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Abstract
A multiple analysis of the cerebral oxidative stress was performed on a physiological model of dementia accomplished by three-vessel

occlusion in aged rats. The forward rate constant of creatine kinase, kfor, was studied by saturation transfer 31P magnetic resonance

spectroscopy in adult and aged rat brain during chronic hypoperfusion. In addition, free radicals in aging rat brain homogenates before and/or

after occlusion were investigated by spin-trapping electron paramagnetic resonance spectroscopy (EPR). Finally, biochemical measurements

of oxidative phosphorylation parameters in the above physiological model were performed. The significant reduction of kfor in rat brain

compared to controls 2 and 10 weeks after occlusion indicates a disorder in brain energy metabolism. This result is consistent with the

decrease of the coefficient of oxidative phosphorylation (ADP:O), and the oxidative phosphorylation rate measured in vitro on brain

mitochondria. The EPR study showed a significant increase of the ascorbyl free radical concentration in this animal model. Application of a-

phenyl-N-tert-butylnitrone (PBN) and 5,5-dimethyl-1-pyrroline N-oxide (DMPO) spin traps revealed formation of highly reactive hydroxyl

radical (�OH) trapped in DMSO as the �CH3 adduct. It was concluded that the ascorbate as a major antioxidant in brain seems to be useful in

monitoring chronic cerebral hypoperfusion.

# 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

For more than 30 years, Alzheimer’s disease (AD) has been

classified and managed as a neurodegenerative disorder.

However, it was recently proposed that sporadic (nongenetic)

AD is a vascular disease (de la Torre, 2002a, b, review, Pratico

and Delanty, 2000). This conclusion is based on common

overlap of clinical AD and cognitive symptoms of vascular

dementia. It is well known, that AD is heterogeneous and

multifactorial nature, likely resulting from diverse presence or

vascular risk factors or indicators of vascular disease.
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In the present work a chronic pathophysiological animal

model of dementia was used (Kašparová et al., 2000) for

investigation of oxidative stress by means of two physical

techniques—phosphorus-31 magnetic resonance spectro-

scopy (31P MRS) and electron paramagnetic resonance

(EPR) spectroscopy. We supposed that the characteristic

pathology of AD involves microvascular degeneration and

chronic cerebrovascular hypoperfusion as has recently been

reported (de la Torre, 1999, 2002a, b). For an animal model of

AD in rats it is proposed that two factors must be present

before cognitive dysfunction and neurodegeneration is

expressed in the AD brain: advanced aging and presence of

a condition that lowers cerebral perfusion (de la Torre, 1999;

de la Torre and Stefano, 2000). The model involves subjecting
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animals—aged rats to chronic cerebrovascular hypoperfusion

for 2–10 or more weeks. With respect to reduced cerebral

blood flow, it should be noted that prolonged brain ischemia

could produce b-amyloid peptid precursor (APP) that was

found increased in the hippocampus of AD brains, and which

has been implicated in formation of senile plaques. A b-

amyloid peptid-associated free radical model for neuronal

death in AD brain has evolved from many observations. In this

model,b-amyloid peptid-associated free radicals initiate lipid

peroxidation and protein oxidation (Butterfield et al., 1999,

review; Arivazhagan et al., 2002; Behl and Moosmann, 2002;

Kaufmann et al., 2002). Thus, we supposed that EPR

technique could be useful in investigation of free radical

production in the above animal model of chronic cerebral

hypoperfusion. Direct neurotoxicity of b-amyloid peptid can

be related to its ability to associate with plasma membrane

(Mattson et al., 1992), to induce Ca2+ influx and disrupt cell

membrane functions (Mattson et al., 1992), to induce lipid

peroxidation, to lead to protein oxidation (Bruce-Keller et al.,

1998), to enhance glutamate toxicity (Mattson et al., 1992)

and, in addition, to decrease the activity of several oxidative

sensitive enzymes, including creatine kinase (Butterflied,

1997). Creatine kinase (CK) plays a central role in energy

transfer in cells with highly energy flux or requirements and it

is highly susceptible to oxidative inactivation (McCord and

Russell, 1988). Dysfunction of the creatine kinase system

under AD conditions has also recently been reported (Yatin

et al., 1999; Askenov et al., 2000; David et al., 1998; Burbaeva

et al., 1999, review). The causes of lower brain isoform crea-

tine kinase (BB-CK) levels in the cell cytosol of the post-

mortem brain in mental pathology are discussed (Burbaeva

et al., 1999, review). BB-CK, a memberof the CK gene family,

is a predominantly cytosolic CK isoform in the brain and plays

a key role in regulation of the ATP level in neural cells

(Askenov et al., 2000). It can be expected that activity of the

creatine kinase reaction in the brain in vivo is significantly

changed under condition of the above animal model of

dementia or during oxidative stress. Therefore, we studied

reaction kinetics of a reversible exchange of the phosphate

group in the creatine kinase reaction catalyzed by CK:

PCr2� þ MgADP� þ Hþ , MgATP2� þ Cr (1)

in the adult and aged rat brains under conditions of severe

hypoperfusion, using saturation transfer in vivo 31P MRS

technique (Mlynárik et al., 1998; Kašparová et al., 2000).

