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Abstract

A rapid and sensitive method to determine 8-oxoguanine (8oxoG) and 8-hydroxydeoxyguanosine (8OHdG), biomarkers for oxidative
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DNA damage, in cerebral cortex microdialysate samples using capillary electrophoresis (CE) with electrochemical detection (C
developed. Samples were concentrated on-column using pH-mediated stacking for anions. On-column anodic detection was per
a carbon fiber working electrode and laser-etched decoupler. The method is linear over the expected extracellular concentratio
8oxoG and 8-OHdG during induced ischemia-reperfusion, with R.S.D. values≤5% and limit of detection of 0.5 nM for both analytes. Ba
concentrations of 8oxoG in rat cerebral cortex microdialysate were determined to be 3.2± 0.6 nM. Actual 8oxoG concentration in the br
was estimated to be 5.5± 1.3 nM based on in vivo delivery probe calibration. 8OHdG was not detected under basal conditions in
cerebral cortex extracellular fluid (ECF). These results were confirmed by LC with tandem mass spectrometry.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The central nervous system (CNS) is highly vulnerable
to damage from oxidative stress. Episodes of acute oxidative
stress occurring after head trauma[1], spinal cord injury
[2], or ischemia-reperfusion (stroke)[3] can be especially
dangerous because these types of injury cause reactive
oxygen species (ROS) concentrations to increase at a rate
that overwhelms the body’s defense mechanisms and can be
severely damaging to affected tissue.

8-Hydroxylated guanine species such as 8-oxoguanine
(8oxoG) and 8-hydroxy-2′-deoxyguanosine (8OHdG) are
repair products of oxidized guanine lesions (8OHGLs) and
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have been identified as biomarkers for oxidative stress[4].
8OHdG formation by ROS was first reported by Kasai
Nishmura[5]. It was later determined that the presenc
8OHGLs in DNA caused G→ T transversions[6], which
led to numerous studies on the relationship between va
chemical agents and oxidative DNA damage using 8o
and 8OHdG as biomarkers. 8oxoG and 8OHdG are for
through similar repair pathways that release the nucleoba
nucleoside depending on the enzyme involved[7]. Reports o
analytical methodologies for 8OHdG determination are m
common than for 8oxoG, with many reports of 8oxoG be
determined as 8OHdG. Elevated levels of 8OHdG have
correlated with exposure to ionizing radiation[8], industrial
chemicals[9], air pollution[10], cigarette smoking[11], can-
cer [12,13], chemotherapy[14], and ischemia-reperfusio
[15–17]. Although only a few are mentioned here, th
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are several hundred reports linking increased concentrations
of 8OHdG to increased oxidative stress or disease states,
with over twenty reports using 8OHdG as a biomarker for
ischemia-reperfusion. 8OHdG has been quantified in various
biological samples, including tissue, saliva, blood, and urine
[18]. Analysis of DNA extracted from tissue is perhaps the
most prevalent sampling strategy[19–23]. 8OHdG is also
found in extracellular fluid (ECF), and has been recently
sampled by microdialysis[18] to assess local damage by
ROS in disease states[24] or during ischemia-reperfusion
[25,26].

Floyd et al. were the first to report the sensitive analysis
of 8OHdG by liquid chromatography with electrochemical
detection (LCEC)[27], shortly after Kasai and Nishmura
reported the isolation of 8OHdG. LCEC with carbon elec-
trodes continues to be the most popular analytical method for
8oxoG and 8OHdG determination, with over 100 reports of its
use to date. Amperometric detection is a selective technique
for 8oxoG and 8OHdG since they can be oxidized at relatively
modest potentials (normally between +500 and 700 mV
versus Ag/AgCl depending on chromatographic conditions).

Several issues are involved when using 8oxoG and 8OHdG
as biomarkers of oxidative DNA damage. First, an increase
in the concentration of 8oxoG and 8OHdG may occur as a
function of homogenization[28,29], phenol extraction[30],
and derivitization for GCMS[31], suggesting that sample
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and muscle microdialysates[18,24]. This corresponds to
∼10–150 pM in tissue (recovery reported at 6–8% in vitro)
using microdialysis with a 2 mm concentric probe perfused
at 5�L/min.

