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Abstract

The cellular and molecular regulation of MAPKs and apoptosis was investigated in a model of hypoxia-
tolerance. Survival of neurons in Chrysemys picta bellii, an anoxia-tolerant turtle, involves a reduction in energy
metabolism. The biochemical/physiological mechanisms of anoxia tolerance have been examined at the level of
ion transport and ATP turnover. However, changes in the phosphorylation state of key enzymes and kinases,
mainly, MAPKSs, may occur during anoxia, thereby reversible protein phosphorylation could be a critical factor
and major mechanism of metabolic reorganization for enduring anaerobiosis. If a turtle were to undergo
hypoxia akin to that experienced in its native habitat, it was placed in a glass aquarium filled with water to
within a half inch of the top. After the turtle was anesthetized, through extended hypoxia or anesthesia, the
animal was sacrificed by decapitation. The brain was then excised and placed in anoxic artificial cerebrospinal
fluid. Total protein extraction was performed by homogenizing brain in a buffer, followed by threonine and
tyrosine phosphorylation determination of MAPKs, and caspase activity. MAPKP® was decreased after
reoxygenation following 1 day and 1 week hypoxia. The effect of hypoxia on the phosphorylation of MAPK®R¥
was biphasic: Enhancement at 5h and inhibition at 6 weeks. Pro-caspases 8/9 were unchanged by hypoxia until
increasing at 6 weeks. Both pro-caspases were upregulated by reoxygenation at 1 day or 6 weeks hypoxia.
Neither hypoxia nor reoxygenation induced the cleavage of pro-caspases 8/9 into p20 and p10, respectively.
Furthermore, hypoxia induced Bax at 3 days and 1 week, and reoxygenation increased Bax ~ 4-fold at 1 day.
Although the expression of Bcl-2 was slightly increased by hypoxia, [Bcl-2] was 3-4-fold smaller in comparison
with Bax. These results indicate that hypoxia up-regulates MAPKEX but not MAPKP®: hypoxia/reperfusion
increases the expression of caspases and pro-apoptotic cofactors. The patterns of MAPK regulation suggest the
significance of these kinases in cellular adaptation to oxygen deprivation with biomedical correlations, and
thereby identify novel natural responsive signaling cofactors in Chrysemys picta bellii with potential
pharmacologic and clinical applications.
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1. Introduction

The Western painted turtles Chrysemys picta bellii are
unusually tolerant of anoxia in that they survive 24-
48h of anoxia at 25°C and 4-6 months at 2-3°C during
winter dormancy (Baker et al., 2003; Reese et al.,
2002; Ambrosino and Nebreda, 2001; Barone et al.,
2001; Lopez-Barneo et al.,, 2001; Banasiak et al.,
2000; Bickler, 1998; Cano and Mahadevan, 1995).
Integrative and  sustained adaptations  during
submergence anoxia underlie the animal’s capacity to
tolerate these conditions for long periods of time
(Bobb and Jackson, 2005; Baker et al., 2003; Shin and
Buck, 2003; Shin et al., 2003; Barone et al., 2001;
Nilson, 2001; Banasiak et al., 2000; Frische et al.,
2000; Jackson, 2000a; Satoh et al., 2000; Shi and
Jackson, 1997; Shi et al., 1997).

Survival of neurons in these remarkable turtles
involves a profound reduction in energy metabolism
to approximately 10-20% of the normoxic rate at the
same temperature (Baker et al., 2003; Reese et al.,
2002; Jackson, 2000a; Ko et al., 2000), suggesting a
coordinated reduction of ATP-generating mechanisms
and ATP-consuming pathways (Haddad, 2004a;
Haddad et al., 2003; Reese et al., 2002; Haddad, 2002;
Costanzo et al., 2001; Haddad, 2001; Greenway and
Storey, 2000; Greenway and Storey, 1999; Bickler,
1998; Buck et al., 1998).

This metabolic ‘arrest’ has been shown to lead to
suppression of ion channels, thereby allowing
decreased excitability, reduced ion translocation and
preservation of [ATP] during the energetic stress
imposed by anaerobic conditions (Farahani and
Haddad, 2003; Lutz et al., 2003; Reese et al., 2002;
Costanzo et al., 2001a; Costanzo et al., 2001b; Drew
et al., 2001; Enslen and Davis, 2001; LApez-Barneo et
al., 2001; Nilsson, 2001; Costanzo et al., 2000;
Frische et al., 2000; Jackson, 2000a; Jackson, 2000b;
Jackson et al., 2000; Ko et al., 2000; Lee et al., 2000;
Bickler and Buck, 1998; Buck et al., 1998).
Suppressed targets include numerous enzymes and
molecules that regulate protein synthesis (Haddad,
2004a; Haddad, 2004b; Reese et al., 2002; Bickler et
al., 2000; Buck, 2000; Chang et al., 2000; Jackson,
2000a; Garrington and Johnson, 1999; Cano and
Mahadevan, 1995).

Another feature that characterizes survival is the
ability to buffer an acid-base equilibrium in response

to lactate accumulation due to anaerobic glycolysis
(Warren et al., 2006; Baker et al., 2003; Costanzo et
al., 2001a; Lopez-Barneo et al., 2001; Bickler and
Buck, 1998; Cano and Mahadevan, 1995; Han et al.,
1994). This mechanism is centered on the release of
carbonates from bone and shell to enhance body fluid
buffering of lactic acid (Barone et al., 2001; Bickler
and Buck, 1998). Therefore, the combination of slow
metabolic activity and responsive mineral reserves are
crucial to the survival of those animals under extreme
conditions (Jackson, 2000a; Jackson, 2000b; Jackson
et al., 2000; Ko et al., 2000; Lee et al., 2000).

The biochemical and physiological mechanisms of
anoxia tolerance in turtles have been previously
examined at the level of ion transport and ATP
turnover to better understand the effect of oxygen
deprivation (Nilsson and Lutz, 2004; Overgaard and
Gesser, 2004; Reese et al., 2003; Reese et al., 2002;
Lopez-Barneo et al., 2001; Nicole et al., 2001; Bickler
and Buck, 1998; Cano and Mahadevan, 1995;
Marshall, 1994; Brooks and Storey, 1991). However,
changes in the phosphorylation state of key enzymes
and kinases may occur during anoxia, thereby
reversible protein phosphorylation could be a critical
factor and major mechanism of metabolic
reorganization for enduring anaerobiosis (Prentice et
al., 2003; Reese et al., 2002; Reese et al., 2001,
Barone et al., 2001; Nilsson, 2001; Robinson and
Cobb, 1997).

For instance, it has been shown that anoxia mediated
changes in the activities of protein kinase A (PKA),
PKC and protein phosphatase 1 (Overgaard and
Gesser, 2004; Haddad et al., 2003; Scott et al., 2003;
Schwartz and Baron, 1999; Singer et al., 1999).
Furthermore, anoxia was shown to alter protein
synthesis, mMRNA accumulation and gene transcription
in turtle organs, suggesting that the up-regulation of
selective genes is crucial for surviving anoxia
(Haddad, 2006; Milton et al., 2006; Haddad, 2004b;
Haddad, 2004c; Baker et al., 2003; Reese et al., 2002;
Barone et al., 2001; Greenway and Storey, 1999; Su
and Karin, 1996; Cano and Mahadevan, 1995).

