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On-line, continuous and automatic monitoring of extracellular
malondialdehyde concentration in anesthetized rat brain cortex
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Abstract

An assay for in vivo, continuous and automatic monitoring of extracellular malondialdehyde concentrations in
anesthetized rat brain cortex was developed. This method involved the use of microdialysis perfusion, on-line derivatization
and on-line high-performance liquid chromatographic analysis. Microdialysate from an implanted microdialysis probe was
on-line reacted with thiobarbituric acid at 808C for 10 min prior to on-line collection and automatic injection into a HPLC
system equipped with a fluorescence detector. This method gave a linear response between the concentrations of the
malondialdehyde in the microdialysates and the TEP solution where the microdialysis probe was placed. This method was
used to observe the increased extracellular malondialdehyde production following elevated extracellular glutamate levels,
which were achieved by perfusion of L-trans-pyrrolidine-2,4-dicarboxylate, a competitive inhibitor of glutamate uptake
transporter.  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction Various methods can be used to assess biological
lipid peroxidation [7–10]. Direct and indirect mea-

Oxygen-derived free radicals and their metabolites surements of malondialdehyde (MDA), a side prod-
have been implicated in pathophysiological progres- uct of enzymic polyunsaturated fatty acid oxygen-
sion of various brain disorders such as cerebral ation and a secondary end product of autooxidative
ischemia and Parkinson’s disease [1–3]. Following peroxide formation and decomposition [11,12], are
their production, oxygen-derived free radicals could simple, convenient and commonly used methods.
attack lipids to initiate lipid peroxidation [4–6]. Direct measurement is usually achieved by high-
Thus, the extent of lipid peroxidation is commonly performance liquid chromatography (HPLC) with
used to evaluate oxidative stress in brain, since brain UV detection [13]. For indirect measurement, MDA
tissue is rich in phospholipid (approximately 40% can be reacted with thiobarbituric acid (TBA) prior
dry mass) and in vivo free radicals production is to analysis by HPLC with fluorescence detection
difficult to measure directly. [14–16].

Recently, microdialysis perfusion, which provides
a minimally invasive method for in vivo sampling of*Corresponding author. Tel.: 1886-4-3592-525; fax: 1886-4-
organ interstitial fluids from awake or anesthetized3592-705.
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evaluate in vivo MDA production in rat brain [17– ular mass cut-off for the membrane was 20 000. The
21]. Both UV–Vis and fluorescence detection can be probe was perfused (2 ml /min) with a CMA-100
used in these methods, however, fluorescence de- perfusion pump. The microdialysates flowed into a
tection appears to be a better choice due to the low Y-shaped mixing tee and were mixed with 29-
malondialdehyde concentrations in tissue extracellu- thiobarbituric acid (0.4% in 0.2 M HCl), which
lar fluids. When fluorescence detection was used, flowed into the mixing tee from another syringe
those assays were performed exclusively by off-line pump. The mixtures then flowed into an approx.
analyses probably because the microdialysates have 100-cm long polyethylene tubing that was incubated
to be reacted with TBA for approximately 20 min at in a water bath kept at 808C. The microdialysates
high temperature (usually at 808C). were collected every 10-min with a CMA-160 on-

On-line HPLC with microdialysis perfusion pro- line collector and injector, which had a loading loop
vides many advantages such as simplified sample of 19.6 ml and was directly connected to the HPLC
preparation and automated analyses. The reduction in system.
exposure of microdialysate to air, which is a major
advantage of on-line method, is important since 2.3. Animal preparations
MDA is not a stable substance. Thus, in the present
study, we report an assay system for on-line moni- Male Sprague–Dawley rats (280–330 g) were
toring of MDA production in anesthetized rat brain used. The animals were anesthetized with pen-
cortex. Furthermore, the effect of glutamate uptake tobarbital (50 mg/kg, i.p.). Body temperature was
inhibition on the MDA production was investigated maintained at 378C with a heating pad. Polyethylene
in anesthetized rat brain cortex. catheters were inserted into the femoral artery for

monitoring of systemic arterial blood pressure (SAP)
via a Gould pressure processor. The rat’s head was

2. Materials and methods mounted on a stereotaxic apparatus (Davis Kopf
Instruments, Tujunga, CA, USA) with the nose bar

2.1. Chemicals positioned 3.3 mm below the horizontal. Following a
midline incision, the skull was exposed and one burr

The following chemicals were purchased from hole was drilled on the skull for insertion of a
Sigma (St. Louis, MO, USA): 1,193,39-Tetraethox- dialysis probe. The microdialysis probe was im-
ypropane (TEP), urethane, 29-thiobarbituric acid, planted into the cortex (0 mm anterior, 6 mm lateral
sodium phosphate, butylated hydroxytoluene and to the bregma and 4 mm from the brain surface). The
sodium hydrogenphosphate. Monochloroacetic acid microdialysates were flowing into the mixing tubing
and tetrahydrofuran (THF) were obtained from as described above.
Merck (Darmstadt, Germany). Reagent-grade ace-
tonitrile and methanol were obtained from J.T. Baker 2.4. Analysis of MDA
(Phillipsburg, NJ, USA). L-trans-Pyrrolidine-2,4-di-
carboxylate (PDC) was purchased from RBI. All Two TEP stock solutions were prepared. The
other chemicals were of reagent-grade and deionized original TEP stock consisted of the addition of 0.05
distilled water was used. ml of standard TEP to 24.95 ml of 40% aqueous

ethanol. The intermediate stock solution was pre-
2.2. General procedure for microdialysis pared by the addition of 0.25 ml original standard