Since the treatment of reperfusion injury, such as antiox-
idant therapy, is extremely time-dependent[36], a highly
resolved time profile should be a priority when design-
ing a method to quantitate the damage caused by ROS
during ischemia-reperfusion. Previous reports of 8OHdG
accumulation following ischemia-reperfusion in the rat
brain [17,37–39], gerbil hippocampus[15,40], and rat heart
[25,26]. 8oxoG was also measured in the rat kidney during
ischemia-reperfusion[41]. The earliest samples were col-
lected 10 min after the start of reperfusion, and increases
in 8OHdG concentration were observed. But improved tem-
poral resolution is needed in order to determine how early
changes in 8oxoG and/or 8OHdG concentration occur and
where the therapeutic window may exist.

Because of the small sample volume requirement, cap-
illary electrophoresis (CE) is an excellent separation tech-
nique to couple to microdialysis sampling. A few microliters
of sample is all that is needed for analysis by CE, result-
ing in increased temporal resolution compared to existing
techniques. Based on the previous reports of 8OHdG in
microdialysates, UV detection would not provide the nec-
essary detection limits. Our group has previously reported
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reparation is clearly an analytical concern. In light of th
ssues, the European Standards Committee on Oxid
NA Damage was formed in an attempt to resolve
roblems associated with the measurement of backgr

evels of these biomarkers in human cells, and publish
eries of papers[32–35]. Secondly, samples such as blo
nd urine reflect whole body oxidative stress rather than
t specific tissues sites, and offer poor time resolution.

In order to obtain site-specific, highly time-resolv
nformation about 8oxoG and 8OHdG concentration
ivo without harsh sample pretreatment that could
o artifactual oxidation, microdialysis was chosen as
ampling technique. Microdialysis sampling can be use
ontinuously monitor the concentration of compounds f
pecific tissue sites. Using microdialysis to sample the
f the cerebral cortex during ischemia-reperfusion prov
electivity for small molecules such as 8oxoG and 8OH
nd involves minimal perturbation of the biological sys
nder investigation. Each animal can serve as its own co
nd therefore 8oxoG and 8OHdG concentrations ca
easured before and after induced ischemia-reperfus

he same animal for comparison. Two groups have previo
ocused on microdialysis sampling of 8OHdG. Yang e
eported an 8OHdG concentration of∼10 nM in rat hear
icrodialysate[25,26]. This value was for the concentrati
f 8OHdG in the dialysis sample, not taking into acco

he percent recovery of the probe. The linear probe used
mm in length, and the perfusion rate was 2�L/min. No
icrodialysis recovery values were given. Bogdanov e

eported 8OHdG concentrations of∼1–10 pM in rat brain
he determination of 8OHdG in urine samples by CE w
lectrochemical detection (CEEC)[42]. CEEC provides th
ecessary detection sensitivity and selectivity, but sp

nstrument design considerations must be made to isola
mperometric detection circuit from the high electric fi
trength that drives the electrophoretic separation. An
lso arises in CE when separating analytes in high-
trength matrices such as microdialysate. Sample des
ng can occur in the analysis of such samples, resultin
oor separation efficiency and reduced sensitivity. In o

o achieve preconcentration of anions (such as 8oxoG
OHdG at physiological pH) in high ionic strength matri
ithout the need for a dilution or extraction step, we h
eveloped a technique termed base stacking. This tec
as been described in detail previously[43,44]. With this

echnique, high-ionic strength samples are titrated to
onic strength on-column, resulting in field amplified sam
tacking. Base stacking allows a greater amount of sam
e introduced into the capillary and greatly increases s

ivity.
In this research, a CEEC method was developed to d

ine 8oxoG and 8OHdG concentrations in rat brain mi
ialysate with improved temporal resolution. This met
ill make it possible to monitor 8oxoG and/or 8OHdG form

ion during ischemia-reperfusion in the brain with no sam
retreatment. 8oxoG and/or 8OHdG concentration ca
sed as an indicator for the extent of oxidative stress

he time course of a stroke, and information gained with
ethod can be used to develop treatment regimens to r
rain damage in stroke victims.
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2. Experimental

2.1. Chemicals

8-Hydroxy-2′-deoxyguanosine (8OHdG), ammonium
chloride, imidazole hydrochloride, tris(hydroxymethyl)ami-
nomethane hydrochloride (Tris), methylamine hydrochlo-
ride, sodium tetraborate, tetradecyltrimethylammonium
bromide (TTAB), and thioguanosine were purchased from
Sigma (St. Louis, MO). 8-Oxoguanine (8oxoG) was pur-
chased from Cayman Chemical (Ann Arbor, MI). Cellulose
acetate was obtained from Aldrich (Milwaukee, WI) and
prepared as 6 wt.% in acetone. All other chemicals were
reagent grade or better and used as received. All solutions
were prepared in Nanopure water (Labconco, Kansas
City, KS) and were filtered through a 0.22-�m pore size
membrane filter prior to use. Background electrolyte (BGE)
pH was adjusted with 5 M sodium hydroxide solution.