CK in brain exists in multiple forms, and the total enzyme

activity in brain is high enough to ensure near equilibrium of

the CK reaction, hence the CK flux is comparable to the ATP

consumption (Erecinska and Silver, 1989). Thus, if the brain

CK reaction is inhibited during modeled hypoperfusion and

the ATP turnover correlates with the flux through the CK

reaction, then we should be able to monitor cerebral effects

of chronic hypoperfusion or oxidative stress in the rats by
31P MRS saturation transfer experiments in vivo.

The purpose of our studies was to elucidate a relationship

between the pseudo-first order rate constant, kfor, of the CK
forward reaction (PCr ) ATP) in aged rat brain under

conditions of severe chronic cerebrovasular hypoperfusion,

and the degree of the oxidative damage of brain cells via free

radicals production monitored by means of the EPR

spectroscopy. Therefore, after 31P MRS measurements,

the rat brains were subjected to biochemical analysis

focused on mitochondrial oxidative phosphorylation para-

meters, and the data were also correlated with the free

radicals EPR investigations. In AD, a possible mechanism,

by which impaired electron transport chain function leads to

cell death is a decrease in production of ATP, and an increase

in production of free radicals or reactive oxygen species

(Beal, 1995; Butterflied, 1997). Isoenzymes CK can be

inactivated by hydrogen peroxide and by superoxide (Suzuki

et al., 1992). No data relating CK system and free radicals

production are presently available for animal model of

dementia.
2. Materials

2.1. The spin trapping agents

The spin trapping agents, a-phenyl-N-tert-butylnitrone

(PBN), a-(4-pyridyl-1-oxide)-N-tert-butylnitrone (POBN),

and 5,5-dimethyl-1-pyrroline N-oxide (DMPO), were

purchased from Sigma Chemicals. Free 4-hydroxy-

2,2,6,6-tetramethyl-1-piperidinyloxy radical (TEMPOL)

from Aldrich was applied for radical concentration

determination. DMPO was freshly distilled before use and

kept under argon in a freezer. Dimethylsulfoxide (DMSO)

supplied by Fluka was used without further purification.

2.2. Animals

Male Wistar rats weighing 250–350 g were used. The

animals were housed in air-conditioned room at 22 8C and fed

standard Larsen’s diet and water ad libitum up to the time

experiments. Series of adult (3–6 months old) and aged (15–

16 months old) Wistar rats were compared. Ketamine 50 mg/

kg bw and xylazine 4 mg/kg bw intraperitoneal anesthesia

was used for surgical procedure of cerebrovascular occlusion.

In vivo 31P MRS saturation transfer measurements on rats

anesthetized in halothane were conducted on a SISCO 4.7 T

imaging spectrometer. For in vitro EPR and biochemical

experiments performed at the end of the experimental period

(5 weeks, and/or 5 months) the rats were sacrificed by

thiopenthal i.p. and subsequently the rat brain was removed.
3. Experimental procedures

3.1. Surgery and measurement protocol

A minimally invasive surgical technique of 3-vascular

occlusion by extrapleural transmanubrial approach and
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spontaneous breathing (Horecky’s modification of de la

Torre technique, de la Torre et al., 1995) was used to

eliminate blood flow through left carotid artery and through

brachiocephalic trunk including right carotid and right

vertebral arteries (severe hypoperfusion). This modification

was made without thoracotomy, midline neck skin incision

including manubrium sterni. Extrapleural part of the

brachiocephalic trunk was exposed by spreading the

sternohyoideus muscles from the midline with the retractor.

After visualization, extrapleural part of the brachiocephalic

trunk was occluded to eliminate blood flow through both the

right common carotid and vertebral arteries. To minimize

acute circulatory stress, the left common carotid artery was

occluded 8 days later. Such preparation produced animals

whose sensory-motor function was indistinguishable from

intact controls (de la Torre, 1999). Mild hypoperfusion (two-

vessel occlusion) was modeled in the rats by left and right

carotid artery occlusion (Mlynárik et al., 1998). The groups

of rats with severe cerebral hypoperfusion were measured 2

and 10 weeks after occlusion by saturation transfer in vivo
31P MRS.

For EPR measurements the rat brain tissues were

immediately transferred into the glass homogenizators

containing 1 ml of DMSO with spin trapping agents

(PBN, POBN, DMPO). DMSO was used as a stabilizer of

ascorbyl free radicals (Pietri et al., 1994; Delmas-Beauvieux

et al., 1998). After one minute of homogenization the cortex

homogenizate was immediately frozen in liquid nitrogen

(77 K). The prepared frozen rat brain tissues were stored

before measurements of EPR spectra in liquid nitrogen.

