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Abstract
Previously we showed that following hypoxia there is an increase in nuclear Ca++ -influx and
Ca++/calmodulin-dependent protein kinase IV activity (CaMK IV) in the cerebral cortex of term
guinea pig fetus. The present study tests the hypothesis that clonidine administration will prevent
hypoxia-induced increased neuronal nuclear Ca++ -influx and increased CaMK IV activity, by
blocking high affinity Ca++-ATPase. Studies were conducted in 18 pregnant guinea pigs at term,
normoxia (Nx, n=6), hypoxia (Hx, n=6) and clonidine with Hx (Hx+Clo, n=6). The pregnant guinea
pig was exposed to a decreased FiO2 of 0.07 for 60 min. Clonidine, an imidazoline inhibitor of high
affinity Ca++-ATPase, was administered 12.5µg/kg IP 30 minutes prior to hypoxia. Hypoxia was
determined biochemically by ATP and phosphocreatine (PCr) levels. Nuclei were isolated and ATP-
dependent 45Ca++ -influx was determined. CaMK IV activity was determined by 33P-incorporation
into syntide 2 for 2 min at 37oC in a medium containing 50 mM HEPES (pH 7.5), 2 mM DTT, 40
µM syntide 2, 0.2 mM 33P-ATP, 10 mM magnesium acetate, 5 µM PKI 5-24, 2 µM PKC 19-36
inhibitor peptides, 1 µM microcystine LR, 200 µM sodium orthovanadate and either 1 mM EGTA
(for CaMK IV-independent activity) or 0.8 mM CaCl2 and 1 mM calmodulin (for total activity). ATP
(µmoles/g brain) values were significantly different in the Nx (4.62±0.2), Hx (1.65±0.2, p<0.05 vs
Nx), and Hx+Clo (1.92±0.6, p<0.05 vs. Nx). PCr (µmoles/g brain) values in the Nx (3.9±0.1), Hx
(1.10±0.3, p<0.05 vs. Nx ), and Hx+Clo (1.14±0.3, p<0.05 vs. Nx). There was a significant difference
between nuclear Ca++-influx (pmoles/mg protein/min) in Nx (3.98±0.4), Hx (10.38±0.7, p<0.05 vs.
Nx), and Hx+Clo (7.35±0.9, p<0.05vs Nx, p<0.05 vs. Hx), and CaM KIV (pmoles/mg protein/min)
in Nx (1314.00 ±195.4), Hx (2315.14±148.5, p<0.05 vs. Nx), and Hx+Clo (1686.75±154.3, p<0.05
vs. Nx, p <0.05 vs. Hx). We conclude that the mechanism of hypoxia-induced increased nuclear
Ca++-influx is mediated by high affinity Ca++-ATPase and that CaMK IV activity is nuclear Ca++-
influx dependent. We speculate that hypoxia-induced alteration of high affinity Ca++-ATPase is a
key step that triggers nuclear Ca++-influx, leading to CREB protein-mediated increased expression
of apoptotic proteins and hypoxic neuronal death.

© 2008 Elsevier Ireland Ltd. All rights reserved.
Address for Correspondence: Yanik M. Vibert, D.O., Drexel University College of Medicine, Department of Pediatrics, Division of
Neonatology, New College Building, 7th Floor, Rm. 7410, Mail Stop 1029, 245 N. 15th Street, Philadelphia, PA 19102, Phone:
215-762-7515, Fax: 215-762-7960.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Neurosci Lett. Author manuscript; available in PMC 2009 October 6.