2.2. Capillary electrophoresis

Fused-silica capillary (50�m i.d.) was obtained from
Polymicro Technologies (Phoenix, AZ). A high voltage
power supply (Spellman High Voltage Electronics Corp.,
Hauppauge, NY) was used to drive electrophoresis in neg-
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optimization of stacking conditions unless otherwise noted.
All experiments were performed at ambient temperature.

2.3. Electrochemical detection for capillary
electrophoresis

The electrochemical detector was a BAS LC-4CE amper-
ometric detector (Bioanalytical Systems, Inc. (BAS), West
Lafayette, IN) with a four-pole Bessel filter set at 0.2 Hz.
A laser-etched decoupler[46] and carbon fiber working elec-
trodes[47] were constructed as described previously. Carbon
fiber electrodes were cut to 1 mm in length and screened
before use. Only those electrodes with noise levels below
0.2 pA in a quiescent buffer solution were selected. The
carbon fiber working electrode was aligned with the decou-
pler/separation capillary outlet and sealed with a septum in
the electrochemical cell (Fig. 1). Under a microscope, the
carbon fiber working electrode was inserted into the capil-
lary outlet at a depth of 800�m using a micropositioner. A
platinum wire was used as the auxiliary electrode and a BAS
RE-6 Ag/AgCl electrode was used as reference. (All poten-
tials are reported versus Ag/AgCl). The electrochemical cell
was housed in a Faraday cage. Data was collected with a PCI-
MIO-16XE-50 A/D computer card and data aquisition was
programmed in-house using LabView 5.1 software (National
Instruments, Austin, TX).
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ox fitted with an interlock. The electrochemical cell ser
s the anodic capillary reservoir. Capillaries were flus
ith 0.1 M NaOH, water, and BGE at 10 psi before e
se. To reverse the EOF, 0.5 mM TTAB was added to
GE. Under these conditions, the electromigration of an
nd the EOF are toward the detector. It should be noted
ince sample is introduced at the cathode when using rev
olarity, no oxidation of sample or production of oxida
hould occur that could cause artifactual oxidation of
ine moieties[45]. The capillary was flushed with BGE af
ach separation. A Spectra System UV1000 UV–vis d

or at 254 nm with a flow cell modified for CE was used

Fig. 1. Schematic of electrochemical cell with decouple
.4. Microdialysis sampling

Female Sprague–Dawley rats were initially anesthe
y inhalation of isofluorane followed by an i.m. injection o
etamine (100 mg/kg)/xylazine (10 mg/kg) mixture. Boo
oses of one-fourth the initial dose of ketamine were adm

ered as needed to maintain proper anesthesia. The top
at skull was shaved and disinfected with isopropanol (7
nd betadine. The animal was then securely positioned
tereotaxic surgical frame (BAS) with the incisor bar se
.3 mm from the interaural line. A 2.5 cm midline incis
as made through the skin at the top of the skull parall

pillary electrophoresis with electrochemical detection (top view).
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the saggital suture. Adventitious tissue covering the skull was
removed with a cotton swab. A 1 mm diameter hole was then
drilled through the skull at the insertion site and an intracere-
bral guide cannula was lowered into the cerebral cortex and
affixed to the skull with dental cement. The dummy probe was
then replaced with a BR-4 brain microdialysis probe (BAS).
The probe was then perfused with Ringer’s solution (145 mM
sodium chloride, 2.8 mM potassium chloride, 1.2 mM cal-
cium chloride, and 1.2 mM magnesium chloride dissolved in
nanopure water) at a flow rate maintained by a CMA/100
microsyringe pump (BAS). Microdialysis sample fractions
were collected in plastic vials and analyzed immediately after
collection with no sample pretreatment or dilution. Animals
were sacrificed after the experiment while still under anes-
thesia.