Members of the mitogen-activated protein kinase
(MAPK) superfamily comprise signaling cascades
that respond preferentially to certain stresses (Haddad,
2004c; Haddad, 2004d; Scott et al., 2003; Drew et al.,
2001; Jackson, 2000a; Jackson 2000b; Satoh et al.,
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2000; Schwartz and Baron, 1999; Singer et al., 1999).
Many stimuli, including anoxia, oxygenation and
hypoxia/re-oxygenation, for example, elicit specific
cellular responses through the activation of MAPK
signaling pathways (Haddad, 2004b; Haddad, 2004c;
Ultsch and Jackson, 1982).

MAPKSs are proline-targeted serine-threonine kinases
that transduce environmental stimuli to the nucleus
and are activated by upstream MAPK Kkinases
(MAPKKS) on both threonine and tyrosine residues
within an “activation loop’ (Haddad, 2004b; Widmann
et al., 1999; Wasser et al., 1997). MAPKs can
phosphorylate and activate other kinases or nuclear
proteins, including potential transcription factors
(Hetman et al., 1999; Schwartz and Baron, 1999). The
regulation of c-Jun NH,-terminal kinases (JNKSs)
activation and extracellular signal-regulated protein
kinase (ERK) suppression were reported in the organs
of hatchling red-eared turtles, Trachemys scripta
elegans in response to anoxia (Greenway and Johnson,
1999; Greenway and Storey, 1999).

To date, however, anoxia-mediated regulation of
signaling pathways mediating MAPK signaling
responses is not well characterized in Chrysemys picta
and other species. These observations prompted me to
investigate the regulation of MAPK signaling in
response to submergence anoxia in vivo. Since
MAPKERK and MAPKP® kinases are involved in
adaptive responses involving neuroprotection and
injury during hypoxia, | have explored hypoxia-
mediated regulation of these kinases in the brain of
Chrysemys picta.

This work further identified downstream pathways
mediating the regulation of anoxia-induced apoptosis,
including the expression of pro- and anti-apoptosis
cofactors and upstream caspases. Because turtles
survive prolonged anoxia without neuronal injury, the
hypothesis that MAPKP*¥/MAPK®* pathways and
Bax/Bcl-2-related mechanisms are involved in
neuroprotection was subsequently investigated.

2. Materials and Methods
2.1 Chemicals and reagents
Unless indicated otherwise, chemicals of the highest
analytical grade were purchased from Sigma-Aldrich
(CA, USA). Housing and handling of animals was

performed with strict adherence to ethical guidelines
set forth in the Animals Legislation Act (USA).

2.2. Animal handling and experimentation

Chrysemys picta bellii were obtained from Lembagen,
Oshkosh, WI, and housed according to UCSF Animal
Care Facility regulations. Turtles were kept in
plexiglass aquaria in several inches of water and were
fed frog chow. If a turtle were to undergo hypoxia
akin to that experienced in its native habitat, it was
placed in a glass aquarium filled with water to within
a half inch of the top. The tank was placed in the cold
room, which was kept between 3.8 and 4°C. A
plexiglass lid was placed on top of the tank and sealed
with grease around its edges. The water was
constantly bubbled with anoxic gas (95% N,/5% CO,)
delivered via a tube connected to an airstone at the
bottom of the tank.

At the end of the experimental period, the turtle was
placed in a canister attached by a hose to an anesthesia
vaporizer set to 2%. After the turtle was anesthetized,
through extended hypoxia or anesthesia, the animal
was sacrificed by decapitation. The brain was then
excised and placed in ice-cold anoxic turtle artificial
cerebrospinal fluid (aCSF containing (in mM): 86.5
NaCl, 2.6 KCI, 2.5 CaCl,, 0.2 MgCl,, 2.0 NaH,POy,
26.5 NaHCO;, 20 glucose and 10 HEPES), snap
frozen and stored at —70°C until extraction.

2.3. Preparation of subcellular extracts for western
analysis

Total protein extraction was performed by
homogenizing turtle brain tissue in a suitable volume
of a buffer (1:40; w/v) containing 20 mM HEPES
(pH7.5), 1.5 mM MqgCl,, 0.2 mM EDTA and 0.1 M
NaCl. Before extraction 5 mM dithiothreitol (DTT), 1
mM phenylmethylsulfonyl fluoride (PMSF), and 1.2
mM sodium orthovanadate (NazVVO,) were added to
the buffer. The cellular debris was pelleted by
centrifugation at 10,000g for 30 min at 4°C, and the
collected supernatant was mixed with an equal
volume of the same extracting buffer, but containing
in addition 40 % (v/v) glycerol.

Threonine and tyrosine phosphorylation of MAPKP®
was analyzed according to instructions given in
commercially available kits (New England Biolabs,
Inc., USA). The kit employs specific anti-phospho-
p38 MAPK antibodies against Thr180/Tyr182 sites
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that do not cross-react with phosphorylated
threonine/tyrosine of extracellular signal-regulated
kinase (ERK) 1/2 or c-Jun-NH,-terminal kinase
(INK). MAPKP® is a member of the MAPK family of
kinases that is potently and preferentially activated by
various stimuli (Ultsch and Jackson, 1982).

Analysis of Thr*®/Tyr'® phosphorylation of
MAPKP® was performed as follows: Extracted
proteins (20-25 pg) were resolved over sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE; 10 %) gels at RT, blotted onto
nitrocellulose membrane, and non-specific binding
sites were subsequently blocked. The membrane was
probed with specific antibody to phosphorylated
threonine and tyrosine of MAPKP® for primary
detection.  Anti-rabbit  Ig-biotinylated  antibody
(Amersham Life Science) was employed for
secondary detection followed by the addition of
streptavidin-HRP conjugate and visualized on film by
chemiluminescence. MAPKP® detection using a
specific antibody, which recognizes the non-
phosphorylated form, was considered as an internal
reference for semi-quantitative loading in parallel
lanes for each variable.

In separate experiments, MAPKE (MAPKP*/P42)
westerns were performed using a specific polyclonal
antibody that recognizes the phosphorylated and non-
phosphorylated forms of ERK (New England Biolabs,
Inc., USA). The phospho-antibody specific for
MAPKERX does not cross-react with either MAPKP®
or MAPK™K  as supplied by the manufacturer.

Western blots were scanned by NIH MagiScanll and
subsequently quantitated by UN-Scan-IT automated
digitizing system (Version 5.1; 32-bit), and the ratio
of the density of the band to that of the non-
phosphorylated form was performed.

2.4. Analysis of pro-caspase expression and cleavage
during hypoxia

Brain samples were assayed for the expression of pro-
caspase 8 (sc-7890) and pro-caspase 9 (sc-7885) and
their cleavage by western immunoblotting analysis,
employing  specific antibodies (Santa Cruz
Biotechnology, CA, USA). Caspase 8 p20 (H-134) is
a rabbit polyclonal antibody raised against a
recombinant protein corresponding to amino acids
217-350 mapping within the caspase 8 p20 subunit of

human origin. H-134 reacts with the active p20
subunit and precursor of  caspase 8
(Mch5/MACHal1/FLICE).

Caspase 9 pl10 (H-83) is also a rabbit polyclonal
antibody raised against a recombinant protein
corresponding to amino acids 315-397 mapping
within the carboxy terminus of caspase 9 of human
origin. H-83 reacts with the active p10 subunit and
precursor of caspase 9 (ICE-LAP6). Samples (20-25
ug) were resolved and detected over 10% SDS-PAGE
gels and analyzed as described above.

2.5. Analysis of apoptosis cofactor expression during
hypoxia

The family of B-cell leukaemia/lymphoma-2 (Bcl-2)
related proteins constitutes a class of apoptosis-
regulatory gene products that act at the effector stage
of cell death. Two functional classes of Bcl-2-related
proteins have been identified that share highly
conserved homology domains: (i) anti-apoptotic, or
antagonistic, members, including Bcl-2, which confer
negative control in the pathways of cellular suicide
machinery, and (ii) pro-apoptotic, or agonistic,
members, including Bcl-associated x protein (Bax),
which promote cell death by competing with Bcl-2.
While Bax/Bax homodimers induce apoptosis, Bcl-
2/Bax heterodimer formation evokes a survival signal.