TEP solution to 49.75 ml of 40% ethanol solution.
The microdialysis system was obtained from Final concentration for the intermediate standard

Camegie Medicine Associates (Stockholm, Sweden). TEP stock solution was 41.8 mM. The stock solution
Microdialysis probes (CMA/20) were purchased was diluted with 0.01 M HC1 to yield experimental
from CMA. The probe length was 24 mm. The concentrations.
membrane for the probes was made of polycarbo- The HPLC system consisted of a type 1050 series
nate, with dimensions of 4 mm30.5 mm. the molec- quaternary pump, a 1050 series autosampler, a 1050
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series on-line degasser, and a 1046A HPLC fluores-
cence detector, all obtained from Hewlett-Packard
(Hewlett-Packard Taiwan Branch, manufactured in
Waldbronn, Germany). Optimum responses were
observed when excitation and emission wavelengths
were set at 515 nm and 550 nm, respectively. Peak
areas and concentrations were determined using the
Hewlett-Packard Chemstation Chromatographic
Management System.

Separations were achieved using a Merck Li-
Chrospher 100, LiChroCART (5 mm) 125 mm34
mm RP-18 cartridge column. Binary gradient elution
was used. Mobile phase A consisted of methanol–50
mM sodium phosphate buffer (35:65) (final pH 7).
Mobile phase B consisted of methanol–50 mM
sodium phosphate buffer (90:10). In all cases, the
mobile phases were filtered (filter pore size: 0.45
mm). Binary gradient elution was performed at a
flow-rate of 1.0 ml /min. The elution profile was: 0 to
7 min isocratic with mobile phase A, followed by a
column wash with 90% mobile phase B for 5 min.
Then, the column was reequilibrated with mobile
phase A for 5 min before the next injection.

Fig. 1. Schematic representation of on-line derivatization and
heating system for microdialysate and the automatic injection on
to a HPLC system equipped with a fluorescence detector.

3. Results and discussion

Microdialysis perfusion is a minimally invasive was used as the standard compound for MDA since
method for in vivo sampling, and it can used with MDA is unstable and TEP hydrolyzes to yield MDA
HPLC–fluorescence detection to monitor brain ex- at high temperature (808C). The hydrolysis of TEP at
tracellular MDA production in anesthetized rat brain 808C to react with TBA to form conjugate has been
cortex. We examined the possibility for on-line widely reported in the literature, and TEP has been
reaction of MDA with the aim of developing an commonly used as the standard compound for MDA.
automatic and continuous MDA monitoring system. The results are summarized in Fig. 2. From our

A schematic representation of the microdialysis– earlier experiments, we understand that the brain
on-line HPLC system is summarized in Fig. 1. The extracellular MDA is usually present at a concen-
microdialysate perfused from an implanted mi- tration below 1 mM, thus TEP at a concentration of
crodialysis probe flowed (2 ml /min) into a Y-shaped 0.75 mM was chosen to react with TBA at either
mixing tee to mix with TBA (0.4% in 0.2 M HCl), 258C and 808C. When the reaction temperature was
which was perfused with another syringe pump (2 set at 258C, the reaction did not appear to go to
ml /min). The mixture then flowed into a coiled completion after 60 min. When the temperature was
PTFE tube that was placed in a water bath main- set at 808C, which is the reaction temperature that
tained at either 258C or 808C. The coiled tube was has been widely reported for the MDA–TBA re-
directly connected to a loading loop of an on-line action, the reaction for MDA and TBA appeared to
injector for a HPLC system equipped with a fluores- complete after 10 min. Based on these observations,
cence detector. the volume inside the coiled PTFE tube was set to 40

We examined the effects of reaction time and ml. Thus, it would take 10 min for the MDA–TBA
temperature on the MDA reaction with TEA. TEP mixture (2 ml /min for microdialysis perfusion pump
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Fig. 3. Effect of various tetraethoxypropane (TEP) concentrations
on the microdialysis probe recovery. (A) Chromatograms from
injections of microdialysates perfused through TEP concentrations
of 1, 2, 4, 8 mM. Original TEP concentrations (1, 2, 4, 8 mM) are
on x-axis. The MDA–TBA reaction mixture was automatically
injected at a 10-min interval. There were six runs (60 min) forFig. 2. Effect of temperature and reaction time length for MDA
each concentration. Data shown were obtained from mi-and TBA on the conjugation of MDA–TBA. The MDA–TBA
crodialysates collected at the 20 to 30 min interval.conjugate concentrations were determined using the off-line