2.5. Microdialysis probe calibration

Liquid chromatography with electrochemical detection
was used for probe calibration since sample volume was
unlimited and detection limits were not an issue at the stan-
dard concentrations selected. The LCEC system consisted
of an ISCO model 2350 pump, BAS LC-4B amperometric
detector, and Phenomenex (Torrence, CA) Synergi Hydro-RP
column (4�M, 150 mm× 2.1 mm). The separation was per-
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2.6. Standard preparation and injection protocol for
capillary electrophoresis

Stock solutions of 1 mM solution of 8oxoG were prepared
by adding NaOH dropwise until 8oxoG completely dissolved
with sonication. An initial 10-fold dilution of the 8oxoG stock
was made with 0.01 M perchloric acid as 8oxoG was found to
degrade more rapidly in basic solutions. Standard solutions of
8oxoG were diluted from stock in Ringer’s solution. 8oxoG
had limited stability in solution at room temperature. When
refrigerated, a decrease in concentration could be observed
after 2 weeks, which is similar to reports by other groups
[48,49]. A new 8oxoG stock solution was therefore, prepared
weekly and stored at 4◦C.

Stock solutions of 8OHdG were prepared in water and
standard solutions were diluted from stock in Ringer’s solu-
tion. 8OHdG did not require special preparation conditions.
Stock solutions were stored at 4◦C, and diluted standards
were prepared daily. 8OHdG standards in water were found
to be stable for several months. 8oxoG and 8OHdG standards
prepared in Ringer’s solution and microdialysis samples were
injected electrokinetically, immediately followed by a 0.1 M
NaOH injection at the same voltage. The minimum duration
of NaOH injection required for stacking of analyte standards
and samples was determined experimentally, as well as the
maximum sample injection time allowed before degradation
o
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rochemical cell used a 3 mm diameter glassy carbon wo
lectrode at +650 mV and BAS RE-6 Ag/AgCl refere
lectrode. Data was collected via a PE Nelson 900 S

nterface and Turbochrom software (Perkin Elmer, San J
A).
The in vitro recovery of 8oxoG and 8oxoG was determi

y perfusing Ringer’s solution through a probe immerse
tirred standards of 100 nM 8oxoG and 8OHdG (in Ringe
t 37◦C. Microdialysate samples were collected and anal
t 20 min intervals until there was no change in recover

hree consecutive sampling intervals. Once equilibrium
eached, 5�L aliquots of microdialysate were collected a
nalyzed by LCEC. Percent recovery (R) was determine
sing the equation

=
(

Ps

Pd

)
× 100

herePd is the analyte peak area in the microdialysate
s is the analyte peak area in the standard solution. In
elivery was determined by perfusing 100 nM 8oxoG
OHdG (in Ringer’s) through a probe implanted in the
erebral cortex, as previously described. Microdialysate
les were collected and analyzed as described for in
ecovery. In vivo percent delivery (D) was calculated usin
he following equation wherePp is the analyte peak area in t
erfusate.

=
(

Pp − Pd

Pp

)
× 100
f the separation.

.7. Liquid chromatography-tandem mass spectrometry
f 8-Hydroxy-2′deoxyguanosine in rat brain
icrodialysis samples

Liquid chromatography with tandem mass spectrom
LCMSMS) was also used to measure 8oxoG and 8O
evels in rat brain microdialysates. The LCMSMS sys
onsisted of a Waters HPLC system with an Alliance 2
ump (Waters Corporation, Milford MA) coupled to a Mic
ass (Micromass, Manchester, UK) Quattro Ulitima w
-Spray interface. The separation was performed wi
5/5 (v/v) formate (0.1% (v/v), pH 2.5)/MeOH mobile pha
t a flow rate of 0.3 mL/min through a Phenomenex (Torre
A) Synergi Hydro-RP column (4�M, 150 mm× 2.1 mm).
he electrospray needle voltage was 3.0 kV with a cone
ge of 30 V, and the collision energy used was 15 eV.
as collected with MassLynx software (Micromass).
Direct infusions of standards in 1:1 (v/v) methanol:wa

ere first conducted to collect daughter ion spectra for 8o
nd 8OHdG. Mass transitions for multiple reaction mon

ng (MRM) of 8oxoG and 8OHdG were selected on the b
f signal intensity. Standard and sample injection vol
as 10�L. The lowest sample volume possible to make t

icate 10�L injections with the vials chosen for the Wat
utosampler was 40�L. This volume was used in all subs
uent LCMSMS analyses of microdialysate samples.