3.2. Isolation of mitochondria and determination of

mitochondrial function

After in vivo 31P MRS studies the brain of animals were

used for determination of oxygen consumption in brain

mitochondria (before and/or after severe occlusion). In vitro

oxidative phosphorylation of the rat brain mitochondria was

measured polarographically using a Clark oxygen electrode

and sodium glutamate as substrate. The mitochondria were

isolated from the rat brain using the following procedure:

The brain was minced in the isolation medium (pH 7.4)

containing in mol l�1 mannitol (2.25 � 10�1), sucrose

(7.5 � 10�2) and EDTA (2 � 10�4) (Palmer et al., 1977),

and was homogenized (1:10 tissue to medium ratio). The

homogenate was centrifuged at 4 8C (Hogeboom, 1955).

Isolated mitochondria were resuspended. Suspension of

0.1 ml contained 2–4 mg of protein, as determined by the

method of Lowry et al. (1951). Mitochondrial oxygen

consumption was measured with a Gilson 5/6 oxygraph

equipped with a Clark oxygen electrode at 30 8C. Incubation

medium contained in mol l�1: HEPES (1 � 10�2), K2HPO4

(5 � 10�3), KCl (1.2 � 10�1), EDTA (5 � 10�4), and

dextran 2%, pH was adjusted to 7.2. Sodium glutamate

(5 � 10�3 mol l�1) was used as a NAD substrate.
The homogenate was centrifuged at 4 8C 10 min at

700 � g. This way we separated cell nuclei from the cell

pellet. The supernatant was decanted and that from the first

centrifugation was transferred to a Lusteroid tube and centri-

fuged for 12 min at 5600 � g. The sediment was resuspended

and again centrifuged. To remove the microsomal fraction,

this procedure was repeated three times. The final suspension

of thrice sedimented mitochondria was reasonably pure on the

basis of cytological criteria of homogenity and represents a

yield of about 80% (Hogeboom, 1955).

To assess stimulated O2 consumption, 500 nmol of ADP

was added to the sample. The following parameters of

oxidative phosphorylation were determined: the respiration

control index (RCI), the coefficient of oxidative phosphor-

ylation (ADP:O), ADP-stimulated rate of oxygen uptake

(QO2S3), rate of basal oxygen uptake (QO2S4), and

oxidative phosphorylation rate (OPR).

3.3. 31P MRS technique

31P MRS saturation transfer measurements were per-

formed on a 4.7 T SISCO instrument. The static magnetic

field was shimmed using the proton signal of water that

showed a typical line width of 20–35 Hz.

We used a time dependent saturation transfer experiment,

which allowed to measure simultaneously two parameters,

T1 and kfor. Saturation of the g-ATP resonance for increasing

time periods led to an exponential decay of the phospho-

creatine resonance to a new steady state.

The evolution of longitudinal magnetization as a function

of time is described by a McConnell equation (Eq. (2))

(Forsén and Hoffman, 1963):

dMPCr

dt
¼ � kfor þ

1

T1PCr

� �
ðMPCr � M0

PCrÞ

þ krevðMATP � M0
ATPÞ (2)

Starting with the system in equilibrium, the g-ATP signal is

saturated during the time interval t. The dependence of the

longitudinal magnetisation of the PCr signal, MPCr, on the

irradiation time t is given by Eq. (3):

MPCr ¼ M0
PCr 1 � kforT1sPCr 1 � exp � t

T1sPCr

� �� �� �
(3)

where M0
PCr is the equilibrium magnetisation of PCr in the

absence of g-ATP saturation, kfor is the forward creatine

kinase reaction rate constant,

1

T1sPCr

¼ kfor þ
1

T1PCr

is the apparent longitudinal relaxation rate in the presence of

g-ATP saturation and t is the irradiation time. The T1sPCr

value was calculated as a slope of the semilogarithmic plot

of MPCr � M1
PCr against t where

M1
PCr ¼

M0
PCrð1=T1PCrÞ

kfor þ ð1=T1PCrÞ
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Scheme 1. The structures of spin trapping agents DMPO, PBN and POBN

and the key reaction of spin trapping technique.
is the steady-state magnetisation of PCr after a long-term

irradiation of the g-ATP signal. The pseudo first-rate con-

stant kfor was calculated according to the equation

kfor ¼
1 � ðM1

PCr=M0
PCrÞ

T1sPCr

(4)

Instead of the magnetisation values, corresponding PCr

signal intensities were used in these calculations. The value

of M1
PCr was read from the spectrum with 10-s irradiation of

the g-ATP resonance, and M0
PCr was obtained from the

reference spectrum measured with the irradiation offset in

the mirror position relative to the PCr resonance and with the

irradiation time of 1 s. The saturation was accomplished by

an on-resonance DANTE sequence consisting of a series of

10 ms radiofrequency pulses with interpulse delays 400 ms.

The time of irradiation of the g-ATP resonance was varied

from 0.3 to 10 s and resulted in an exponential decay of the

PCr signal (Clark et al., 1991). To verify the validity of the

results, the T1PCr values were calculated using the following

equation (Eq. (5):

T1PCr ¼ T1sPCr

M0
PCr

M1
PCr

(5)

This parameter was supposed to be practically independent

of the surgical intervention and was used as a validity check

of the results.