In order to investigate the role of these signaling
cofactors in anoxia-tolerant turtles, the expression of
Bcl-2 and Bax on the imposition of hypoxia and the
ratio of Bcl-2/Bax as an index of apoptosis regulation
under these conditions were determined. Western
analysis was performed as above using specific
antibodies; Bax (B-9; Santa Cruz Biotechnology, CA,
USA) is a mouse monoclonal 1gG,, antibody mapping
at amino acids 1-171 representing all but the carboxy
terminal 21 amino acids of Bax of mouse origin. Bcl-2
(C-2) is a mouse monoclonal 1gG; antibody raised
against a recombinant protein corresponding to amino
acids 1-205 of Bcl-2 of human origin. Both antibodies
were used to detect specific bands with hypoxia and
hypoxia/reoxygenation.

2.6. Statistical analysis and data presentation

Data are the means and the error bars are the SEM.
Statistical evaluation of the difference in mean
separation was performed by one-way analysis of
variance (ANOVA), followed by post hoc Tukey’s
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test, and the a priori level of significance at 95%
confidence level was considered at P < 0.05.

3. Results

All turtles thus far experimented upon survived a
period of up to 6 weeks of submergence hypoxia, and
hypoxia/reoxygenation had no effect on the survival
rate of turtles exposed for up to 6h reoxygenation.

3.1. Hypoxia-mediated regulation of MAPK"® and its
phosphorylation

The effect of hypoxia submergence and hypoxia-
reoxygenation on MAPKP"® signaling pathway in the
brain of Chrysemys is shown in Fig. 1. Exposing
turtles to hypoxia for up to 6 weeks had no apparent
effect on the phosphorylation/activation of MAPKP®
(MAPKPosPho-b38) a5 compared with normoxic turtles
(Fig. 1A).
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Fig. 1 Hypoxia-mediated regulation of MAPKP® signaling pathway. (A) Exposure to hypoxia for a
period of time ranging from 5h to 6 weeks did not significantly affect the phosphorylation/activation of
MAPKP* as compared with normoxia control. (B) Hypoxia/reoxygenation for 6h variably affected the
phosphorylation/activation of MAPKP*®, with suppression at 1 day and 1 week of hypoxia followed by
oxygenation. This MAPKP® suppression was not observed at either 3 days or 6 weeks of hypoxia.
The lower panel shows the expression of the non-phosphorylated form of MAPKP*, as verification for
semi-quantitative loading in parallel lanes. The numbers 1-14 allocated to the top of the gel indicates
the number of each corresponding lane. n = 2-5, which designates the number of turtles and
independent experiments performed for each variable.

Exposure to hypoxia for specified periods of time
followed by reoxygenation for 6h reduced the
phosphorylation/activation of MAPK"® at day 1 (** P
< 0.01) and 1 week (* P < 0.01) of hypoxia, but not at
either 3 days or 6 weeks of hypoxia (Fig. 1B). The
constitutive, non-phosphorylated level expression of

MAPKP® is shown in Figs. 1A and 1B in the lower
panel for hypoxia and hypoxia/reoxygenation,
respectively, in order to validate semi-quantitative
loading in parallel lanes. To further confirm semi-
quantitative loading in parallel lanes, the protein
abundance of the constitutive expression of p-actin
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was performed (Data not shown). The number of
experiments undertaken was repeated with various
immunoblots taken from 2 — 3 different turtles.
Therefore, any variations in band intensity at any
given treatment reflect variations in responses of
various turtles within same species (endogenous
biologic effect). The average of expression is
calibrated with histogram analysis (see below).

Quantitative histogram analysis of the effect of
hypoxia and hypoxia/reoxygenation on MAPKPP®
regulation is shown in Fig. 2. For clarity, the degree of

MAPKP®® phosphorylation was set as 1.00 unit values
for the normoxic brains, in both hypoxia and hypoxia-
reoxygenation (Fig. 2). The number of turtles in this
and any subsequent experiment ranged from between
2 — 3 different turtles. Histogram analysis corresponds
with the intensity of protein bands cumulatively taken
from each representative gel. Using densitometry
analysis, the degree of phosphorylation was
determined against this unit value at normoxia.
Furthermore, the times (5h — 6 weeks) indicate
hypoxia exposure, which was followed with 6h
reoxygenation, except that for 5h hypoxia (ND).
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Fig. 2 Histogram analysis of the relative abundance of the phosphorylated form of MAPK

P38 under

hypoxia/reoxygenation (6h) (The level of expression at normoxia was adjusted to 1 unit and all other
values were expressed relative to this unit). ND, not determined.

120



The level of phosphorylation of MAPKP® with
reoxygenation at 1 day of hypoxia was significantly
reduced (? P < 0.05), as compared with normoxic
brains (Fig. 2). The level of phosphorylation of
MAPKP?® with reoxygenation at 1 day and 1 week of
hypoxia was significantly reduced (* P < 0.05; ** P <
0.01), as compared with hypoxic brains during the
same periods (Fig. 2).

3.2. Hypoxia-mediated regulation of MAPK® and its
phosphorylation

The effect of hypoxia submergence and
hypoxia/reoxygenation on MAPKERK (MAPKP#/P42)
signaling pathway in the brain of Chrysemys is shown

in Fig. 3. Exposing turtles to hypoxia for up to 6
weeks variably and in a biphasic manner allowed the
phosphorylation/activation of MAPKERK
(MAPKPosPho-ERKY “a5 compared with normoxic turtles
(Fig. 3A). Exposure to hypoxia for 5h induced the
phosphorylation/activation of MAPK® (** p <
0.01); this activation returned to baseline levels
between 1 day and 1 week of hypoxia, and was
suppressed at 6 weeks (** P < 0.01) (Fig. 3A).
Interestingly, the observation that after 6 weeks of
hypoxia MAPKP"OERK \was no longer detectable,
ostensibly due to the fact that contiguous, rather than
intermittent, exposure to hypoxia may act as a factor
in downregulating the expression of MAPK®R,
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Fig. 3 Hypoxia-mediated regulation of MAPKP*P42 (MAPKER¥2) signaling pathway. (A) Exposure to
hypoxia for a period of time ranging from 5h to 6 weeks variably and in a biphasic manner affected
the phosphorylation/activation of MAPKP*P42 as compared with normoxia control. Whereas 5h of
hypoxia significantly increased the phosphorylation/activation of MAPKP*/**2 1 day — 1 week was
not significantly different from normoxia, and at 6 weeks of hypoxia the phosphorylation/activation of
MAPKP*P2 \nas suppressed, as compared with normoxia and 5h. (B) Hypoxia/reoxygenation for 6h
mildly affected the phosphorylation/activation of MAPKP**P2 with suppression at 6 weeks of hypoxia
followed by oxygenation. This MAPKP*¥P*? suppression was not observed at 1 day — 1 week of
hypoxia. The lower panel shows the expression of the non-phosphorylated form of MAPKP*P42  as
verification for semi-quantitative loading in parallel lanes. The numbers 1-14 allocated to the top of
the gel indicates the number of each corresponding lane. n = 2-5, which designates the number of
turtles and independent experiments performed for each variable.
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Exposure to hypoxia for specified periods of time
followed by reoxygenation for 6h did not affect the
phosphorylation/activation of MAPKERK, except at 6
weeks of hypoxia where a partial, but significant (* P
< 0.05), restoration was observed (Fig. 3B). The
constitutive, non-phosphorylated level expression of
MAPK®* is shown in Figs. 3A and 3B in the lower
panel for hypoxia and hypoxia/reoxygenation,
respectively, in order to validate semi-quantitative
loading in parallel lanes. Data were reproduced in at
least 2 — 3 different turtles.