Published in final edited form as:
Neurosci Lett. 2008 August 8; 440(3): 227–231. doi:10.1016/j.neulet.2008.05.095.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
Hypoxia; Nuclear Ca++-influx; CaM K IV; Clonidine

INTRODUCTION
Calcium (Ca++) is a secondary messenger involved in a wide variety of cellular processes such
as synaptic communication between neurons, muscle contraction, immune response, cell
proliferation, and gene transcription [2,29]. The frequency and magnitude of Ca++-flux elicited
by various signaling ligands confer specificity to different signaling pathways by activating
different Ca++-dependent enzymes [4,8]. One of the main target kinases of Ca++ is the
multifunctional, multimeric Ca++/calmodulin-dependent kinase (CaMK) II, a family of serine/
threonine kinases involved in many cellular processes [3,17,31].

Calcium signals regulate numerous cell functions including motility, secretion, proliferation,
cell survival, some forms of programmed cell death, and gene expression [29]. Until recently,
Ca++ signaling was viewed essentially as a whole-cell process ubiquitously affecting all regions
of the cytoplasm [7]. The concept that Ca++ signaling could be restricted to specific subcellular
regions, with its corollary of independently regulated processes in individual cell
compartments, was relatively alien in most studies. In addition to myosin light-chain kinase,
CaM kinases II, III, and IV are also active in the nucleus [24,27,28,30,32, and 34]. CaM kinase
isoforms are expressed in all tissues, and are targeted to the nucleus [23]. The end portion of
the Ca++/calmodulin-activated chain of events that influences the transcription of genes is
nuclear, but the initial Ca++-sensitive steps, may be cytoptasmic [15].

Hypoxic neuronal injury is a combination of processes including increased release of excitatory
neurotransmitters, activation of excitatory amino acid neurotransmitter receptors, increased
intracellular Ca++, production of free radicals, alteration of cellular membrane structure/
function, and changes in nuclear Ca++-influx. An increase in intranuclear Ca++ concentration,
acting through the Ca++ receptor calmodulin is a pervasive segment that regulates diverse
cellular responses [31]. Ca++/calmodulin kinase IV (CaMK IV), is a key enzyme of the CaM
kinase cascade and is enriched in the brain, predominantly localized in cell nuclei [36,39].
Phosphorylation of Threonine196 in CaMK IV by an upstream protein kinase results in
induction of Ca++/calmodulin-dependent activity (12). This regulatory mechanism allows to
produce prolonged CaMK IV activation to regulate gene transcription, through cyclic AMP
response element binding (CREB) protein [31]. CREB protein is phosphorylated by CaMK IV
at serine133 which initiates transcription. CREB protein is a transcription factor that mediates
responses to a number of physiological and pathological signals [12,21].

Clonidine, an imidazoline, is a drug that acts as an α2-adrenoreceptor agonist. Clonidine is a
lipid soluble drug which is able to cross the blood–brain barrier reducing the peripheral
sympathetic effects of central α2-adrenoreceptors in hypertensive patients causing a
hypotensive effect. This hypotensive effect is caused at lower doses, whereas at high doses no
hypotensive effect is observed resulting from post-junctional α2-adrenoreceptor activation
[9,14]. Clonidine, has been shown to reduce intracellular Ca++ levels by modification of
intracellular cAMP [33,35]. It has also been shown to be a noncompetitive inhibitor of high
affinity Ca++-ATPase [11]. Previously we have shown that clonidine inhibits high affinity
Ca++-ATPase activity, and decreases intranuclear calcium influx in the neuronal nuclei of the
cerebral cortex of newborn piglets. Thus, clonidine was selected to elucidate the importance
of nuclear calcium influx in the apoptotic cascade.
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In previous studies, we have shown that cerebral hypoxia results in increased nuclear Ca++-
influx in neuronal nuclei of the cerebral cortex of guinea pig fetus and newborn piglets [5,16,
21, and 37]. The nuclear Ca++-influx increased as a function of increase in cerebral tissue
hypoxia, as measured by decrease in high-energy phosphates, ATP, and phosphocreatine (PCr).
We have also demonstrated that cerebral hypoxia results in increased Ca++/calmodulin kinase
(CaM kinase) IV activity and cyclic AMP response element binding (CREB) protein
phosphorylation in neuronal nuclei of newborn piglets [38].