3.4. EPR spectroscopy

The samples of homogenized brain tissue after thawing

were transferred into a flat EPR cell, tightened with a

stopper, and inserted into a standard TE102 cavity of a Bruker

EPR 200D spectrometer working in X-band. Inside the

cavity samples were equilibrated at 293 K using a Bruker

temperature control unit ER 4111 VT. EPR spectra were

recorded using an Aspect 2000 computer connected on line

with the EPR spectrometer. The formation of short-lived

radical species was evidenced by addition of DMPO, PBN or

POBN spin trapping agents.

The g-values were determined with uncertainty of

�0.0001 using a manufacturer’s supplied internal reference

marker containing solid DPPH. The experimental EPR

spectra were simulated using WinEPR and SimFonia

programs (Bruker, Germany). Multi-component experi-

mental EPR spectra were fitted as linear combinations of

individual spectra simulations using a least-squares mini-

mization procedure with the Scientist Program (Micro-

Math). Relative concentrations of radical adducts were

calculated from contributions of individual spectra to the

experimental spectrum after double integration procedure.

Free TEMPOL from Aldrich was applied for deter-

mining ascorbyl radical concentration. The evaluated

concentrations of ascorbyl free radical in DMSO rat

brain homogenates were re-calculated per 1 mg of brain

tissue.
3.5. EPR spin trapping technique

The EPR spin trapping method involves trapping of

reactive short-lived free radicals by a diamagnetic EPR

silent compound (spin trap) via addition to a spin trap double

bond to produce a more stable free radical product (spin

adduct). Spin adducts are paramagnetic, and have EPR

spectra with hyperfine splitting constants and g-value

characteristic of the type of free radical trapped (Li et al.,

1988). Nitrone spin traps (DMPO, PBN, POBN) scavenge

free radical species via addition to a carbon located in the

alpha position relative to the nitrogen (Scheme 1) (Li et al.,

1988).

3.6. Statistical analysis

The measured and calculated values were expressed as

the mean � S.D.

The x-square test and Student’s test were performed to

compare the groups of animals. Statistical significance was

established at **P < 0.01 and *P < 0.05.
4. Results

4.1. 31P magnetic esonance spectroscopy

To investigate the metabolic consequences of the change

of CK activity, 31P MR spectroscopy was performed on aged

rat brains in the conditions hypoperfusion. Dependence of

the PCr signal intensity on the time of g-ATP signal

irradiation for the rat brain before and after induction of

chronic hypoperfusion is shown in Fig. 1. From these spectra

it can be seen that the decrease in signal intensity is faster,
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Fig. 1. Series of spectra taken during saturation transfer experiments on an

aged rat before (a) and 10 weeks after induction of severe chronic ischemia

(b). Only the spectral region containing signals of PCr and (-ATP is shown.

From left to right: reference spectrum, spectra with 0.3, 0.6, 0.9, 1.2, 1.6 s

irradiation of the (-ATP signal, steady-state spectrum with 10 s irradiation of

(-ATP.

Table 1

Forward rate constants of CK, kfor (PCr ) ATP) and spin lattice relaxation

times of PCr (T1) in various groups of the animals, before and/or 2 and 10

weeks after occlusion (mild and/or severe occlusion)

Subject—rats kfor (s�1)

M � SEM

T1PCr (s)

M � SEM

Adult, 1 controls (n = 10) 0.34 � 0.03 3.5 � 0.2

Adult, severe CCI, 2 weeks (n = 10) 0.28 � 0.04* 3.2 � 0.2

Adult, severe CCI, 10 weeks (n = 6) 0.26 � 0.04** 3.0 � 0.4

Aged, 2. controls (n = 8) 0.30 � 0.04 3.4 � 0.3

Aged, mild CCI, 2 weeks (n = 6) 0.25 � 0.02** 3.2 � 0.3

Aged, severe CCI, 2 weeks (n = 6) 0.21 � 0.04** 3.5 � 0.4

Aged, severe CCI, 10 weeks (n = 6) 0.20 � 0.01** 3.6 � 0.1

n: number of experimetal rats; M: arithmetic mean; SEM: standard error of

the mean, TTEST CCH: chronic cerebral hypoperfusion.
* P < 0.05.