Histogram analysis of the effect of hypoxia and
hypoxia/reoxygenation on MAPKERK (MAPKP#/P42)
regulation is shown in Fig. 4. The level of
phosphorylation of MAPK® with reoxygenation at 6
weeks of hypoxia was found significantly reduced (°
P < 0.05), as compared with normoxic brains (Fig. 4).
Exposure to hypoxia (5h) induced the phosphorylation
of MAPKS® (** p < 0.01). The level of
phosphorylation of MAPK=* with reoxygenation at 6
weeks of hypoxia was significantly increased (" P <
0.05), as compared with hypoxic brains during the
same period (Fig. 4). Data were reproduced in at least
2 — 3 different turtles.
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Fig. 4 Histogram analysis of the relative abundance of the phosphorylated form of MAP

Kp44/p42

under hypoxia/reoxygenation (6h) (The level of expression at normoxia was adjusted to 1 unit and all
other values were expressed relative to this unit). ND, not determined.
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3.3. Hypoxia-mediated
activation

The effect of hypoxia and hypoxia-reoxygenation on
caspase 8 (H-134) cleavage and activation is shown in
Fig. 5. Hypoxia exposure has no effect on the protein
expression of pro-caspase 8 (~ 55 kDa), as compared

regulation of caspase-8

with normoxia, except at 6 weeks of hypoxia, where a
sharp decline was observed (*** P < 0.001) (Fig. 5A).
As a valid control for pro-caspase-8 expression (equal
gel loading), the protein levels of B-actin were not
significantly different among treatments (data not
shown).
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Fig.5 Hypoxia-mediated regulation of caspase 8 expression and activation (cleavage). (A)
Exposure to hypoxia for a period of time ranging from 5h to 6 weeks did not affect the expression of
pro-caspase 8 (H-134), as compared with normoxia control, except at 6 weeks of hypoxia where the
relative abundance of H-134 was lower. However, across the range of hypoxia spanned there was no
conversion of pro-caspase 8 into the active form (p20). (B) Hypoxia/reoxygenation for 6h mildly
affected the relative abundance of pro-caspase 8, with elevation at 1 day and 6 weeks of hypoxia
followed by oxygenation. This increase was not observed at 3 days — 1 week of hypoxia. Neither did
reoxygenation allow activation of pro-caspase 8 and appearance of p20 active subunit across the
hypoxia-reoxygenation spanned curve. The numbers 1-14 allocated to the top of the gel indicates the
number of each corresponding lane. n = 2-5, which designates the number of turtles and independent
experiments performed for each variable.

Exposure to hypoxia for specified periods of time
followed by reoxygenation for 6h has no apparent
effect on the level of pro-caspase 8, except at 1 day (*
P < 0.05) and 6 weeks (" P < 0.01) where the
constitutive level of pro-caspase 8 partially increased

(Fig. 5B). Neither hypoxia nor hypoxia/reoxygenation
induced the cleavage of pro-caspase 8 into the active
form, as there was no detectable band for the active
form of caspase 8 (p20 subunit) (Figs. 5A and 5B).
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Histogram analysis of the effect of hypoxia and
hypoxia/reoxygenation on caspase-8 (H-134) cleavage
is shown in Fig. 6. The level of caspase-8 (H-134) at 1
week and 6 weeks of hypoxia-reoxygenation was

significantly increased (* P < 0.05; ** P < 0.01), as
compared with hypoxic brains during the same
periods (Fig. 6). Data were reproduced in at least 2 — 3
different turtles.

mmmm Hypoxia
—= Hypoxia-Reoxygenation

175 ; +
(1)
< o 1.50 |
i | H
:I-:-E1.25- : ¥
~ 5 1.00 |
%32 [ | |z
L 075 |
=
2% 050 i
G O :
0&0.25' D '
~— 0.00 =
§F TassS
& ™ Q &
& NN

Hypoxia-Reoxygenation

Fig. 6 Histogram analysis of the

relative abundance of

pro-caspase-8 (H-134) under

hypoxia/reoxygenation (6h) (The level of expression at normoxia was adjusted to 1 unit and all other
values were expressed relative to this unit). ND, not determined.

3.4. Hypoxia-mediated
activation

Hypoxia exposure has no effect on the protein
expression of pro-caspase 9 (~ 50 kDa), as compared
with normoxia, except at 6 weeks of hypoxia, where a
sharp decline was observed (*** P < 0.001) (Fig. 7A).
Exposure to hypoxia for specified periods of time
followed by reoxygenation for 6h partially increased

regulation of caspase-9

the constitutive level of pro-caspase 9, specifically at
3 days (° P < 0.05), 1 week (? P < 0.05) and 6 weeks
(? P < 0.05) of hypoxia (Fig. 7B). Neither hypoxia nor
hypoxia-reoxygenation induced the cleavage of pro-
caspase 9 into the active form, as there was no
detectable band for the active form of caspase 9 (p10
subunit) (Figs. 7A and 7B). As a valid control for pro-
caspase-9 expression (equal gel loading), the protein
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levels of B-actin were not significantly different among treatments (data not shown).
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Fig. 7 Hypoxia-mediated regulation of caspase 9 expression and activation (cleavage). (A)
Exposure to hypoxia for a period of time ranging from 5h to 6 weeks did not affect the expression of
pro-caspase 9 (H-83), as compared with normoxia control, except at 6 weeks of hypoxia where the
relative abundance of H-83 was lower. However, across the range of hypoxia spanned there was no
conversion of pro-caspase 9 into the active form (p10). (B) Hypoxia/reoxygenation for 6h mildly
affected the relative abundance of pro-caspase 9, with elevation at 6 weeks of hypoxia followed by
oxygenation. This increase was not observed at 1 day — 1 week of hypoxia. Neither did
reoxygenation allow activation of pro-caspase 9 and appearance of pl0 active subunit across the
hypoxia-reoxygenation spanned curve. The numbers 1-14 allocated to the top of the gel indicates the
number of each corresponding lane. n = 2-5, which designates the number of turtles and independent
experiments performed for each variable.

Histogram analysis of the effect of hypoxia and
hypoxia/reoxygenation on caspase-9 (H-83) cleavage
is shown in Fig. 8. The level of caspase-9 (H-83) at 6
weeks of hypoxia-reoxygenation was significantly
increased (" P < 0.001), as compared with hypoxic
brains during the same period (Fig. 8). Data were
reproduced in at least 2 — 3 different turtles.

Hypoxia-mediated regulation of apoptosis signaling
cofactors, Bcl-2 and Bax

The effect of hypoxia and hypoxia/reoxygenation on
protein expression of the anti-apoptotic cofactor Bcl-2
is shown in Fig. 9. Bcl-2 expression was minor in
response to hypoxia, although the abundance of Bcl-2
reached statistical significance between 1 day and 1
week of hypoxia (* P < 0.05, ** P < 0.01, *** P <
0.001), in comparison with normoxic turtles (Fig. 9A).
Hypoxia/reoxygenation decreased the mild expression
of Bcl-2 observed with hypoxia (° P < 0.05) (Fig. 9B).
As a valid control for Bcl-2 expression (equal gel
loading), the protein levels of pB-actin were not
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significantly different among treatments (data not shown).
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Fig. 8 Histogram analysis of the relative abundance of pro-caspase-9 (H-83) under
hypoxia/reoxygenation (6h) (The level of expression at normoxia was adjusted to 1 unit and all other
values were expressed relative to this unit). ND, not determined.