Microdialysis samples were collected at 0.25�L/min for
nalysis by LC. The cerebral cortex microdialysate of t
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Fig. 2. Effect of base stacking on 8-hydroxy-2′-deoxyguanosine (8OHdG)
detection sensitivity. (A) 20 s injection of 8OHdG standard in Ringer’s solu-
tion, (B) 20 s injection of 8OHdG standard in Ringer’s solution followed by
a 45 s injection of 0.1 M NaOH. Conditions: 100 mM ammonium hydroxide
BGE with 0.5 mM TTAB at pH 9.5, 50�m i.d. capillary× 80 cm, separation
and injection at−15 kV, detection at +600 mV vs. Ag/AgCl.

rats was collected over a period of 9 h to collect a total of
400�L. Sample vials were kept on ice during collection. The
samples were pooled, centrifuged with low heat until dry, and
reconstituted in 40�L of water. Preconcentrated dialysate
samples were analyzed on the day of collection.

3. Results and discussion

3.1. CEEC method optimization

Fig. 2 illustrates the effect of base stacking on detection
sensitivity in high-ionic strength samples. Minimum NaOH
injection length required to stack the sample was determined
from 8OHdG stacking experiments. Nanomolar detection
limits of 8OHdG in Ringer’s solution were not possible with-
out base stacking. Several types of BGEs were investigated
for base stacking of 8OHdG in Ringer’s solution.Table 1
lists several parameters of the base stacking performance of
each BGE using UV detection. Imidazole provided a peak

Fig. 3. Noise vs. electrophoretic current for on-column detection with a
laser-etched decoupler. Legend: 25 mM BGE (�); 50 mM BGE (�); and
100 mM BGE (�). Conditions: Imidazole BGE with 0.5 mM TTAB at pH
7.0, 50�m i.d. capillary× 80 cm, 35-hole laser-etched decoupler, detection
at +600 mV vs. Ag/AgCl.

efficiency for 8OHdG of over 4 million theoretical plates,
but at this pH the response for 8OHdG was non-linear at
low concentrations due to an interfering background peak.
Above pH 7.2, this large increase in efficiency is no longer
observed, but 8OHdG can be resolved from the interference.
Base stacking in methylamine and ammonium hydroxide
required two to three times the amount of NaOH to stack a
30 s injection of 8OHdG compared to Tris and imidazole,
and would therefore limit the amount of sample that could
be injected while still leaving enough capillary length for the
separation. Therefore, the most useful BGE for base stacking
of 8OHdG was determined to be either Tris or imidazole
above pH 7.2.

Although BGE concentrations of 100 mM or greater
are ideal for pH-mediated stacking, they also result in
increased electrophoretic current.Fig. 3 shows the effect
of electrophoretic current on noise at the working electrode
with the laser-etched decoupler. Peak-to-peak noise does
not begin to significantly increase until after 30�A of
electrophoretic current. To achieve lower limits of detection,
a BGE concentration was selected that would limit the
electrophoretic current to less than 25�A at a separation

Table 1
Optimization of base-stacking parameters for 8OHdG in ringer’s solution

BGE pH Sample in ringer’s solution, with base-stacking Sample in BGE, without base-stacking

Min. NaOH (s) Peak height (mAU)

M
N
T
I

C r base 00 mM
B

ethylamine 10.5 15 2.28± 0.11
H4OH 9.2 15 1.69± 0.05
ris 8.0 5 2.05± 0.02

midazole 7.0 8 9.39± 0.27

onditions: 30 s injection of 50�M 8-OHdG standard in 90% Ringer’s fo
GE (pH≈ pKa) with 0.5 mM TTAB,n = 3, UV detection.
Efficiency (N/1000) Peak height (mAU) Efficiency (N/1000)

231± 5 0.477± 0.006 45± 5
173± 6 0.530± 0.014 70± 5
166± 16 0.435± 0.025 23± 7
4,498± 15 0.542± 0.011 66± 6

-stacking or 10 s injection in BGE for normal electrokinetic injection, 1
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Table 2
Optimization of the resolution of 8oxoG and 8OHdG

[Tris]/[Borate] (mM) CE Current (�A) 8-oxoG Efficiency (N/1000) 8-OHdG Efficiency (N/1000) Resolution

50/50 30 96± 1 83± 12 2.34± 0.07
50/40 29 100± 11 72± 12 2.34± 0.06
50/30 27 83± 1 32± 4 1.43± 0.18
50/20 25 85± 3 18± 1 0.49± 0.03
50/10 23 n/a n/a n/a
67/0a 30 n/a n/a n/a

Conditions: 1�M 8oxoG +2�M 8OHdG standards in Ringer’s injected for 60 s followed by 15 s injection of 0.1 M NaOH; Tris, borate BGE with 0.5 mM
TTAB at pH 8.7, 50�m i.d. capillary× 60 cm, separation and injection at -10 kV; detection at +650 mV vs. Ag/AgCl.

a Concentration of Tris BGE alone that gave same separation current as 50 mM Tris, 50 mM borate BGE (used as ionic strength control experiment).

voltage that would create a suitable field strength for elec-
trophoretic separation. Both methylamine and ammonium
hydroxide had higher electrophoretic currents than Tris
and imidazole at the same concentrations. At a separation
voltage of−12 kV, a BGE concentration of 50 mM Tris or
imidazole proved to be adequate for base stacking while still
limiting the electrophoretic current to less than 25�A.