The present study tests the hypothesis that hypoxia results in increased nuclear Ca++-influx
and increased CaM kinase IV activity, and the administration of Clonidine, an inhibitor of high
affinity nuclear Ca++-ATPase, will prevent the hypoxia-induced increase in nuclear Ca++-
influx and CaM kinase IV activity in neuronal nuclei of the cerebral cortex of term guinea pig
fetus. The pharmacologic agent clonidine was selected to test this hypothesis secondary to its
ability to decrease high affinity Ca++-ATPase activity [11].

MATERIAL AND METHODS
The experimental protocol for all the studies conducted was approved by the Institutional
Animal Care and Use Committees of Drexel University College of Medicine. Guidelines for
animal experimentation were observed. Pregnant guinea pigs (Hilltop Laboratory animals,
Scottsdale, PA, USA) of 60 days (term = 63 days) gestation were used. The term pregnant
guinea pigs (n = 18) were divided into normoxic, hypoxic and hypoxic-treated with clonidine,
an inhibitor of high affinity nuclear Ca++-ATPase. In the hypoxic group (n=6), the pregnant
animals were individually allowed to breathe 7% oxygen for 60 min in a custom-designed
chamber fitted with a probe to monitor oxygen tension. In the normoxic group (n=6), the
pregnant animals were exposed to 21% oxygen under the same conditions. In the hypoxic
treated with clonidine (Hx+Clo, n=6) group guinea pigs were administered clonidine (12.5µg/
kg, I.P.) over 30 min before the induction of hypoxia. Following hypoxic or normoxic exposure,
pregnant animals were anesthetized with intraperitoneal administration of pentobarbital (50
mg/kg) and a cesarean delivery was performed. Of a litter of four to six fetuses from each
mother, the cerebral cortex of one fetus was removed and frozen within 4–10 seconds in liquid
nitrogen for biochemical analysis and the remaining cerebral cortical tissue from fetuses of the
litter was used for isolation of neuronal nuclei.

Determination of Brain tissue ATP and PCr
Tissue hypoxia was confirmed biochemically by determining the levels of high energy
phosphates ATP and phosphocreatine (PCr). The concentrations of ATP and PCr in the cerebral
cortex were determined by an enzyme-coupled assay. Deproteinized cortical homogenate from
500 mg of frozen cortex was ground to a powder in 7% (v/v) perchloric acid (1 ml/100 mg
brain) under liquid nitrogen, allowed to thaw on ice, then centrifuged at 4000 g for 5 min.
Aliquots of supernatant were neutralized with KOH–K2CO3 and centrifuged at 2000 g for 5
min. ATP and PCr concentrations were determined in a 1-ml volume containing buffer (50
mM triethanolamine, 5 mM MgCl2, 1 mM EDTA, 2 mM glucose), 400 µl of the neutralized
2000 g supernatant, and 20 µl NADP. Readings were taken every 5 min after the addition of
10 µl hexokinase until a steady state was reached. The ATP concentration was calculated from
the increase in absorbance at 340 nm during the 20 min after the addition of hexokinase. A 20-
µl volume of ADP and 20 µl of creatine kinase were then added and readings taken at 5-min
intervals until a second steady state was reached. PCr concentration was calculated from the
increase in absorbance at 340 nm after the addition of creatine kinase.
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Isolation of cerebral cortical neuronal nuclei
Cerebral cortical nuclei were isolated by homogenizing 1-g of brain tissue in 15 volumes of a
medium containing 0.32 M sucrose, 10 mM Tris–HCl and 1 mM MgCl2 (pH 6.8). The
homogenate was filtered through a nylon bolting mesh (size 110 µm) and subsequently
centrifuged at 850 g for 10 min. The nuclei were recovered through a discontinuous gradient
with a final sucrose concentration of 2.1 M, which increases the yield of large neuronal nuclei.
The nuclei were purified by centrifugation for 60 min at 70, 000 g. The nuclear pellet was
collected, re-homogenized and used as the nuclear preparation. Purity of neuronal nuclei was
assessed by phase contrast microscope. Neuronal nuclei were characterized by the presence of
one nucleolus per nucleus, whereas, others have multiple nucleoli per nucleus. The final nuclear
preparation was examined for purity by specific markers of subcellular fractions using western
blot analysis and was found to be devoid of any microsomal, mitochondrial or plasma
membrane contaminant with a purity of neuronal nuclei of 90%. The protein concentration was
determined.

