detectable in most samples; NP = 50pm titration not performed, as

there was no significant decrease at 100 pm.
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Figure 4.
siRNA knockdown of Hsp72 results in increased cell death in anoxia and reoxygenation.

Cell death following siRNA treatment (% propidium iodide positive cells). Statistics: A =

untreated controls significantly different from normoxic controls. B = significantly different

from control within the same treatment group, C= significantly different from control and

scrambled siRNA within the same treatment group, p<0.05.
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Figure 5.
Knockdown of Hsp72 in turtle neuronal cultures results in altered Bcl-2:Bax ratios without

increasing intrinsic apoptotic markers.. (A) Representative western blots of Bcl-2, Bax,

caspase-3 and AIF in control (scrambled siRNA) and Hsp72 knockdown (specific siRNA)

cultures. Densitometric analysis of N=5 cultures for (B) Bcl-2 and Bax, and (C) caspase-3

and AIF. Statistics: A = significantly different from normoxia, B = significantly different

from control within treatment group, p<0.05.
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Figure 6.
Hsp72 knockdown significantly induced H2O2 release during reoxygenation followed by

anoxia. H2O2 concentration in the medium is assessed through amplex red assay. Statistics:

A = control significantly different from normoxia, B = significantly different from control

within treatment group, p<0.05.
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