** P < 0.01.

Table 2

Parameters of oxidative phosphorylation in brain mitochondria in aged rats

(control) and in aged rats after 3-vessel occlusion

Mitochondrial oxidative

phosphorylation parameters

Control (n = 8),

M � SEM

After occlusion

(n = 6), M � SEM

RCI [S3S4
�1] 3.22 � 0.16 3.03 � 0.15

ADP:O [nmol ADP nAtO�1] 2.51 � 0.08 2.21 � 0.03**

QO2S3 [nAtO mg prot�1 min�1] 52.97 � 2.40 51.35 � 1.19

QO2S4 [nAtO mg prot�1 min�1] 16.72 � 0.85 17.13 � 0.91

OPR [nmolATP mg prot�1 min�1] 132.19 � 6.48 113.35 � 4.14*

n: number of experimental rats; M: arithmetic mean; SEM: standard error of

the mean; RCI: respiration control index; ADP:O: coefficient of oxidative

phosphorylation; QO2(S3): the rate of mitochondrial oxygen uptake stimu-

lated with ADP (State 3); QO2(S4): the rate of basal mitochondrial oxygen

uptake (State 4); OPR: oxidative phosphorylation rate.
* P < 0.05.

** P < 0.01
and the steady state intensity is lower in the healthy brain,

which corresponds to a higher value of kfor. For simplicity, a

two-site model for the exchange between g-ATP and PCr

was assumed in data analysis, supported by the previous

finding in two-compartment model in the mouse and

monkey brains (Holtzman et al., 1998; Mora et al., 1992).

Thus, a kinetic parameter, kfor measured by 31P MRS could

be considered as the PCr ) ATP turnover relating to CK

reaction in the living animal brain corresponding to the

equilibrium, or near-equilibrium state.

From our dynamic measurements of 31P MRS saturation

transfer it is clear that the hypoperfused aged rats showed

statistically significant (**P < 0.01) decrease in kfor both 2

and 10 weeks after occlusion compared to the control group

of healthy aged rats (Table 1). For comparison, younger

adult rat brains were also investigated. The group of adult

rats (mean age of 6 months) showed only small, but

statistically significant (*P < 0.05) reduction of kfor after 3-

vessel occlusions (Table 1).

4.2. Parameters of oxidative phosphorylation

The following parameters of oxidative phosphorylation

were determined: the respiration control index (RCI), the
coefficient of oxidative phosphorylation (ADP:O), ADP-

stimulated rate of oxygen uptake (QO2S3), rate of basal

oxygen uptake (QO2S4), and oxidative phosphorylation rate.

Basal oxygen uptake (QO2S4) and ADP stimulated (QO2S3)

oxygen uptake were unchanged compared to controls—aged

rat brains (Table 2). However, the ATP production was

lowered in the mitochondria isolated from hypoperfused

brains compared to controls (Table 2). The coefficient of

oxidative phosphorylation (ADP:O) was significantly

decreased in aged rat brains after occlusion (**P < 0.01).

The oxidative phosphorylation rate (OPR) was also reduced

in aged rat brains after occlusion (*P < 0.05) as summarized

in Table 2.

4.3. EPR spectroscopy

EPR spectra of rat cortex DMSO homogenate without

addition of the spin trapping agents gave a two-line EPR

signal (aH = 0.185 mT; g = 2.0053) corresponding to the

formation of ascorbyl/ascorbate free radical. At physiolo-

gical pH 7.4, 99.95% of vitamin C is present as AscHS; and

only 0.05% as AscH2 (Fig. 2). Thus, the antioxidant

chemistry of vitamin C is the chemistry of AscHS. AscH�
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Fig. 2. Forms of Vitamin C at various pH and its reactions.
reacts with radicals and donates a hydrogen atom (H� or

H+ + e�) to an oxidizing radical to produce the resonance-

stabilized tricarbonyl ascorbate free radical, AscH�. This has

a pKa of �0.87; thus, under physiological conditions it is not

protonated and will be present as Asc�� (Fig. 2). The

unpaired electron of Asc�� (referred to as AFR below) is

delocalized and resides in the p-system that includes the tri-

carbonyl moiety of ascorbate.

Fig. 3 represents the EPR spectra of AFR measured in

DMSO rat brain homogenates obtained from the reference

rat (trace a), as well as from a rat 5 months after 3-vessel

occlusion (trace b), measured 20 min after sample thawing.

The EPR spectra clearly demonstrated increased AFR

formation in the aged ischemic brain tissue, since the

concentration of AFR in this sample was of 1.95 � 0.1 nM/

1 mg brain tissue in comparison to 0.92 � 0.1 nM/1 mg

brain tissue measured in reference sample. An analogous
raise of AFR radical concentration in brain homogenates

was measured also in samples obtained after 5 weeks after

occlusion.

After thawing the DMSO homogenate of rat brain, the

significant decrease of EPR intensity of AFR was observed

during measurements in accord with observation of

Schneider et al., 2003. The experimental data were fitted

using least-squares analysis by the exponential functions

analogous to the formal first-order kinetics, and the formal

half-life of 27 min was evaluated under given experimental

conditions (Fig. 4).

Fig. 5 represents EPR spectra measured in rat cortex

DMSO homogenates (from a rat 5 month after 3-vascular

occlusion) in the presence of DMPO and PBN spin trapping

agents 15 min (traces a) and 120 min after sample thawing

(traces b), respectively. In these EPR spectra, paramagnetic

species were identified, which correspond to the formation
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Fig. 3. EPR spectra of ascorbyl free radical (AFR) measured in DMSO

homogenates of rat brains 20 min after samples thawing. (a) a control rat

(AFR concentration 0.92 � 0.1 nM/1 mg brain tissue); (b) a rat 5 months

after occlusion (AFR concentration 1.95 � 0.1 nM/1 mg brain tissue).