A mixture of 8oxoG and 8OHdG standards was then
injected under the optimized BGE conditions. 8oxoG and
8OHdG were resolved from other matrix components,
but comigrated under these conditions. Resolution did not
improve with a change in ionic strength, change in pH, or an
imidazole BGE. Addition of borate to the Tris BGE, how-
ever, did achieve separation of the analytes. Borate has been
shown to complex with carbohydrates under moderately alka-
line conditions and aid in the CE separation of molecules
with otherwise identical mobilities[50]. Since increasing the
ionic strength of the BGE is not favorable due to increased
noise at the working electrode, the minimum borate concen-
tration needed to achieve resolution of 8oxoG and 8OHdG

was determined and results are summarized inTable 2. All
subsequent separations were conducted at−10 kV (28�A)
with 50 mM Tris, 40 mM borate, 0.5 mM TTAB at pH 8.0,
and a representative electropherogram is shown inFig. 4. This
data also demonstrates that pH-mediated stacking is still suc-
cessful when high concentrations of non-titrable electrolytes
are added to the BGE.

Using the optimized BGE conditions and injection ratios
determined from UV experiments, the maximum sample
injection time was determined with microdialysate sam-
ples (1�L/min perfusion rate). By comparing spiked and
unspiked electropherograms, 8oxoG and 8OHdG were iden-
tified in the microdialysate. Sample injection times of
60 s could be performed before peak shape and resolution
degraded. A sample volume of 1�L can easily be handled
with injection directly from the sample vial.

Fig. 5 shows hydrodynamic voltammograms (HDVs) of
8oxoG and 8OHdG standards in Ringer’s obtained using
CEEC in Tris/borate BGE. Standards were injected for 60 s
followed by a 15 s NaOH injection. The response increases

F guanos in
R M Tris
s

ig. 4. Electropherogram of 8-oxoguanine (8oxoG) and 8-hydroxy-2′-deoxy
inger’s injected for 60 s followed by 15 s injection of 0.1 M NaOH; 50 m
eparation and injection at−10 kV.
ine (8OHdG) standards. Conditions: 100�M 8oxoG and 8OHdG standards
, 40 mM borate BGE with 0.5 mM TTAB at pH 8.7, 50�m i.d. capillary× 60 cm,
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Fig. 5. Hydrodynamic voltammograms of 8-oxoguanine (8oxoG) and 8-
hydroxy-2′-deoxyguanosine (8OHdG). Conditions: 20 nM 8oxoG (�) and
8OHdG (�) standards in Ringer’s, all other conditions same as inFig. 4.
Response measured in peak area.

rapidly beginning at +300 mV and reaches a plateau near
+600 mV. 8oxoG and 8OHdG are reported to have simi-
lar electrochemical behavior[51–53]. Based on the HDV, a
potential of +650 mV was chosen for detection, and +450 mV
was chosen for peak current ratio identification of analytes.

3.2. CEEC method validation

The limit of detection for 8oxoG and 8OHdG in Ringer’s
solution, using base stacking with a sample injection time of
60 s, was 0.5 nM (S/N = 3). This value is nearly 2 orders of
magnitude less than we have previously reported for CEEC
of 8OHdG without base stacking[42]. The response for
8oxoG and 8OHdG was nearly identically linear (R2 = 0.999)
over the concentration range expected during ischemia-
reperfusion experiments (0.5–80 nM). The R.S.D. was≤5%
for triplicate standard injections.