Histogram analysis of the effect of hypoxia and of Bcl-2 observed with hypoxia at 1 day, 3 days, 1
hypoxia/reoxygenation on Bcl-2 is shown in Fig. 10. week and 6 weeks (? P < 0.05). This effect is
The level of Bcl-2 was mildly increased at 1 day (* P significantly lowered as compared with normoxia at 1
< 0.05), 3 days (** P < 0.05) and 1 week (* P< 0.05) day (*" P <0.01), 3days (" P <0.001), 1 week (" P
of hypoxia, as compared with normoxia. < 0.01) and 6 weeks of hypoxia (" P < 0.05) (Fig. 10).
Hypoxia/reoxygenation decreased the mild expression  Data were reproduced in at least 2 — 3 different turtles.
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Fig. 9 Hypoxia-mediated regulation of anti-apoptotic cofactor, Bcl-2. (A) Exposure to hypoxia for a
period of time ranging from 5h to 6 weeks mildly up-regulated the protein expression of Bcl-2 at 1 day
- 1 week of hypoxia, as compared with normoxia control. (B) Hypoxia/reoxygenation for 6h has no
effect on Bcl-2 expression. The numbers 1-14 allocated to the top of the gel indicates the number of

each corresponding lane. n =
experiments performed for each variable.

The abundance of Bax increased at least linearly with
the imposition of hypoxia, to attain statistical
significance at 3 days (** P < 0.01) and 1 week (*** P
< 0.001) of hypoxia, as compared with normoxic
turtles (Fig. 11A). Hypoxia/reoxygenation up-
regulated the expression of Bax at 1 day (° P < 0.05),
3 days (° P < 0.05) and 1 week (° P < 0.05) of
hypoxia, as compared with normoxic controls (Fig.
11B). As a valid control for Bax expression (equal gel
loading), the protein levels of p-actin were not
significantly different among treatments (data not
shown).

Histogram analysis of the effect of hypoxia and
hypoxia/reoxygenation on Bax is shown in Fig. 12.
Hypoxia/reoxygenation significantly increased the

2-5, which designates the number of turtles and independent

expression of Bax at 1 day P < 0.05), 3 days (° P <
0.05) and 1 week (? P < 0.05). This effect is
significantly increased as compared with hypoxia at 1
day (*" P <0.01) (Fig. 12).

The % variations of the ratios of Bcl-2/Bax with
hypoxia and hypoxia-reoxygenation are shown in
Figs. 13A and 13B, respectively. In normoxia, the
constitutive expression of Bcl-2 exceeds that of Bax
(58.9/41.0 %). The ratio variations become prominent
with hypoxia (Fig. 13A) and hypoxia-reoxygenation
(Fig. 13B). For comparison of the protein abundance
of both Bcl-2 and Bax, calibration curves were
undertaken relative to the constitutive expression of 3-
actin, solely to indicate semi-quantitative loading in
parallel lanes (Data not shown).
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Fig. 10 Histogram analysis of the relative abundance of Bcl-2 under hypoxia/reoxygenation (6h) (The
level of expression at normoxia was adjusted to 1 unit and all other values were expressed relative to

this unit). ND, not determined.

A hypothetical model for hypoxia-MAPK signaling is
depicted in Fig. 14. Although the MAPK™X pathway
has not been discussed in this paper, it was included
given preliminary results of the distribution of the
phosphorylated form in different organs of the turtle
(Haddad et al., 2007, unpublished observations;
UCSF). This model was derived in part to depict the
significance of hypoxia and hypoxia-reoxygenation in

the regulation of cell death or survival in anoxia-
tolerant organisms from the perspective of MAPK
signaling pathways. Further experimental work,
however, is mandated to verify whether the
aforementioned pathways are closely linked in
modules relating to or are associated with hypoxia-
tolerant organisms and models.

128



Hypoxia Hypoxia/Reoxygenation (6h)
A ool — B o —
i
o
o v & g =
& = £ & & 2 L &F &
Ly s o & é o> i é &
>
Bax F e Y T IR S °
1 23 456 7 89 101112 1314 12345 6789 101112 1314

kDa

16.5 —

Fig. 11 Hypoxia-mediated regulation of pro-apoptotic cofactor, Bax. (A) Exposure to hypoxia for a
period of time ranging from 5h to 6 weeks up-regulated the protein expression of Bax at 3 days and 1
week of hypoxia, as compared with normoxia control. (B) Hypoxia/reoxygenation for 6h variably
affected Bax expression, with up-regulation at 1 day, 3 days and 1 week of hypoxia followed by
oxygenation. The numbers 1-14 allocated to the top of the gel indicates the number of each
corresponding lane. n = 2-5, which designates the number of turtles and independent experiments

performed for each variable.

4. Discussion

This study has investigated in vivo hypoxia-mediated
regulation of MAPK signaling pathways and
caspase/apoptosis cofactor expression in anoxia-
tolerant turtles (Haddad, 2004c). In summary, these
results indicate that the regulation of MAPK signaling
pathways in anoxia-tolerant turtles is hypoxia-
sensitive and that the regulation of apoptosis-related
cofactors during hypoxia is caspase-insensitive and
involve, at least in part, a Bax-dependent mechanism.
Because turtles survive prolong anoxia without neuron
injury, the upregulation of MAPKs and Bax/Bcl-2-
related mechanisms may be involved in
neuroprotection.

Since Chrysemys is amongst the most anoxia-tolerant
vertebrate presently known, it therefore offers a
unique opportunity to understand mechanisms of
anoxia tolerance (Haddad, 2004b; Nilsson et al., 2004;
Reese et al., 2002; Hochachka and Lutz, 2001,
Banasiak et al., 2000; Bickler et al., 2000; Buck,
2000; Frische et al., 2000; Jackson, 2000a; Jackson,

2000b; Satoh et al., 2000; Singer et al., 1999; Cano
and Mahadevan, 1995). However, little is known
about the molecular mechanisms and pathways
underlying anoxia tolerance in those turtles. Bickler
and colleagues (Bickler et al., 2000; Bickler, 1998;
Bickler and Buck, 1998), for instance, have reported a
role for hypoxia-mediated silencing of NMDA
receptors in turtle neurons.

Recently, Greenway and colleagues (Greenway and
Storey, 2000; Greenway and Storey, 1999) reported
that MAPKs are sensitive to anoxia and freezing
cycles in hatchling red-eared sliders, Trachemys
scripta elegans. In that study, MAPK®RK was not
stress-activated except in the brain of frozen turtles. In
addition, MAPK™ was only transiently activated by
anoxia, and the expression of c-Fos and c-Myc
transcription factors was organ-specific, consistent
with other observations (Milton et al., 2006; Jackson
et al., 2000). These results indicated that MAPKSs are
hypoxia-sensitive, suggesting the significance of these
kinases in cellular adaptation to oxygen deprivation.
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Fig. 12 Histogram analysis of the relative abundance of Bax under hypoxia/reoxygenation (6h) (The
level of expression at normoxia was adjusted to 1 unit and all other values were expressed relative to

this unit). ND, not determined.

Amongst the known signal transduction pathways that
control cell fate (apoptosis) are the MAPK cascades
(Haddad, 2005; Reese et al., 2001; Robinson and
Cobb, 1997). A relationship between the activation of
these modules and the regulation of caspases and
Bax/Bcl-2 expression is not clear, and the molecular
mechanisms involved are not known. For instance, it
has been reported that MAPKER® activation was
associated with estrogen-mediated neuroprotection
following glutamate toxicity in mammalian cortical
neurons (Reese et al., 2003; Costanzo et al., 2001).