Determination of nuclear Ca2+-influx
Ca2+ influx was determined in 300 µl medium composed of 50 mM Tris buffer (pH 7.4)
containing the neuronal nuclei (150 µg), 1 µM 45Ca2+, and 1 mM ATP. A separate set of
reactions was run without ATP to determine the baseline and thus provide for the ATP-
dependent Ca2+ influx. The assay was carried out at 37 °C for 2 min. The rate of nuclear
Ca2+-influx is linear for 4 min, under our experimental conditions. After incubation, the
samples were filtered on a glass fiber filter and washed three times in 20 mM Tris (pH 7.2),
100 mM potassium chloride buffer. The radioactivity was counted in a Rackbeta scintillation
counter (Pharmacia, Gaithersburg, MD, USA). Results are expressed as pmol/mg protein/min.

Determination of CaM kinase IV activity in neuronal nuclei
CaM kinase IV activity was determined according to Park and Soderling [25] by phosphorus
33-labeled P-incorporation into syntide-2 (synthetic peptide substrate for CaM kinase) for 15
min at 37 °C in a 38 µl medium containing 50 mM HEPES (N-2-hydroxyethylpiperazine-N-2-
ethanesulfonic acid) (pH 7.0), 2 mM dithiothreitol (DTT), 40 µM syntide-2, 0.2 mM γ33P ATP,
10 mM magnesium acetate, 5 µM protein kinase inhibitor 5–24, 2 µM protein kinase C inhibitor
peptides, 1 µM microcystine, 200 µM sodium orthovanadate, and either 1 mM EGTA
(ethyleneglycol-bis-[β-aminoethylether]-N,N,N′,N′-tetra-acetic acid) (for Ca2+/CaM-
independent activity) or 0.8 mM calcium chloride and 1 mM Calmodulin (for total activity).
CaM kinase IV activity was expressed as pmol/mg protein/min.

Statistical analysis
Statistical analysis of biochemical measurements was performed using a one-way analysis of
variance (ANOVA) and Tukey-test for comparison among groups. A P value <0.05 was
considered significant. All values shown are mean ± standard deviation (S.D.).

RESULTS
Brain tissue hypoxia in guinea pig fetuses was documented by determining the ATP and PCr
levels (Fig. 1) in the cerebral cortical tissue. ATP (µmoles/g brain) values were significantly
different in the Nx (4.62±0.2), Hx (1.65±0.2, p<0.05 vs. Nx), and Hx+Clo (1.92±0.6, p<0.05
vs. Nx). PCr (µmoles/g brain) values were significantly different in the Nx (3.9±0.1), Hx (1.10
±0.3, p<0.05 vs. Nx), and Hx+Clo (1.14±0.3, p<0.05 vs. Nx). Results of Ca++-influx in
neuronal nuclei of Nx, Hx, Hx+Clo groups are shown in Fig. 2. There was a significant
difference between nuclear Ca++ influx (pmoles/mg protein/min) in Nx (3.98±0.4), Hx (10.38
±0.7, p<0.05 vs. Nx), and Hx+Clo 7.35±0.9, (p<0.05vs. Nx, p<0.05 vs. Hx). CaM kinase IV

Vibert et al. Page 4

Neurosci Lett. Author manuscript; available in PMC 2009 October 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



activity in neuronal nuclei of Nx, Hx, Hx + Clo groups are shown in Fig. 3. Neuronal nuclear
CaM kinase IV activity (pmoles/mg protein/min) was 1314.00±195.4 in Nx, 2315.14±148.5
in Hx group (p<0.05 vs. Nx), and 1686.75±154.3 in Hx+Clo group (p<0.05 vs. Nx, p <0.05
vs. Hx). In addition, we performed experiments on normoxic animals treated with clonidine
and both the Ca++-influx and the CaM kinase IV activity was comparable with the normoxic
control group.