Spectrometer settings: center field, 336.5 mT; sweep width, 2 mT; gain,

1.0 � 105; modulation, 0.1 mT; scan time, 50 s; microwave power, 20 mW;

number of scans, 5; time constant, 100 ms; temperature, 293 K.

Fig. 5. Experimental (solid line) and simulated (dotted line) EPR spectra of

DMPO and PBN adducts measured in the DMSO rat brain homogenates

originated from an animal 5 months after 3-vessel occlusion in DMSO

suspension (cDMPO = 0.02 mol dm�3; cPBN = 0.05 mol dm�3): (a) 15 min

after sample thawing; (b) 120 min after sample thawing. Spectrometer

settings: center field, 336.5 mT; sweep width, 6 mT; gain, 1.0 � 105;

modulation, 0.1 mT; scan time, 50 s; microwave power, 20 mW; number

of scans, 5; time constant, 100 ms; temperature, 293 K.
of ascorbyl free radical (aH = 0.185 mT; g = 2.0053) and

carbon-centered adducts, most probably �DMPO-CH3

(aN = 1.511 mT, aH = 2.22 mT; g = 2.0057) or �PBN-CH3

(aN = 1.543 mT, aH = 0.33 mT; g = 2.0058) radicals. Methyl

radicals are produced from the DMSO solvent by its rapid

reaction with generated hydroxyl radicals (the rate constant

of the reaction of DMSO with �OH is 7.0 � 109 dm3

mol�1 s�1 at 25 8C (Veltwisch et al., 1980), according to the

equation

ðCH3Þ2SO þ �OH ! �CH3 þ CH3SOðOHÞ

The time profile of EPR spectra indicates that ascorbate is a

major antioxidant in brain, and consequently the concentra-

tion of spin adducts is relatively low until ascorbate is

exhausted (Fig. 5).

The utilization of PBN spin trap reflected analogous

behavior of the experimental systems, EPR signal corre-
Fig. 4. Set of EPR spectra of AFR measured in a DMSO homogenate of rat

brain 5 months after occlusion. The measurement was started 10 min after

sample thawing. Spectrometer settings are described in Fig. 3.
sponds to AFR (relative concentration 75%) and �PBN-CH3

(23%) 15 min after defrosting, compared to AFR (12%) and
�PBN-CH3 (88%) 120 min after defrosting (Fig. 5). It should

be noted here that EPR spectra measured in reference rat

brain homogenates were fully compatible with those

obtained in traumatized brains after 3-vessel occlusion,

and the experimental systems containing spin trapping

agents are due to their complexity unsuitable for the

quantitative evaluation of radical concentration.

The application of POBN spin trap was under given

experimental conditions unsuccessful, since no �POBN-

adducts were measured, and consequently, only AFR was

evident in EPR spectra.
5. Discussion

It is well known that regional cerebral hypoperfusion is

one of the earlier clinical manifestations in a sporadic form

of AD. Chronic cerebral hypoperfusion can affect metabolic,

anatomic, and cognitive function adversely (de la Torre and
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Stefano, 2000; Sarti et al., 2002). Our modification (see

Section 2) of de la Torre and Fortin surgical technique

involves subjecting aged rats to severe chronic cerebrovas-

cular hypoperfusion for 1–10 weeks (de la Torre and Fortin,

1994). Such chronic cerebral hypoperfusion is reported to

cause progressive spatial memory impairment, selective

CA1 neuronal damage, reactive astrocytosis in the

hippocampus, increase in membrane phospholipid synthesis

in hipocampal region, reduction of cerebral pre-terminal

noradrenalic varicosities, decreased immunoreactivity of

microtubule associated protein 2 and significant reductions

of hippocampal-parietal cortex blood flow (de la Torre and

Stefano, 2000). All changes observed in the above rat model

have been described in patients with confirmed dementia,

particularly AD (Nitsch et al., 1991; Prohovnik et al., 1988;

Frederickson, 1992; Hoyer, 1986). These findings have

prompted many authors to propose the concept that

advanced aging in the presence of a vascular risk factors

can lead to a high level of cerebral hypoperfusion that

triggers regional brain microcirculatory disorder and impairs

optimum delivery of substrates needed for normal brain cell

function (de la Torre and Stefano, 2000; Lythgoe et al.,

2003).

The described monitoring of the kinetic MRS parameter

(the rate constant of CK kfor) serves to compare normal and

pathological physiology—chronic cerebral hypoperfusion

in the rat brain. Turnover rates reflect functional activity of

an organ. This is certainly true and generally accepted, e.g.,

for transmitters in the CNS, where the turnover of a

transmitter rather than its overall concentration will reflect

the functional activity of the neuron for which it is acting

(Cooper et al., 1982).