HPLC method as described in the Materials and Methods section
of this manuscript.

places were analyzed separately, and the results were
compared with those obtained from the mi-

and 2 ml /min for TBA flow) to flow through the crodialysates. A linear relation can be observed
coiled PTFE tube when conversely, they flowed between the standard TEP solutions before and after
quickly into the sampling loop located in the auto- the microdialysis perfusion. The linear response
matic injector. demonstrated that the operational system for MDA–

TEP was also used as the standard solution for in TBA was adequate. Additionally, the slope can be
vitro recovery in microdialysis perfusion. Ringer used to represent the in vitro recovery of TEP.
solution was continuously perfused through the Shown in Fig. 4A are the typical chromatograms
microdialysis probes placed in TEP solutions of four obtained from injections of microdialysates collected
different concentrations (1 mM, 2 mM, 8 mM, 16 at the time period from 110 to 120 min after the
mM). The microdialysates were hydrolyzed and on- probe implantation into anesthetized rat brain cortex,
line reacted with TBA, and the MDA levels were and from the first 10 to 20 min after PDC perfusion.
analyzed in a continuous and automatic manner. MDA levels in the microdialysates before PDC
Shown in Fig. 3 are the chromatograms obtained perfusion were very low (from 0.02 mM to 0.16 mM,
from the injections of microdialysates perfused mean6SD, 0.0760.05 mM from the average of 10
through four different TEP concentrations. A very rats). PDC is a competitive inhibitor for sodium-
distinct MDA–TBA peak was observed, while no dependent glutamate uptake transporter, and the
other peak appeared in the same region. Additional- perfusion of PDC would result in accumulation of
ly, the peak identification was also performed by the glutamate in the brain extracellular space. Prolonged
observation of corresponding increase in the peak presence of glutamate in brain extracellular space
areas from injections of TEP–TBA mixtures with would overactivate its receptors and induce excitot-
various TEP concentrations (Fig. 3). Furthermore, xicity, whose damage mechanisms involve the pro-
the TEP concentrations in which the probes were duction of oxygen radicals. Thus, we used the on-
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system [22]. In vivo data of organ extracellular MDA
levels from anesthetized or awake animals could
provide valuable information for evaluation of oxy-
gen radical-induced oxidative stress. However, the
data are usually difficult to obtain due to the
difficulties in the in vivo sampling, which can be
overcome by the microdialysis perfusion. Waterfall et
al. used microdialysis perfusion and a HPLC system
equipped with a UV detector to directly monitor
MDA content in anesthetized rat brain [17,18]. Qian
and Liu used microdialysis perfusion with HPLC to
monitor the increased production of malondialdehyde
in rat spinal cord extracellular space following a
contusive injury [20]. Although HPLC–UV detection
can be used for direct measurement of MDA, several
limitations exist [23,24]. For example, the UV
detector may not have adequate sensitivity when
used to monitor the low basal levels of MDA in brain
extracellular space. Furthermore, MDA is not a
stable substance, immediate injection is needed to
avoid possible variations. Fluorimetric detection
provides good sensitivity, which is important since
MDA levels are usually low in the extracellular
space. However, artifacts may be formed during the
derivatization procedure. In Qian and Lu’s report,
butylated hydroxytoluene was used to minimize the
artifact for MDA derivatization [20]. Additionally,
the MDA–TBA conjugate compound is much more
stable, and the immediate conjugation of MDA withFig. 4. Effect of PDC perfusion (15.7 mM) on brain cortex
TBA following microdialysate collection might re-extracellular MDA contents in anesthetized rats. Data are repre-
duce possible variations in MDA levels. Therefore,sented as fold of increase relative to basal status.

the on-line method reported in the present inves-
tigation may provide adequate sensitivity, and mini-
mize the artifact formation in that the method shorten

line HPLC–microdialysis perfusion system to the sample preparation and minimize its exposure to
monitor the production of MDA, an end product of air.
lipid peroxidation initiated by oxygen radicals. Ex- Several other important and more selective assays
tracellular MDA production is very evident at the exist for assessing lipid peroxidation such as the
PDC perfusion (15.7 mM) (Fig. 4A). The concen- measurement of lipid peroxide or hydroperoxide
tration profile for extracellular MDA after PDC [25,26]. Besides, an intermediate in lipid peroxida-
perfusion is shown in Fig. 4B. The MDA con- tion such as 4-hydroxynonenal [27,28] rather than an
centrations remained elevated while the PDC was end product (such as MDA) is also a more selective
perfused through the probe. These results are in good marker for biological lipid peroxidation. However,
correspondence with earlier published results [21]. the in vivo assay of these metabolites using mi-

Oxidative stress is an important factor in the crodialysis perfusion would face difficulties since the
damage mechanism for various central nervous hydrophilicity of these metabolites are low, which
system diseases. Production of MDA is a convenient dramatically reduce sampling efficiency since the
index for oxidative stress in the central nervous perfusion solution is aqueous. The addition of
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