DISCUSSION
In previous studies we have shown that cerebral hypoxia results in increased activity of high
affinity Ca++-ATPase in neuronal nuclei of the cerebral cortex of guinea pig fetuses and
newborn piglets [37]. The activity of high affinity Ca++-ATPase in neuronal nuclei increased
as a function increase in cerebral tissue hypoxia as measured by high energy phosphates, ATP
and phosphocreatine [19]. In addition, we demonstrated that the density of IP4 and IP3 receptor
also increased in neuronal nuclei following hypoxic exposure [20,37]. Furthermore, we showed
that hypoxia results in increased intranuclear Ca++-influx and the activity of nuclear CaM
kinase IV as a function of cerebral tissue hypoxia [5,13and 40]. The present study specifically
focuses on testing the hypothesis that the increased nuclear Ca++-influx and the subsequent
increase in CaM kinase IV activity in neuronal nuclei is due to increased high affinity Ca++-
ATPase, a mechanism of nuclear Ca++-influx and therefore inhibition of high affinity Ca++-
ATPase with clonidine, an inhibitor of the enzyme, will prevent the hypoxia-induced increase
in nuclear Ca++ and the activity of CaM kinase IV in neuronal nuclei.

The results of the present study demonstrate that cerebral hypoxia resulted in increased Ca++-
influx in neuronal nuclei of the cerebral cortex of the term guinea pig fetus. The administration
clonidine decreased the hypoxia-induced increase in nuclear Ca++-influx demonstrating that
high affinity Ca++-ATPase is the mechanism of increased nuclear Ca++-influx during hypoxia.
The results of the present study also demonstrate that the hypoxia-induced increase in the
activity of CaM kinase IV in neuronal nuclei of the cerebral cortex of the guinea pig fetus is
attenuated by the administration of clonidine suggesting that the increase in CaM kinase IV
activity during hypoxia is mediated by high affinity Ca++-ATPase-dependent nuclear Ca++-
influx.

Previously, we have shown that hypoxia results in increased expression of pro-apoptotic
proteins Bax and Bad in the nuclear, mitochondrial and the cytosolic fractions of the cerebral
cortex of the guinea pigs and newborn piglets [1,6 and 26]. However, the expression of the
anti-apoptotic proteins Bcl-2 and Bcl-xl did not increase resulting in an increased ratio of
proapototic/antiapoptotic proteins. The results of the present study demonstrate that the
increased nuclear Ca++-influx is a key step that leads to activation of CaM kinase IV which
subsequently results in activation of CREB protein and triggers the expression of apoptotic
proteins. Thus the high-affinity Ca++-ATPase –dependent nuclear Ca++-influx is a potential
mechanism that may regulate the expression of proapoptotic proteins in the cerebral tissue of
hypoxic fetus.

In previous studies we have also shown that cerebral hypoxia results in increased activity of
high affinity Ca++-ATPase, the mechanism responsible for increased nuclear Ca++-influx. We
also showed that administration of a nitric oxide synthase (NOS) inhibitor, N-Nitro-L-arginine
(NNLA) prior to hypoxia attenuated the hypoxia-induced increase in high affinity Ca++-
ATPase activity indicating that the increase in Ca++-ATPase activity during hypoxia is
mediated by nitric oxide [10]. We also showed that administration of NOS inhibitors prevent
the hypoxia-induced increase in nuclear Ca++-influx [22]. In addition, NO donors increased
the nuclear Ca++-influx. These studies demonstrated that the increase in nuclear Ca++-influx
during hypoxia is NO-mediated [22]. We propose that the NO-mediated alteration in high
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affinity Ca++-ATPase is the mechanism of hypoxia-induced increase in nuclear Ca++-influx in
neuronal nuclei of the cerebral cortex of the guinea pig fetus at term.