Similarly, neuroprotection by  brain-derived
neurotrophic factor (BDNF) was mediated by
MAPK® and phosphatidylinositol ~3-kinase in

cortical neurons (Reese et al., 2003). Furthermore,
neuroprotection mediated by glial cell line-derived
neurotrophic factor (GDNF) required the involvement
of a reduction of NMDA-induced calcium influx in a
MAPK*_dependent mechanism (Scott et al., 2003;
Bickler et al., 2000; Singer et al., 1999).
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Fig. 13 The ratio (%) of Bcl-2/Bax in hypoxia and hypoxia/reoxygenation. (A) Bcl-2/Bax % variation
with hypoxia. The number in % designates the variation of Bax relative Bcl-2 at different time point of
hypoxia. (B) Bcl-2/Bax % variation with hypoxia-reoxygenation. The number in % designates the
variation of Bax relative Bcl-2 at different time point of hypoxia/reoxygenation. The numbers 1-14
allocated to the top of the gel indicates the number of each corresponding lane. n = 2-5, which
designates the number of turtles and independent experiments performed for each variable.

In contrast, Satoh and colleagues (Satoh et al., 2000)
recently showed that inhibition of MAPKERX with
U0126 mediated neuroprotection against oxidative
stress in neuronal cells. On the other hand, selective
inhibition of the MAPKP® pathway reduced brain
injury and neurological deficits in cerebral focal
ischemia (Nilsson, 2001; Satoh et al., 2000).

Moreover, it has been shown that synergistic
activation of MAPKP® and caspase-3-like proteases
was involved in calyculin A-induced apoptosis in
cortical neurons (Shin et al., 2003; Widmann et al.,
1999). In addition, selective inhibition of the
MAPKP®® pathway has been proposed as a therapeutic
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strategy for pre-clinical evaluation (Reese et al., 2001;

Costanzo et al., 2000; Robinson and Cobb, 1997).

Hypoxia Signaling in Anoxia-Tolerant Cell Models
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Fig. 14 A hypothetical schema for hypoxia-mediated regulation of MAPK signaling pathways in
anoxia-tolerant organisms and models, such as the Western painted turtle, Chrysemys picta bellii.
This model is based in part on unpublished observations carried out by the author at UCSF, with
particular emphasis on the neuroinjurious effects of MAPKP*® (MKK) and MAPK™ " (SEK; SAPK), and

neuroprotective effects of MAPKERK

and upstream kinases (MEK) associated with this pathway. For

further explanation, the reader’s attention is focally directed to Haddad, 2004d.

The results therein reported agree with these
observations in regard to the differential (biphasic)
regulation of MAPK signaling in anoxia-tolerant
turtles. For instance, | have observed no changes in
MAPKP® phosphorylation with either hypoxia or
reoxygenation. Furthermore, hypoxia, but not
reoxygenation, up-regulated the phosphorylation of
MAPKERK Of note, neither hypoxia nor
reoxygenation induced the cleavage of pro-caspases 8
and 9; nevertheless, hypoxia increased the expression
of Bax and, to a lesser extent, Bcl-2, an effect

augmented with reoxygenation for Bax (Haddad,
2004c).

Despite the significance of this response of MAPKS to
oxygen deprivation, the molecular basis for this
differential regulation remains to be elucidated.
Interestingly, this study has revealed not only that
MAPK signaling pathways are hypoxia-responsive,
particularly MAPKERX but also the regulation of
apoptosis-related cofactors in anoxia-tolerant brains is
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hypoxia-sensitive and involves, at least in part, a Bax-
dependent mechanism (Haddad, 2005).

Whether the signaling pathways regulating MAPKSs in
hypoxia are directly linked to the expression of pro-
and anti-apoptotic cofactors cannot be ruled out;
however, it is conspicuous that the regulation of
MAPK signaling is involved in mediating a
neuroinjurious (Haddad, 2005; Prentice et al., 2003)
or neuroprotective (Haddad, 2004b; Haddad, 2004c)
response following oxygen deprivation. Furthermore,
it wasn’t clear from this data alone whether the effect
on MAPKs could be cold (3-4°C) sensitive or the
effect could be synergistic with hypoxia (Baker et al.,
2003). However, it was recently reported that cold
exposure had no effect on the activity of NMDA
receptors in the anoxia-tolerant turtle, Chrysemys
(Bickler et al., 2000); the effect in the brain was
exclusively hypoxia-dependent, thus reinforcing the
observation that MAPKs are hypoxia-sensitive or
responsive.

Current studies are aimed at identifying the upstream
and downstream components of the MAPK signaling
machinery in vitro and in vivo in order to locate
potential targets for neuroprotection during hypoxia.
The molecular basis for a possible relationship
between MAPK signaling and the regulation of cell
death in Chrysemys picta is, therefore, crucial for
identifying cellular modules naturally activated in
hypoxia-tolerant vertebrates (Dinkelacker et al., 2005;
Packard and Packard, 2005).

In recapitulation, i) hypoxia did not up-regulate the
phosphorylation of MAPKP®, but
hypoxia/reoxygenation suppressed this pathway
during 1 day and 1 week of hypoxia; ii) the effect of
hypoxia on the phosphorylation of MAPK® was
biphasic (early up-regulation and late suppression);
iii) neither hypoxia nor hypoxia/reoxygenation
induced the cleavage of pro-caspase 8 and 9 into their
corresponding active subunits, p20 and plo0,
respectively (Chou et al., 2000; Chou et al., 1997); iv)
hypoxia induced the expression of the pro-apoptotic
cofactor, Bax, and hypoxia/reoxygenation increased
Bax =~ 4-fold during early hypoxic submergence; and
V) the expression of Bcl-2, an anti-apoptotic cofactor,
was minimal in response to hypoxia, the level of
which was 3-4-fold smaller in comparison with Bax.

Therefore, hypoxia up-regulated the phosphorylation
of MAPK® but not MAPKP®: in addition, the
regulation of apoptosis-related cofactors is hypoxia-
sensitive and requires, at least in part, a Bax-
dependent  mechanism  during hypoxia and
hypoxia/reoxygenation. These results indicate a
discordant response of MAPK signaling pathways in
response to hypoxia and that the expression of
apoptosis signaling cofactors is hypoxia-responsive
(Haddad, 2005; Haddad, 2004c). The patterns of
MAPK regulation suggest the significance of these
kinases in cellular adaptation to oxygen deprivation,
and thereby identify novel natural responsive
signaling cofactors in Chrysemys picta bellii.

Acknowledgements

The author appreciatively thanks Jennifer A. Schuyler
for her expert technical assistance. This work was
supported by NIH grant RO1 GM52212 to Prof.
Philip Bickler (UCSF). The experiments therein
outlined were performed at UCSF at the time when
the author was a postdoctoral fellow. The manuscript
was written at the UCSF (University of California at
San Francisco) and modified at the LIU (Lebanese
International University), henceforth reference to
retrospect and current affiliations. Dr. John Haddad
held the distinguished Georges John Livanos
fellowship (London, UK) and the NIH postdoctoral
fellowship (UCSF, CA).

References
Ambrosino C, Nebreda AR, Cell cycle regulation by
p38 MAP kinases. Biol. Cell, 2001; 93: 47-51.

Baker PJ, Costanzo JP, Iverson JB, Lee RE,
Adaptations to terrestrial overwintering of hatchling
northern map turtles, Graptemys geographica. J.
Comp. Physiol. B 2003; 173: 643-651.