It is well known that the steady-state phosphorus-31

magnetic resonance spectroscopy (31P MRS) is used for

studying metabolism in living tissues including brain. Using

this technique it is possible to monitor changes of

concentration of high-energy metabolites (ATP, PCr) and

inorganic phosphate in the animal or human brain during

various acute pathologic conditions such as an anoxia,

hypoxia or acute ischemia (Sharkey et al., 1989; Nascimben

et al., 1995; Lythgoe et al., 2001; Wardlaw et al., 1998;

Saunders, 2000). However, the steady-state high-energy

metabolite concentrations do not sufficiently reflect the

tissue function, i.e., synthesis and/or consumption of ATP in

chronic forms of these pathological states (Sauter and Rudin,

1993; Kašparová et al., 2000). This also seems to be the case

of ATP, whose steady-state levels remain remarkably

constant over a wide range of tissue functional activities.

The levels of ATP do not accurately reflect brain activity

because the stability of the ATP levels is not due to buffering,

i.e., small changes within a large pool, but rather depends on

an effective regulation of its turnover. The steady-state ATP

levels are therefore a poor indicator of metabolic state of the

brain (Rudin and Sauter, 1989). On the other hand, we can

monitor rate constants of CK reaction by magnetization

transfer in vivo 31P MRS in the brain, which is sensitive on
the oxidative stress. This technique is ideally suited for

studying the CK reaction in vivo. 31P magnetic resonance

spectra of the brain are generally dominated by signals from

ATP and phosphocreatine (PCr), a substrate and a product of

the creatine kinase reaction (Eq. (1)).

We examined the kinetics of CK reaction in living aged

rat brain under conditions of severe chronic cerebral

hypoperfusion, using a time dependent saturation transfer
31P MRS experiment. As it is seen from our dynamic

measurements of 31P MRS saturation transfer, the hypo-

perfused rats showed statistically significant decrease in kfor

both 2 and 10 weeks after occlusion compared to the control

group of healthy aged rats (Table 1). It should be noted here

that adult and aged rats kept for 10 weeks under conditions

of severe and/or mild hypoperfusion, both showed no

statistically important changes in conventional in vivo 31P

MRS spectrum (Mlynárik et al., 1998; Kašparová et al.,

2000). Thus, under the above conditions a significantly

reduced metabolic phosphorus flux is observed. Our data

suggest that the creatine kinase reaction could play an

important role in the energetic systems of the aged brain

under conditions of chronic cerebral hypoperfusion and/or

during oxidative stress. The exact mechanism responsible

for the reduction of the pseudo-first-order rate constant for

the CK reaction kfor is presently not clear. We suppose that

CK is sensitive to oxidation, and that the changes observed

in this study result from free radical damage. Impairment of

creatine-creatine phosphate system was observed in human

vascular dementia and the level of cytosolic BB-CK showed

a significant decrease in postmortem AD brain (Burbaeva

et al., 1999, review). These facts were confirmed ‘‘in vivo’’

by measuring a kinetic parameter of 31P MRS in our animal

model of vascular dementia or severe chronic cerebral

hypoperfusion. The reduction in BB-CK levels is not a result

of postmortem delay, but could be a result of toxicity by the

beta-amyloid peptid (APP) precursor during severe hypo-

perfusion. APP was identified in the animal model of

dementia (de la Torre and Stefano, 2000). The decline in CK

activity in AD brain may be related to altered endogenous

antioxidant levels (Maret et al., 1999). CK activity is also

inhibited by b-amyloid peptid (Yatin et al., 1999), and this

loss of activity is blocked by Vitamin E, further supporting

the concept of b-amyloid peptid associated free radical

oxidative stress (Yatin et al., 1999).

As it was recently demonstrated, BB-CK energy transfer

in the brain is important for habituation and special learning

behaviour (Jost et al., 2002). 31P MR spectroscopy revealed

a strongly reduction of PCr ) ATP, phosphorus flux in mice

with ablation of cytosolic BB-CK (Jost et al., 2002), while

ATP and PCr levels were unaffected in these mice. Thus, the

rate constant of CK kfor in the brain depends mainly on the

changes of BB-CK activity, which are induced by oxidative

stress. This fact is in agreement with the decrease of CK

activity in the AD brain due to posttranslational modification

of BB-CK (Askenov et al., 2000). These authors demon-

strated that the increase of protein carbonyl content in BB-
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CK provides evidence that oxidative posttranslational

modification of BB-CK causes the loss of BB-CK activity

in AD (Askenov et al., 2000). Examining the level of

cytosolic BB creatine kinase in postmortem AD and

schizophrenic’s brain structures showed a significant

decrease in BB creatine kinase as compared with the

similar control brain structures. There was the maximum

decline in AD cases (Burbaeva et al., 1999). We suppose that

a reduction of kfor could be result of severe reduction of

cerebral blood flow leading to microvascular degeneration

and a global cerebral hypometabolism, or common oxidative

stress in brain cells.