The optimal microdialysis perfusion rate was next deter-
mined.Fig. 6 illustrates the effect of perfusion rate on the
percent recovery for 8oxoG and 8OHdG. The in vitro recov-
ery of 8oxoG and 8OHdG at the 1�L/min perfusion rate was
determined to be 28.0± 0.6 and 21.9± 1.0%, respectively,
while recovery at the 0.25�L/min perfusion rate was
determined to be 67.9± 6.5 and 57.9± 5.7%, respectively.
At a perfusion rate of 1�L/min, a sampling interval of one
m ume
f iked
b that
t con-
c
r were
c he
a was
o

Fig. 6. 8-Oxoguanine (8oxoG) and 8-Hydroxy-2′-deoxyguanosine
(8OHdG) Recoveries as a Function of Perfusion Rate. Conditions: BAS
BR-4 brain microdialysis probe, 4 mm window, perfused with Ringer’s
solution; 100 nM 8oxoG (�) and 8OHdG (�) standard in Ringer’s at 37◦C
with stirring.

3.3. Microdialysis sample analysis by CEEC

Electropherograms of rat brain microdialysate collected at
0.25�L/min are shown inFig. 7. At +650 mV, there appears
to be peaks for both 8oxoG and 8OHdG in basal dialysate
as compared to dialysate spiked with 20 nM of each analyte.
However, at +450 mV, there does not appear to be a peak for
8OHdG in basal dialysate as compared to the spiked sample.

F -2
d icro-
d asal
t ine).
C .7,
5
p

inute would provide more than enough sample vol
or analysis by CE. Comparison of spiked and unsp
rain dialysate electropherograms, however, showed

he basal brain dialysate did not contain a detectable
entration of 8oxoG or 8OHdG at the 1�L/min perfusion
ate. When spiked and unspiked electropherograms
ompared at the 0.25�L/min perfusion rate, a peak at t
ppropriate migration time for both 8oxoG and 8OHdG
bserved.
ig. 7. Identification of 8-oxoguanine (8oxoG) and 8-hydroxy′-
eoxyguanosine (8OHdG) in rat brain microdialysate by CEEC. M
ialysate injected for 60 s followed by 15 s injection of 0.1 M NaOH; b

races (solid line), spiked with 20 nM 8oxoG +20 nM 8OHdG (dashed l
onditions: 50 mM Tris, 40 mM borate BGE with 0.5 mM TTAB at pH 8
0�m i.d. capillary× 80 cm, separation and injection at−10 kV; detection
otential vs. Ag/AgCl.



S.D. Arnett et al. / J. Chromatogr. B 827 (2005) 16–25 23

Table 3
Current ratios for “8oxoG” and “8OHdG” peaks by CEEC

Peak ID and sample Detection
potential (mV)

Peak height
(pA)

Current ratio
(450/650)

8oxoG
Basal dialysate 450 2.1± 0.1 0.51± 0.01

650 4.3± 0.1
20 nM standard 450 7.0± 0.1 0.48± 0.02

650 13.8± 0.3

8OHdG
Basal dialysate 450 0 0

650 2.2± 0.4
20 nM standard 450 3.6± 0.0 0.38± 0.01

650 9.6± 0.3

Conditions: Sample or standard in Ringer’s injected for 60 s followed by 15 s
injection of 0.1 M NaOH; Tris, borate BGE with 0.5 mM TTAB at pH 8.7,
50�m i.d. capillary× 60 cm, separation and injection at−10 kV; detection
potential vs. Ag/AgCl.

8oxoG does appear in the basal dialysate at +450 mV.
Table 3 presents the peak heights 8oxoG and 8OHdG in
basal dialysate versus a 20 nM standard in Ringer’s solution
as well as the calculated peak height ratios. The current ratio
for the peak in the dialysate with the same migration time
as 8oxoG is not statistically different than the ratio for the
8oxoG standard, and therefore was determined to be 8oxoG.
The peak in the dialysate with the same migration time as
8OHdG did not have the same current ratio, and therefore is
not 8OHdG.

The basal 8oxoG concentration in rat brain microdialysate
collected at a perfusion rate of 0.25�L/min was measured in
three rats using the CEEC method. A standard addition of
+5, 10, and 15 nM was used for quantitation. In vivo delivery
was also determined for one of the three brain probes, and
was used to calculate the 8oxoG concentration in ECF of the
rat cerebral cortex. The average concentration in the micro-
dialysate was 3.2± 0.7 nM. With a recovery of 58.2± 4.9%,
the concentration of 8oxoG in the brain tissue was determined
to be 5.5± 1.3 nM.