Banasiak KJ, Xia Y, Haddad GG, Mechanisms
underlying hypoxia-induced neuronal apoptosis. Prog.
Neurobiol., 2000; 62: 215-249.

Barone FC, Irving EA, Ray AM, Lee JC, Kassis S,
Kumar S, Badger AM, White RF, Mcvey MJ, Legos
JJ, Erhardt AH, Nelson AH, Ohlstein EH, Hunter AJ,
Ward K, Smith BR, Adams JL, Parsons AA, SB
239063, a second-generation p38 mitogen-activated
protein kinase inhibitor, reduces brain injury and

133



neurological deficits in cerebral focal ischemia. J.
Pharmacol. Exp. Therap., 2001; 296: 312-321.

Bickler, P.E., Reduction of NMDA receptor activity
in cerebrocortex of turtles (Chrysemys picta) during 6
wk of anoxia. Am. J. Physiol., 1998; 275: R86-R91.

Bickler PE, Buck LT, Adaptations of vertebrate
neurons to hypoxia and anoxia: maintaining critical
Ca’* concentrations. J. Exp. Biol., 1998; 201: 1141-
1152.

Bickler PE, Donohoe PH, Buck LT, Hypoxia-induced
silencing of NMDA receptors in turtle neurons. J.
Neurosci., 2000; 20: 3522-3528.

Bobb VT, Jackson DC, Effect of graded hypoxic and
acidotic stress on contractile force of heart muscle
from hypoxia-tolerant and hypoxia-intolerant turtles.
J. Exp. Zoolog. A Comp. Exp. Biol., 2005; 303: 345-
353.

Brooks SP, Storey KB, The role of protein kinases in
anoxia tolerance in facultative anaerobes: purification
and characterization of a protein kinase that
phosphorylates pyruvate kinase. Biochim. Biophys.
Acta, 1991; 1073: 253-259.

Buck L, Espanol M, Litt L, Bickler P, Reversible
decreases in ATP and PCr concentrations in anoxic
turtle brain. Comp. Biochem. Physiol. A, 1998; 120:
633-639.

Buck LT, Succinate and alanine as anaerobic end-
products in the diving turtle (Chrysemys picta bellii).
Comp. Biochem. Physiol. B, 2000; 126: 409-413.

Cano E, Mahadevan LC, Parallel signal processing
among mammalian MAPKSs. Trends Biochem. Sci.,
1995; 20: 117-122.

Chang J, Knowlton AA, Wasser JS, Expression of
heat shock proteins in turtle and mammal hearts:
relationship to anoxia tolerance. Am. J. Physiol.
Regul. Integr. Comp. Physiol., 2000; 278: R209-R214.

Chou KC, Jones D, Heinrikson RL, Prediction of the
tertiary structure and substrate binding site of caspase-
8. FEBS lett., 1997; 419: 49-54.

Chou KC, Tomasselli AG, Heinrikson RL, Prediction
of the tertiary structure of a caspase-9/inhibitor
complex. FEBS lett., 2000; 470: 249-256.

Costanzo JP, Litzgus JD, lverson JB, Lee RE,
Seasonal changes in physiology and development of
cold hardiness in the hatchling painted turtle
Chrysemys picta. J. Exp. Biol., 2000; 203: 3459-3470.

Costanzo JP, Jones EE, Lee RE, Physiological
responses to supercooling and hypoxia in the
hatchling painted turtle, Chrysemys picta. J. Comp.
Physiol. B, 2001a; 171: 335-340.

Costanzo JP, Litzgus JD, Iverson JB, Lee RE, Cold-
hardiness and evaporative water loss in hatchling
turtles. Physiol. Biochem. Zool., 2001b; 74: 510-519.

Dinkelacker SA, Costanzo JP, Lee RE, Anoxia
tolerance and freeze tolerance in hatchling turtles. J.
Comp. Physiol. B, 2005; 175: 209-217.

Drew KL, Rice ME, Kuhn TB, Smith MA,
Neuroprotective  adaptations in hibernation:
therapeutic implications for ischemia-reperfusion,
traumatic brain injury and neurodegenerative diseases.
Free Radic. Biol. Med., 2001; 31: 563-573.

Enslen H, Davis RJ, Regulation of MAP kinases by
docking domains. Biol. Cell, 2001; 93: 5-14.

Farahani R, Haddad GG, Understanding the molecular
responses to hypoxia using Drosophila as a genetic
model. Respir. Physiol. Neurobiol., 2003; 135: 221-
229.

Frische S, Fago A, Altimiras J, Respiratory responses
to short term hypoxia in the snapping turtle, Chelydra
serpentina. Comp. Biochem. Physiol. A, 2000; 126:
223-231.

Garrington TP, Johnson GL, Organization and
regulation of mitogen-activated protein kinase
signaling pathways. Curr. Opin. Cell Biol., 1999; 11:
211-218.

Greenway SC, Storey KB, Discordant responses of
mitogen-activated protein kinases to anoxia and
freezing exposures in hatchling turtles. J. Comp.
Physiol. B, 1999; 169: 521-527.

134



Greenway SC, Storey KB, Mitogen-activated protein
kinases and anoxia tolerance in turtles. J. Exp. Zool.,
2000; 287: 477-484.

Haddad GG, Tolerance to low O,: lessons from
invertebrate genetic models. Exp. Physiol., 2006; 91:
277-282.

Haddad JJ, VX-745. Vertex Pharmaceuticals. Curr.
Opin. Investig. Drugs, 2001; 2: 1070-1076.

Haddad JJ, The involvement of L-y-glutamyl-L-
cysteinyl-glycine (glutathione/GSH) in the mechanism
of redox signaling mediating MAPK(p38)-dependent
regulation of pro-inflammatory cytokine production.
Biochem. Pharmacol., 2002; 63: 305-320.

Haddad JJ, Saadé NE, Safieh-Garabedian B,
Interleukin-10 and the regulation of mitogen-activated
protein kinases: are these signalling modules targets
for the anti-inflammatory action of this cytokine?
Cell. Signal., 2003; 15: 255-267.

Haddad JJ, Oxygen sensing and oxidant/redox-related
pathways. Biochem. Biophys. Res. Commun., 2004a;
316: 969-977.

Haddad JJ, Redox and oxidant-mediated regulation of
apoptosis signaling pathways: immuno-pharmaco-
redox conception of oxidative siege versus cell death
commitment. Int. Immunopharmacol., 2004b; 4: 475-
493.

Haddad JJ, Mitogen-activated protein kinases and the
evolution of  Alzheimer's: a  revolutionary
neurogenetic axis for therapeutic intervention? Prog.
Neurobiol., 2004c; 73: 359-377.

Haddad JJ, Hypoxia and the regulation of mitogen-
activated protein kinases: gene transcription and the
assessment of potential pharmacologic therapeutic
interventions. Int. Immunopharmacol., 2004d; 4:
1249-1285.

Haddad JJ, N-methyl-D-aspartate (NMDA) and the
regulation of mitogen-activated protein kinase
(MAPK)  signaling  pathways: a  revolving
neurochemical axis for therapeutic intervention? Prog.
Neurobiol., 2005; 77: 252-282.

Han J, Lee JD, Bibbs L, Ulevitch RJ, A MAP kinase
targeted by endotoxin and hyperosmolarity in
mammalian cells. Science, 1994; 265: 808-811.

Hetman M, Kanning K, Cavanaugh JE, Xia Z,
Neuroprotection by brain-derived neurotrophic factor
is mediated by extracellular signal-regulated kinase
and phosphatidylinositol 3-kinase. J. Biol. Chem.,
1999; 274: 22569-22580.