It has been hypothesized that free radicals play a central

role in the brain cell damage during various chronic

neurodegenerative diseases including AD (de la Torre et al.,

1998; Pratico and Delanty, 2000). However, the chemical

nature of free radicals makes them extremely reactive and

short-lived, which renders their direct detection and

quantification extremely difficult (Cheng et al., 2002).

The significant role and numerous actions of ascorbate in

organisms were described in literature (Rice, 2000, review;

Lee et al., 2000). The production of reactive radical species

in brain tissues under conditions of oxidative stress induced

by hypoxia (Bågenholm et al., 1997; Sharma, 1997),

ischemia (Matsuo et al., 1995) or traumatic injury (Awasti

et al., 1997; Tyurin et al., 2000) was demonstrated

previously and it was concluded that ascorbic acid plays

the dominant role in the prevention of the cell damage

initiated by radical species (Langemann et al., 2001),

because of its ability to terminate reactive intermediates by

rapid electron-transfer forming AFR (Buettner and Jurkie-

wicz, 1993, 1996). Consequently, the concetration of AFR

produced, evaluated by EPR can be used as a measure of

oxidative stress in various biochemical or biological

systems, as was demonstrated previously for traumatic

brain injury (Gilgun-Sherki et al., 2002), hypoxic ischemic

brain damage (Wang et al., 2000), open-heart surgery

(Zweier, 1998), myocardial ischemic and post-ischemic

injury (Arroyo et al., 1987; Nagy et al., 1996; Hotta et al.,

1999), and ischemic lungs (Sanders et al., 2000). Our EPR

study in the rat brain under conditions of severe

hypoperfusion (3-vessel occlusion) shows significant

increase of the ascorbyl free radical concentration

(Fig. 3). These results, along with detailed model experi-

ments in vitro indicate that ascorbate is a major anti-

oxidant in the brain, and that the EPR assay of ascorbate

radicals may be used to monitor production of free radicals

in the brain tissue during chronic cerebrovascular insuffi-

ciency and/or under condition oxidative stress in the aging

brain.

The EPR detected increase of AFR concentration upon 2

and 10 weeks of occlusion seems to correlate with significant

reduction of forward rate constant of creatine kinase, kfor, in

rat brain compare to control experiments. Such pronounced

disorder in brain energy metabolism is also in accordancewith

the consistent decrease of a coefficient of the oxidative
phosphorylation (ADP:O), and the oxidative phosphorylation

rate measured in vitro on brain mitochondria. These changes

in the oxidative phosphorylation parameters indicate a

decrease of energy production in the mitochondria isolated

from hypoperfused rat brains and suggest that the metabolic

capacity in this organ was deteriorated. The findings obtained

can be also related to the decrease of the forward rate constant

of CK, kfor.

However, one should bear in mind that in addition to b-

amyloid associated formation of free radicals, there are

indisputably other routes of free radical generation. It is well

established that one of the biochemical hallmarks of

ischemia of CNS is increased release of free fatty acids

in the tissue. The release of free fatty acids may therefore

contribute to the generation of oxygen radicals and lipid

peroxidation, most probably accelerated by iron (Kondo

et al., 1995; Campbell et al., 2001; Zhuang et al., 2002). It is

impossible to distinguish between various routes of free

radical generation experimentally (Floyd and Hensley, 2000;

Kucukkaya et al., 1996). Regardless of the origin of radicals,

they all contribute to the experimentally observed (EPR)

chain-terminal AFR.

In summary, our concerted experiments revealed that the

increase of ascorbyl radical concentration in aged rats

exposed to hypoperfusion correlate with significant reduc-

tion of in vivo measured forward rate constant of creatine

kinase, kfor which is in turn in accordance with the consistent

decrease of a coefficient of the oxidative phosphorylation

(ADP:O), and the oxidative phosphorylation rate measured

in vitro on brain mitochondria.

It is believed that the described 31P MRS technique can be

used as a relatively noninvasive in vivo biomarker for age-

related neurodegenerative diseases and that the CK rate

constant kfor can be used for predicting energy metabolism

disorder in the brain which is not yet detectable by

conventional MRS methods.
Acknowledgments

The financial support from Slovak Grant Agency

(Projects VEGA/1/0053/03, 1/2450/05) and support of

Ministry of Education of Slovak Republic are gratefully

acknowledged, 1/0546/03. NMR part of this work was

facilitated by the support of the Slovak State Program of

Research and Development No. 2003SP200280203.
References

Arivazhagan, P., Thilakavathy, T., Ramanathan, K., Kumaran, S., Panneer-

selvam, C., 2002. Effect of DL-alpha-lipoic acid on the status of lipid

peroxidation and protein oxidation in various brain regions of aged rats.

J. Nutr. Biochem. 13, 619–624.

Arroyo, C.M., Kramer, J.H., Dickens, B.J., Weglicki, W.B., 1987. Identi-

fication of free radicals in myocardial ischemia/reperfusion by spin

trapping with nitrone DMPO. FEBS Lett. 221, 101–104.
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