We have investigated the effect of hypoxia in-utero on Ca++-influx in neuronal nuclei of the
preterm and term guinea pig fetuses [16]. The data showed that hypoxia results in increased
nuclear Ca++-influx at both the gestational ages, however, the effect of hypoxia on nuclear
Ca++ -influx was higher in term fetus indicating that the mechanisms of Ca++-influx are more
susceptible to hypoxia in the guinea pig fetus at term [16]. We have also demonstrated that
hypoxia in utero results in increased activity of high affinity Ca++-ATPase in neuronal nuclei
of the guinea pig fetus [37] and increased Ca++-influx measured fluorometrically with Fura-2
[38]. Therefore, a pretreatment with a high affinity Ca++-ATPase inhibitor, such as clonidine,
could be a potential strategy for preventing hypoxia-induced cascade of cell death in the term
fetus. We have also shown that cerebral hypoxia in-utero resulted in increased activity of CaM
kinase IV in neuronal nuclei of the cerebral cortex of preterm as well as term guinea pig fetuses.
Furthermore, we have shown that cerebral hypoxia in- utero results in increased expression of
proapoptotic proteins Bax and Bad at both the gestational ages, however, the effect of hypoxia
on the expression of pro-apoptotic proteins was higher in the term fetus [1].

These above mentioned studies along with our earlier work investigating the effect of cerebral
hypoxia in-utero on lipid peroxidation, the activity of Na+, K+-ATPase, modification of N-
methyl-D-aspartate (NMDA) receptor ion channel and its modulatory sites in the developing
brain during gestation [18], demonstrate increased susceptibility of the fetus brain at term.
Since cerebral hypoxia in utero results in increased nuclear Ca++-influx accompanied with
increased CaM kinase IV activity and increased expression of proapoptotic proteins Bax and
Bad, blockade of nuclear Ca++-influx would be a potential strategy for preventing transcription-
dependent mechanism of neuronal death in the guinea pig fetus.

In summary, the results of the present study demonstrated that cerebral hypoxia resulted in
increased Ca++-influx and increased CaM kinase IV activity in neuronal nuclei of the cerebral
cortex of the guinea pig fetus at term and the administration of clonidine, an inhibitor of high
affinity Ca++-ATPase, prevented the hypoxia-induced increase in nuclear Ca++-influx and
CaM kinase IV activity. We conclude that the increased nuclear Ca++-influx and increased
CaM kinase IV activity in neuronal nuclei of the cerebral cortex are high affinity Ca++-ATPase
–dependent. We propose that the increased CaM kinase IV activity would lead to increased
activation of CREB protein during hypoxia and blockade by clonidine would prevent the
subsequent increased expression of proapototic proteins that result in activation of caspase-
cascade of programmed cell death in the brain of the hypoxic fetus at term.
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Figure 1.
High energy phosphates ATP and PCr levels during normoxic, hypoxic and hypoxic pretreated
with clonidine. The concentration of ATP and phosphocreatine is expressed as µmoles/g brain
and shown on the Y-axis
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Figure 2.
Figure 2a: Results of Ca++-influx (pmoles/mg protein/min) in neuronal nuclei of normoxic,
hypoxic and hypoxic pretreated with clonidine are shown in Fig. 2a. Data is presented as mean
±standard deviation.
Figure 2b: CaM kinase IV activity (pmoles/mg protein/min) in neuronal nuclei of normoxic,
hypoxic and hypoxic pretreated with clonidine are shown in Fig. 2b. Data is presented as mean
±standard deviation.
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