Hochachka PW, Lutz PL, Mechanism, origin, and
evolution of anoxia tolerance in animals. Comp.
Biochem. Physiol. B, 2001; 130: 435-459.

Jackson DC, How a Turtle's Shell Helps It Survive
Prolonged Anoxic Acidosis. News Physiol. Sci.,
2000a; 15: 181-185.

Jackson DC, Living without oxygen: lessons from the
freshwater turtle.Comp. Biochem. Physiol. A, 2000b;
125: 299-315.

Jackson DC, Crocker CE, Ultsch GR, Bone and shell
contribution to lactic acid buffering of submerged
turtles Chrysemys picta bellii at 3 degrees C. Am. J.
Physiol. Regul. Integr. Comp. Physiol., 2000; 278:
R1564-R1571.

Ko HW, Han KS, Kim EY, Ryu BR, Yoon WJ, Jung
YK, Kim SU, Gwag BJ, Synergetic activation of p38
mitogen-activated protein kinase and caspase-3-like
proteases for execution of calyculin A-induced
apoptosis but not N-methyl-D-aspartate-induced
necrosis in mouse cortical neurons. J. Neurochem.,
2000; 74: 2455-2461.

Lee JC, Kumar S, Griswold DE, Underwood DC,
Votta BJ, Adams JL, Inhibition of p38 MAP kinase as
a therapeutic strategy. Immunopharmacology, 2000;
47: 185-201.

Lopez-Barneo J, Pardal R, Ortega-Saenz P, Cellular
mechanism of oxygen sensing. Annu. Rev. Physiol.,
2001; 63: 259-287.

Lutz PL, Prentice HM, Milton SL, Is turtle longevity
linked to enhanced mechanisms for surviving brain
anoxia and reoxygenation? Exp. Gerontol., 2003; 38:
797-800.

135



Marshall CJ, MAP kinase kinase kinase, MAP kinase
kinase and MAP kinase. Curr. Opin. Genet. Dev.,
1994; 4: 82-89.

Milton SL, Nayak G, Lutz PL, Prentice HM, Gene
transcription of neuroglobin is upregulated by hypoxia
and anoxia in the brain of the anoxia-tolerant turtle
Trachemys scripta. J. Biomed. Sci., 2006; 13: 509-
514.

Nicole O, Ali C, Docagne F, Plawinski L, Mackenzie
ET, Vivien D, Buisson A, Neuroprotection mediated
by glial cell line-derived neurotrophic factor:
involvement of a reduction of NMDA-induced
calcium influx by the mitogen-activated protein kinase
pathway. J. Neurosci., 2001; 21: 3024-3033.

Nilsson GE, Surviving anoxia with the brain turned
on. News Physiol. Sci., 2001; 16: 217-221.

Nilsson GE, Lutz PL, Anoxia tolerant brains. J.
Cereb. Blood Flow Metah., 2004; 24: 475-486.

Overgaard J, Gesser H, Force development, energy
state and ATP production of cardiac muscle from
turtles and trout during normoxia and severe hypoxia.
J. Exp. Biol., 2004; 207: 1915-1924.

Packard MJ, Packard GC, Patterns of variation in
glycogen, free glucose and lactate in organs of
supercooled hatchling painted turtles (Chrysemys
picta). J. Exp. Biol., 2005; 208: 3169-3176.

Prentice HM, Milton SL, Scheurle D, Lutz PL, Gene
transcription of brain voltage-gated potassium
channels is reversibly regulated by oxygen supply.
Am. J. Physiol. Regul. Integr. Comp. Physiol., 2003;
285: R1317-R1321.

Reese SA, Crocker CE, Carwile ME, Jackson DC,
Ultsch GR, The physiology of hibernation in common
map turtles (Graptemys geographica). Comp.
Biochem. Physiol. A, 2001; 130: 331-340.

Reese SA, Jackson DC, Ultsch GR, The physiology of
overwintering in a turtle that occupies multiple
habitats, the common snapping turtle (Chelydra
serpentina). Physiol. Biochem. Zool., 2002; 75: 432-
438.

Reese SA, Jackson DC, Ultsch GR, Hibernation in
freshwater turtles: softshell turtles (Apalone spinifera)
are the most intolerant of anoxia among North
American species. J. Comp. Physiol. B, 2003; 173:
263-268.

Robinson MJ, Cobb MH, Mitogen-activated protein
kinase pathways. Curr. Opin. Cell Biol., 1997; 9: 180-
186.

Satoh T, Nakatsuka D, Watanabe Y, Nagata I,
Kikuchi H, Namura S, Neuroprotection by
MAPK/ERK kinase inhibition with U0126 against
oxidative stress in a mouse neuronal cell line and rat
primary cultured cortical neurons. Neurosci. Lett.,
2000; 288: 163-166.

Schwartz MA, Baron V, Interactions between
mitogenic stimuli, or, a thousand and one connections.
Curr. Opin. Cell Biol., 1999; 11: 197-202.

Scott MA, Locke M, Buck LT, Tissue-specific
expression of inducible and constitutive Hsp70
isoforms in the western painted turtle. J. Exp. Biol.,
2003; 206: 303-311.

Shi H, Jackson DC, Effects of anoxia, acidosis and
temperature on the contractile properties of turtle
cardiac muscle strips. J. Exp. Biol., 1997; 200: 1965-
1973.

Shi H, Hamm PH, Meyers RS, Lawler RG, Jackson
DC, Mechanisms of pHi recovery from NHA4CI-
induced acidosis in anoxic isolated turtle heart: a 31P-
NMR study. Am. J. Physiol., 1997; 272: R6-R15.

Shin DS, Buck LT, Effect of anoxia and
pharmacological anoxia on whole-cell NMDA
receptor currents in cortical neurons from the western
painted turtle. Physiol. Biochem. Zool., 2003; 76: 41-
51.

Shin DS, Ghai H, Cain SW, Buck LT, Gap junctions
do not underlie changes in whole-cell conductance in
anoxic turtle brain. Comp. Biochem. Physiol. A Mol.
Integr. Physiol., 2003; 134: 181-194.

Singer CA, Figueroa-Masot XA, Batchelor RH, Dorsa
DM, The mitogen-activated protein kinase pathway

136



mediates estrogen neuroprotection after glutamate
toxicity in primary cortical neurons. J. Neurosci.,
1999; 19: 2455-2463.

Su B, Karin M, Mitogen-activated protein kinase
cascades and regulation of gene expression. Curr.
Opin. Immunol., 1996; 8: 402-411.

Ultsch GR, Jackson DC, Long-term submergence at
3°C of the turtle Chrysemys picta bellii in normoxic
and severely hypoxic water. I1l. Effects of changes in
ambient PO2 and subsequent air breathing. J. Exp.
Biol., 1982; 97: 87-99.

137

Warren DE, Reese SA, Jackson DC, Tissue glycogen
and extracellular buffering limit the survival of red-
eared slider turtles during anoxic submergence at 3°C.
Physiol. Biochem. Zool., 2006; 79: 736-744.

Wasser JS, Guthrie SS, Chari M, In vitro tolerance to
anoxia and ischemia in isolated hearts from hypoxia
sensitive and hypoxia tolerant turtles. Comp. Biochem.
Physiol. A Physiol., 1997; 118: 1359-1370.

Widmann C, Gibson S, Jarpe MB, Johnson GL,
Mitogen-activated protein kinase: conservation of a
three-kinase module from yeast to human. Physiol.
Rev., 1999; 79: 143-180.