3.4. Microdialysis sample analysis by LCMSMS

LCMSMS was used as a secondary means of method
validation. Samples were pooled and concentrated 10-fold,
a tion
f is of
t ated.
D and
8 ents
w
2 n-
i tion
c was
u and
e ated
b hro-

matograms of the 10× dialysate sample and a 10 nM 8oxoG
standard reveal a peak with the exact retention time for
8oxoG for both mass transitions and is comparable in area to
the 10 nM 8oxoG standard. Based on the comparison of these
peak areas, it is reasonable to assume that 8oxoG was present
in low nanomolar levels in the dialysate prior to sample
concentration. The signal near the retention time of 8OHdG
standards was not statistically different from the noise for
a 10x dialysate sample or a blank Ringer’s sample. Since
8OHdG was not detected above the 10 nM limit of detection,
the 8OHdG concentration in the sample was estimated as
<1 nM. This LCMSMS data supports the CEEC method
findings that 8oxoG is present in low nanomolar concentra-
tions in rat brain microdialysate, and 8OHdG is not present
above∼0.5–1 nM.

3.5. Critical review of reports of 8-Oxoguanine and/or
8-Hydroxy-2′-deoxyguanosine concentration in
microdialysates/ECF

Bogdanov et al. reported 8OHdG concentrations of
∼150 pM in rat brain tissue (6–8% recovery in vitro)
[18,24]. The basal 8oxoG concentration in microdialysate
determined by the CEEC method (3.2 nM) is an order of
magnitude greater than the 8OHdG values reported by Bog-
danov et al. in rat brain[18,24]. Bogdanov, however, does
n en
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r dG
c t 24 h
o wn).
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s the sample volume requirement and limits of detec
or this technique are not adequate for routine analys
he small-volume, low-concentration samples gener
aughter ion spectra were first collected for 8oxoG
OHdG. The mass transitions chosen for MRM experim
ere 168→ 111m/z and 168→ 140m/z for 8oxoG, and
84→ 168m/z for 8OHdG. No significant difference in io

zation was observed for standards in 10x Ringer’s solu
ompared to normal Ringer’s. The LCMSMS method
sed to qualitatively identify the analytes in the sample
stimate their concentration. Concentrations were estim
y comparison with standard injections. Overlayed c
ot report in vivo calibration. In addition, little detail is giv
bout sample handling after sample collection. We h
outinely noted, for example, that the 8oxoG and 8OH
oncentration in microdialysate decreases after the firs
f refrigeration and upon freezing/thawing (data not sho
ithout more specific information about recovery and s

le handling, it is difficult to compare the CEEC results to
eport.

Shigenaga et al. have stated that 8oxoG excretion rat
0 times higher than for 8OHdG under normal conditi

23], which may explain why 8oxoG was detected
OHdG was not. Concentrations of 8oxoG and 8OHd
uman cerebrospinal fluid have also been reported. Roz
t al. have measured 8oxoG and 8OHdG concentra
f ∼1 nM by LCEC in cancer patients[54] and Lovell
t al. found 8OHdG concentrations of over 500 nM
ostmortem CSF[55]. Although not in rats, the resu
f Rozalski correlate with our CEEC method resu
he concentration of GTP in nucleotide pools is m
reater than the amount of GMP in DNA, a fact tha

argely overlooked in discussions about the numbe
oxidative hits” sustained by cells. As more laborato
ontinue to focus on the involvement of the MutT enzy
n sanitation of nucleotide pools, a better estimate of
oncentration of 8oxoG and/or 8OHdG in ECF may bec
vailable.

Microdialysis is a valuable sampling tool for measur
xidative stress in vivo, assuming the concentration
iomarkers are higher for ECF analysis than in D
nalysis. It is a viable alternative to DNA analysis to ob
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site-specific information and does not involve harsh sample
pretreatment. Coupled to CEEC, detection is selective and
sensitive for 8oxoG, and will not cause artifactual oxidation
if operated in reverse polarity. In addition, the CE separation
for 8oxoG has added advantages over an LC separation. Our
group has found that 8oxoG is poorly retained on reverse
phase columns and its separation from dialysate matrix
components is extremely difficult[56]. In fact, rarely does
the determination of 8oxoG and 8OHdG in complex biolog-
ical samples occur concomitantly in an analytical method.
Because of their similar properties, misidentification of
these two biomarkers can occur in the absence of a clear
separation and secondary identification, as demonstrated
here.

4. Conclusions

A CEEC method was successfully developed for the
analysis of 8oxoG and 8OHdG in brain microdialysate. The
0.5 nM limit of detection achieved for 8oxoG and 8OHdG
with this method is 100 times lower compared to our previ-
ously published CEEC method[42]. This limit of detection
is attributed to on-line preconcentration by pH-mediated
stacking and the effectiveness of the laser-etched decoupler
in limiting noise at the working electrode. The concentration
L de
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